


EXCITABILITY
OF THE
HEART






EXCITABILITY
OF THE
HEART

§
i
handler McC Brooks Ph D, Brian F Hoffman,
M D s EE Suckhng‘ MSc,M EE , Department of Phy
ology and Pharmacclogy State Unwvernity of New York College of

edione ot New York City

and

)
Jiscar Orias MD , Instituto de Inveshigocion Medica Mer
es y Martin Ferreyra Cordoba Argenting
t

with o Foreword by

Carl J Wiggers, M D

E;RUNE & STRATYON  npw YORK and LONDON 1955



Yabrary of Congres® Catalog Card Ne 5511469

nght 1955

Copy
n INC

GRUNE g STRATIO

391 Fourth Av
New York 16

enue

NY

prnted and pound ° usA



Contents
Foreworo by Carl ] Wiggers ..

- omen . m
easasasrss 41 sorres wee XL
PREFACE .. o 4 e e e e -
1 Historicat SyNopsis Axp DerFmviTioN OF THE Scope oF Tnis
ORK

Hustoncal Synopms 1
Statement of Purposes and Scape, §
10 ExcrraBiury anp tiE EXCITATORY PROCESS  wivie wvvice 9
The Cell Membrare 9
Functional structure 10
Extramembraneous sheaths 12
Flectrical Properties of Cell Membranes, 12
Membrane potential, 12
Membrane resistance and the core conductor theory, 14
Membrane czpacity 15
£ and el P 1 15
The Stimulus 16
Strength-duration requirement, 17
Other requirements 19
The Exatatory Process 20
The tocal excutatory state 20
Summation of madequate stimul: 20
Subthreshold actimty (the local Tesponse) 23
The action potental, 25
The propagated action potential face ding 28
Conds ¢ Propag; of a Resp 29
The stimulating eflicacy of the action potential, 30
Latency of respon e 32
Refractoriness and the Trresponsive Peniod, 32
Proposed Explanations

of Electrieal Actmty, 33
The 1omc hypotheais 33

Other theonies of excatation 40
Summary 41




Il Mermops oF Stupyine Carpie ExcrrasiLiry
General Outline of Technique, 49
Instrumentation, 49
Surgucal procedures, 52
Testing Excitability of Aruficially Driven Hearts, 53
Dnving Sumuly, 54
Control of the testing stimub, 54
Stimulating value of the testng pulse, 55
Electrodes and leads, 58
Permanently implanted electrodes, 59
Excitability of Single Myocardsal Fibers, 60
Single fibers of intact hearts, 61
Single fibets of 1solated muscle preparations, 62
Summary of main features of the techmque employed, 63

IV Tue Exarastury Cycre oF Tie Heart
Excitabihity Cycle of the Ventricle, 67
Methods of study, 67
Strength duration curves, 69
Strength mterval curves 70
The Refractory Periods, 71
Absolute refractory pertod, 71
Relative refractory period 73
1 rel bie Bt

bsolute and relative

refractory periods, 73
Supernormality, 74
Latency of Response, 75
Latency and a local response, 79
Irresponsiveness versus Refractoriness and Subnormal
Excaitality, 81
“Dip” Phenomena, 82
Physiol \ g of the dip ph 85
Methods of Stimulation and Vanations in Response, 86
Stmulation with a stigmatic cathode 89
Stimulation with a stigmatic anode 89
Interp of results of appl of such stimult 89
Physiological excitation of the heart 91
Excitabibty Cycle and Electrical Events of the Cardac Cycle 92
Excitabibity Cycle of the Auncle 93
Summary, 94




m
CONTENRTS

V Tae Hearr CELt—TRANSMEMSRANE PotentiaLs oF Camdtac
DLSCLE o sertvesstsons o wmmms wvee
Indirect Recording 98
The demarcation or 1pjury potential, 98
Direct Recarding 99
Micropuncture techmeue 99
b

Vi potentsals 101
Auncular transmercbrane potentials 103 )
T b tals of specialized tisues, 105

Tomic Basis of Cardiac Transmembrane Potentials 108
Resting potential 108
Achon potenhal 109
Repolanzation 109
bibreshold resp and the 1
Spontaneous Rhythmeity 112
Transmembrane Potentials and Exentabiliy, 114
Changes 1n thteshold 114
The nature of refractonness 115
Temporal el hips between ) : )
snd excuabiy 117
Supernormahty 118
Dips and Repolanization of Single Fibers 119
Low threshold dip 120
Latency and the local response 122
Relationships between Cardiac Membrane Potentials and the
Unipolar Electrogram 124
Summary 126

hold potential 110

VI Tae Probucrion ano Nature of Fiemmwratiow . .13
Matntenance of Normal Cardiac Rhythms 131
The role of the pacemaker 131
The ongn of arthythotas 133

A Deseription of Fibnllation and s Relation to Other
Arthythmias 135

Auncufar fibnllation and futter 135
Veatricular fbnllation 136

Vulnerability of the Heart to Fibnllaton 137
Velnerabiliy of the anncles to fibnllation 139



i CONTENTS

Ventncular vulnerability, 141
The “No Response” Phenomenon, 145
The Nature of Fabnillation and Explanations of Its Ongins, 146
Circus movement theory, 147
The ectopic focus theory, 150
A concept of the role of electrotome current flow n the
produchion and maintenance of fibnilation, 151
Production and Nature of Fibmillation, 153
Conditions at onset of fikrillation, 154
The nature of vulnershihty, 155
Relation of the strength of stimulation to the production
of fibnilation, 156
Discussion and Summary, 158

VIl Caroiac Reacrions To Heat anp Cotp 165
Indirect Fiffects of Heat and Cold an Heart Action, 166
Cardiac reactions resulting from exposure of the body to
high temperatures 167
Cardiac reactions following exposure of the body to cold, 169
Tolerance of extremes of temperature and acclimatization, 170
The Effects of Heating and Cooling the Heart, 171
Locahzed heating and cooling of the heart 172
The effects of generalized cooling of the heart, 173
The eflects of imcreased cardiac tempernture, 178
The Reactions of Cardiac Cells at Vartous Temperatures 179
Summary, 182
VI Tux Errects oF HEanT RATE Acrion oF Auronomic NERVFS
Anp CueMicaL MEDIATORs on Carbiac EXcITABILITY 188
Heart Rate Change—-The Effect of Cycle Length on Excitabihty, 188
The recovery of excitability, 189
The 1rresponsive period, 192
‘The rel hip bet refr: and electrical activity, 192
Lamits of hnearity 195
Diastolic exertability, 197
Conduction velocity, 197
Transient changes 1 cycle length 199
Summary, 200
The Effect of A Activity on Excitability 201
1 The vagus nerve and the aunicle 201




T
CONTENTS

2 The action of vags} sumulation on ventriculat muscle 208

3 The efiects of scetylcholiwe 209

4. Stsulation of cardiac sympathetic nerves, 215

5 Hepatic nerve sumdlanon 217

6 Sympathomumetic amunes, 219 R

7 Blood pressure changes and exaitabiity, 225

Companson of Cardsac sod Hepaue Nerye Sumulation snd

the Efiects of Potasyium Chlonde sad Sympathomimetic
Asmines on Excitability of the Heart, 225

Temporal relationship between changes 1n K coneentration

and resting excstabibity, 227

Effect of 1njected RCY, 228

Effect of hepatectomy 228

Evaluation of results, 230

Summasy 231
1X. FIRALIATORY AND ANTIFIBATLATORY ACENTS  cone v or oo e 233
Deibnll The T of D d Actwnty of
the Heant, 236
Spontsneous defibnillstion, 236
Defibnllation by methods other than electneal countershock, 236
Deibrillation by electrieal bock
The Prevention of Fibnillahon—~The Action of AnhEbnllatory
Drugs, 213
Qunidine 243

Procane srade 251
Isoquineline compounds 253

Summary 225
Agents Enh z Yl

A1 y 0 F‘l 1. 251
The effects of hydrocarbons amann and veratrum alkaloids 258
The effects of sympathommenic agents 266
The effects of scetylchobine and vagal sumvlation 273
Other drugs with & duality of action 272
Te Mode of Action of Fibnllatory and Anhfibnllatory Agents, 274
X Tz Errect oF Inoram Tons ox Canpiac ExermamiLry .. 285
Potassium, 286
Changes mduced 1n membrane restng potenty
Changes in threshold 288 Pl 287



x CONTENTS

Changes 1n spontancous thythmaity, 290
Changes 10 the t: brane action potenhal, 290
Effects on conduction velocity and A V dissociation, 291
Electrocardiographic alterations, 292
The production of arrhythmias, 292
Caleium, 293
The resting potential, 293
Changes 1n threshold, 204
Spumnneous rh)tbmxcxly, 294
action pot 1, 206
The effect of Ca** 1on on sodium permeabbity, 298
Eect diograph It 208
Production of arrhythmas, 298
Defibnillation by potassium and caleium, 299
Magnesium, Strontium and Barium, 299
Sodum and Lithium, 302
Summary, 303

XI Mecianicar RESPONSES OF THE HFART AND THE EXCITABILITY
Crere
Mechameal Events of the Normal Heart Cycle, 306
Auricular systole and diastole, 306
Ventricular systole, 307
Ventricular diastole, 308
Asynchronous activation of myocardial elements 309
Relatnonship Between Electrical and Mechanical Events 311
Latency, 311
Repolarization and refaxation, 311
Excitality and contraction, 313
The effect of e force on bikty 315
Dissociation of electncal and mechameal events 315
Factors Influencing Mechanical Activaty, 317
Length tenston relattonships, 317
Heart rate, 319
The effect of 1ons, 321
Digataha glycosmdes, 322
Extrasystoles and Post extrasystohe Potenuation 324
Summation of Contraction and Tetanus 1n Mammahan Cardiac
Muscle, 330
Summary, 331




CONTENTS

Xi1 CoMpanativE PresioLoct of TaE HEART AvD SUMMARY AND
ConeLusions « o e o smsstesnsns o 336
Special Properties of Heart Tissuz, 336
Types of beart, 336
Vanasbity of charactenstics, 337
Exatability and Exenston 339
The Pacemaker, 340
The Recovery Process 341
The platesn 341
The reftactory or irresponave period, 342
Susceptibshity to Stimulation st Vanous Intervals of the Cycle 345
The action of simuly, 345
The no-respouse’ phenomenon, 345
The “dip” phenomenon 346
Vulnerabihty 346
Fibrallation, 347
Drug schon on arthythmiay 347
Defibnllation 349
Mechameal Action of Heart Muscle 350

Invzx

e e @ 353



x CONTENTS

Changes 1 spontaneous rhythmicity, 200
Changes 1n the tr b action potental, 290
Effects on conduction velocity and A V dissociation, 291
Electrocardiographic alterations, 292
The production of arthythmins, 292
Calewum, 293
The resting potential, 293
Changes m threshold, 204
Spontaneous rhythmeity, 294
Tr brane action potential, 206
The effect of Ca** 10n on sodium permeshility, 208
Electrocardiographic alterations, 298
Production of arrhythrmas, 298
Defibrillation by potassium and caleium, 269
Magneswum, Strontium and Barium, 299
Sodium and Lithium, 302
Summary, 303

X1 MecianicaL Responses oF Tie HEART AND THE EXCITARILITY
Crere
Mechamecal Events of the Normal Heart Cycle, 306
Auncular systole and diastale, 306
Ventricular systole, 307
Ventricular diastole, 308
Asynchronous activation of myocardial elements, 309
Relationship Between Electrical and Mechanmical Events, 311
Latency, 311
Repolarization and relaxatson 311
Excitability and contraction, 313
The effect of le force on exaitability, 315
Dissomation of electrical and mechanical events 315
Factors Influencing Mechanical Activity, 317
Length tension relationships, 317
Heart rate, 319
The effect of 10ns, 321
Digatahs glycosides, 322
Extrasystoles and Post extrasystolic Potentiation 324
Summation of Contraction and Tetanus 1n Mammalian Cardiac
Muscle, 330
Summary, 331




Preface

Trits 3io~ocRATE has been wntten to record the results u;a 3:\:«}:‘\??::
obtasned from  study of the changes 1 exeitability of \hcb:a W . 981,3
aut 1ts cycle Expenments to be described heremn were g‘;m [m :
while Dr Oscar Orwos was assouisted wath us 2y Visung : rolessor of
Physiology 1 what was then the Long Tsland College of Medicane.

A feld of common interest to our department and 1o Dr Onea wss
cardiac exestabilty Consequently 1t was deaaded to restudy with more
adequate mstrumentation than had iberto been employed, the changes
m excitability which oceur dunmg the carduc cycde Our prehminary

s revealed p: { d pt and the methods
ﬂe.\'ucd provided a means of studying them Dunng 1he Intervening years
many of the progects thought of mbally have been brought to conclusion
and new problems encountered as & result of work dane 1n this lsboratary
When circum.tances agan pertitted Dr Onas to wiat our instiuuon

now a part of the State Unwveraity of New York, we felt this to be 2
prop ume for our phst

the possible directions of future endeavors

The common theme of all sections of thin monograph 18 Cardiac
Exeitabihty but each chapter has been vmtten as an independent umt.
The various sections are ! y rather than dependent. Ths
plan has requred same repetition of matenal but we beheve 1t will enhance
the usefolness of this book to the student rad the practitioner of mediesne.
An attempt has slso been made to mtroduce each subject by presenting
basic concepts and miormation 1 a very simple fashion 1n order to equip

the reader to deal with the complenties of recent advances 15 the varous
fields conndered

and {or remew of

Afthough s monogsaph was wrtten by the authors mentianed, other
memsbers of the department past czpsted 4 the experiments described 1
18 chapters We wish to acknowledge the contrsbutions of Julvus Belford
Fred ¥ hao Jetome L. Cilbens, Jomes O Pinkston, Arthur A. Siebens
and others who have worked with us vpon this project. Dr Jerome L.
Gilbert of ths 1stitution 2nd Dr Stne Weidmann of the Phymologeal
Institute, Universty of Berne Yand read our
offerad nuserous sug

and
geshions from which O
F Cramfieid an u&d\b we profited greatly Dr Panl

tion to giving fi i the
of the chapter D::l cxertability served as & consultant m\hrxc;pecl to
wierest, Dr Siebens also mded s 19 the prepa
ral
of the chapter dealing wih wechanica) respouses of the heer:. %e l‘:\::

n



Foreword

PROGRESS IN BASIC RESEARCI! and 1n 1ts practical application rests chiefly
on the development of new tools for digging out nature’s secrets

As early as 1850, Schuff showed that the heart does not respond to
mechanical excitation applied 1 certan phases of the cardiac cycle It
required the invention of the inductorium before Kronecker and Marey,
some twenty five years later, were able to define the refractory period of
the heart more exactly Another fifty years elapsed before sufficient
techmeal advances had been made for the discovery that the mammsahan
ventricle responds to strong electric shocks duning late systole by one
or several premature contractions, and that these are often followed by
ventricular fibrillation This phase of the cardiac cycle was, therefore,
called the vulnerable period During the years 193942 Rene Wegna,
A Sidney Harns, Gordon Moe and I studied the mechanisms initiating
fibnllation and, b of such 1nf 10n, we were able to 1mprove
on procedures for defibnllating the ventricles Agamn, 1t was necessary to
discontinue researches before solutions to many problems could be

bl hods were not Jabl,

Meanwhile great strides had been made 1n the study of the excitabihity
of nerves by newly developed technmiques and apparatus Since Chandler
McC Brooks had been trained in the new methodology and Oscar Orias,
of Cordoba, Argentina, was a master of exper: on 1
hearts, they combined their talents i 1948 and thoroughly restudied
cardiac excitability by modern methods This collaboration resulted in a
brilhant series of papers, published chiefly in the American Journal of
Physiology

It seemed almost an obligation for them to reanalyze their important
discoveries 1n relation to other basic discoveries of recent date, so that
others not too deeply versed in the mtricacies of this special field might
be enfightened Hence, this monograph

After the ipt had been {ly finished Oscar Orias paseed
eway qute suddenly as a result of coronary thrombosis To me, this
monograph will represent a memonal to a formal pupil, an esteemed
nvestigator and a sincere friend

The monograph will, I predict, be considered a classic by physiologsts
It should likew:se appeal to progressive physicians and surgeons for in
the present era, 1t 13 not sufficient that one be trained in the proper use
procedures, one must elso understand the conditions to be

of drugs and
treated CarL J Wiccers, N D

X11
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1 Historical Synopsis and Defirution of
the Scope of This Work

ly studles of cardiac
A pretiminany review 1 given of the ear

excitability and response A summary of the purpases of this
monograph and an estimation of the need for new informstion
based on the present state of our knowledge of cardiac
physiology (s presented

HISTORICAL SYNOPSIS

THE FIRST IMPORTANT STUBY of cardiac excitabihty was that started by
Bowditch m 1871 while working 1n Carl Ludwig s laboratory at Lewpug

Long before this time however William Harvey (1628) Stephen Hales
(1733) and others {see Rothschuh, 1902) had d

d the nature
of the funcuon of the heant and had learned much sbout the properties

of this organ. However a great deal was known about the srratability of
tusues the excitatory process and the conduction of excitation before
any sigmficant studses of cardiac tissue and their pecubanties were begun
{see Chapter 2)

Bowditch (1871) reported that the frogs heart did not respond in
the same fashion as did skeletal muscle to repeated electrical stimulation
1n that there was not always a one to one ratio between the number of
stmuly gaven and the number of cantractions elicited When a total of
100 successive stimub were apphied to the heart the proportion of evoked
contractions increased as the interval between the stymult was prolonged
It thus became apparent that the frog heart required = longer time for
tecovery between contractions than did frog skeletal muscle Bowditch
offered two sugy a3 possible expl of this greater arregular
1ty of response 1 heart muscle first, that exhaustion rendered the heart
incapable of response to all sumult of a series and second that mhubitary

nenes were acuvated by the more rapid simulation and depressed the

antability of the heart tssue It would seem that he failed
between this ph

self

to see any
and the length of the cardiac cycle
Five years later applymng an

d tech
3

1

que for ding the
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3
RISTORICAL STROPSIS AND SCOPE OF THIS WORK

Fievne 1 Trawngs of spontsncous and 1nduced contractions of frog s veatncle show
g refractory peands, lutency of evaked respanses, and the compenentary patse ({som
Marey 18°6) Lower Line 2bows tme of umnlation e—inefectire snmulas indi
caung sbsolate relractonness. Line 0——0 shows onset of spontaneons beats Durs
tion of cross hatched ara indicates Iuteney af evoked seaponses,



2 EXCITABILITY OF THE HEART

movements of the frog’s heart, Marey (1876) made a duscovery which
better explained Bowditch's observation that the heart responded srregu
larly to high frequencies of shmulation He found that a spontaneous or
mduced contraction of the heart temporanly reduced its srvutabity By
using an induction coil and sending to the heart only break shocks, he
stimulated the ventricle at different mtervals following the beginming of
naturally occurning systoles Figure 1, which reproduces the records ob
tamed 1n one of Marey’s expersments, shows hus results 1f a stimulus
reached the heart early 1n systole, no response was ehaited (records 1, 2
and 3), 1f the interval between the initiation of systols and the arrval of
the stimulus was progressively increased there came a trme when a response
was evoked but only after a long latency This latency of response varied
mversely with the delay of apphcation of the lus after the }
of aystole (records 4 to 7) finally, when the stimulus reached the heart
during diastole (after complete refaxation) the response never fatled to
occur and began with minimal [atency (record 8) Marey concluded from
these experiments that the heart was refractory (inexcitable) dunng the
mitial moments of systole These same experiments delineated the irre
sponsive period which was described later by others

According to Hoff (1912), Fontana (1785) was the first to suggest
the general concept of a refractory period His observations on frogs,
cats and young lambs led him to conclude that the heart does not contract
immedhately after relaxation because 1t does not recover its normal ir
ritability until later Schiff (1850) also studied the changes in 1rntability
of the heart during phases of contraction and he seems to have been the
first to use the term “refractory” n referning to the hearts periodic 1n
excitabihty Undoubtedly Marey had clearly demonstrated this important
property of the myocardial fiber, correctly pointing out that the periodic
refractoriness of the heart not only explamned the observations of Bow
ditch, already referred to, but also the well known nability of repetitive
stimult which tetamze skeletal muscle to maintan a heart 1n the com
pletely contracted state Marey also saw 1n his expeniments that the length
of the refractory period was shorter if stronger stumuli were appled If
sufficzently strong shocks were used, the refractory period appeared to be
sholished When Marey made his observations on the heart the refractory
pertod of skeletal muscle had not yet been discovered but he suggested
that investigators should be aware of the possibthty of 1ts existence

The extreme latency of the contractions produced by stimuh apphed




3
[ISTORICAL. SYNOPSIS AND SCOPE OF THIS WORK

Ficunz 1 Tracings of spontaneons and induced contractions of frogs ventrcle show
ing refractory periods, latency of evoked responses, and the compensatory pause (from
Marey 187) Lower line shows time of sumalation e—ineffective stimalus indy
€atig abadlute refractonness. Line 0——0 shows onset of spontancous beats. Dura
ton of croavhatched srea indicates latency of evoked responses.



4 EXCITABILITY OF THE HEART

during the early phases of systole led various individuals to question the
vahdity of Marey’s conclusions Hildebrand (1877) suggested that the
extra contrachion which followed a strong stimulus applied to the ventnicle
during systole was not a direct response of the ventricle but was due to
a Jeakage of stimulus current to the auricle Stnce the auricle 1 1 diastole
durtng the Iate phases of ventricular systole, 1t should be more excitable
than the ventricle and stimulation of the auricle would ultumately pro
duce a ventricular response On remnvestigatng the matter, Englemann
(1895} and Woodworth (1902) satisfied themselves as ta the validity of
Hildebrand's objections and discarded the possibtisty of stimulation of
the ventricle throughout ats systohc phase About this same time the re
actions of the mammalian heart had been studied and found to be the same
as those reported for the amphibian heart It was found, however that
although the ventricle was refractory early 1 systole, 1t could be excited
by very strong stumul) before complete relaxation had occurred and the
responses thus evoked did have an abnormally long latency (McWilham,
1888, Gley, 1889, Cushny and Matthews, 1897) Consequently, at the
beginning of the present century the current concepts of the characteristics
of cardiac excitability were firmly established (see Schafer, 1900} The
myocardium was thought to be completely inexcitable during the phase
of active contraction, 1t began to recover its irmtability at the onset of
relaxation and during dastole the heart became progressively more and
more excitable until 2 maumum was attamned Trendelenburg's (1912)
observation that the refractory phase coincided with the action potential
provided an additional means of identifying the period of the cycle
during which the heart was unresponsive to stmulation

The introduction of chronaxie as a measure of excitability did not
fundamentally alter the picture as regards the heart A few more or less
1solated determinations were made, but the results did not contribute
much to our knowledge of the excitabibity cycle of the mammalian myo
cardium (see Fredericq, 1928)

In present day textbook discussions of the cardiac cycle the following
states of bility are usually d 1) an absolute refractory
pertod comcrding with systole or the phase of active contraction, 2) a
relative refractory period durng early dustole, and 3) a peniod of normal
excitability lasting until the next systole Carlson was the first to use
the expressions “absolute refractory pertod’ (1906) and relative refrac
tory period” (1907) The existence of a phase of “supernormal’ exciability
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yust sfter the relative refractory pemd1 :s snxr;lu;n:gr;::\:ncd Adnan
descnbed this supetnormality 1n the

“?risﬁz :;\m:i synopsts xm;,:! not be closed withont Teference to \h;
fact that sdvancement 10 knowledge of the processes of exaitauon an:

conduction in the heart haye depended an Jarge measure upon the develap-
ment of instromentstion Ewnthovens (1903) stong galvanomeles has
played a very smportant vole 1w the study of excitatory processes Most
recently the stody of wdundual heart cells by technugues of ntracellular
ecordng {Coraboenf end Werdomann 1949) has made possible a more
exact companson of the responses of cardias tissue with those of akeletal
muscle and nerve These latter tissues have been studied much more
extenarvely and more 13 known concerming processes wvelved in ther
esstston and vesponse  Comparable studies af heart cells have just
began In the subsequent chapters of this book other matters of hustortcal
sgubcance wiil be presented as wn attempt 13 made to employ anctent
and modemn concepts 1w esplawang the phenomena of cardiee hehanor

STATEMENT OF PURPQSES AND SCOPE

This brief review of physiological literature indicates that & portion
of our knowledge of the prop and fi of linng hssue was
st denved from studies of the heart. During the last twenty years
hawever physiologists have made more progress m their search for infor
mation g the fund 1 p of and re ponse
by studying perve snd skeletal muscle. One of the major purposes of
this monograph s to relate the modern theories conicerning the ongin
of membrare potental and the processes of excitation and response to
the study of the cardiac cell and the reachions of the heart. A great deal
as been learned of recent years about muscle contraction and ats relation
0 the membrane transmutted excitatory process (Il 1930 Szent
GySrgyr 1951 Sandow end Schneger 1955) Some use of this 1nforma
ton will be made 1n discus 195 the various phenomena of response

‘hThe expenmental projects to be descibed were undertaken wath

e thought that new instrumentation end
newer conee
the rewvestigation of the e e

phenomena of cardiac funchion and the ynt
pretation of eardiac abmormshiies Such rore
by wany other recent devel T Eve:nl;:umw h’“ bcc‘“ !““‘:d(
l;hb\b\hu has been of help 1 such studes It 5 now possible [or‘ the
Poysiologist, Telatively untrsined m the shalls of surgery, to wnplant
v
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electrodes and thermocouple termimnals upon the surface of the heart
and mamtain ammals i good health and comfort for many weeks It 13
thus possble to test the excitability and responses of the heart and
determine how they are modified by cold, fever and many other influences
without creation of the abnormal conditions attendant upon tharacotomy
and exposure of the heart

Cardinc cathetenzation 18 now standard procedure and pressure record
ing devices are fable for of p and resp m
all cardiac chambers and 1n vemns and arterses Other forms of mstrument
ation have been improved encrmously of recent years and the possihility
of furthering investigation by means of electrome recorders seems almost
mexhaustible This monograph reports methodologies and apparatus
developed 1n the study of some of the basic properties of the heart and
18 component cellular elements

Recent advances 1n cardiac surgery and the use of cold to create conds
tions favorable for such procedures have created new problems The
oceurrence of cardiac arrest in surgery, the ever present problem of cardisc
arthythmiss and fibnilaton and a growing general concern over the
increasing prevalence of cardiac disease have also suggested that the basic
functional properties of the heart should be reinvestigated

It 13 obvious that a study of exctabibity and the exextatory process
might provide one of the most direct approaches posuible to the under
standing of the {undamental processes of cardiac function It was decrded

fore to gate the changes in bility of the heart dunng
the cardiac cycle, to study latency of response, and to endeavor to deter
mine what processes are lved 1 duction and the of

contraction The effects of certain drugs and vanous phvsical agents upon
these phenomena were hkewise thought to be worthy topies for investiga
tion It was felt that much could he learned about the action of nerves,
humeral mediators and hormones upen the heart and its component parts
It was decided that in addition to studying the responses of the intact
heart the reactions and praperties of indivadual cellular elements of various
cardiac hssues would be investigated Much of the information to be
reported 1n this monograph has been detived from these projects

In addition to presenting a yeport of results obtaned and the methods
employed 1n this research enterpnise, it 18 the purpose of thus monograph
10 mdicate various lines of new and possibly frwitful study
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N Excitabihty and the
Excitatory Process

A description s given of present concepts of the inltiation
and propagation of actwity In living tissue An attempt is
made 1o relots new snformation ohtained chiefly from studies

of narve and skeletal muscle to the explanation of cardiac
exotability

A $TUDY OF THE EXCITABILITY OF THE HEART 15 mided by knowledge of
the processes involved 1n evoking respontes from nerve skeletal muscle
and other body components The ability of ell tissues to show some reaction
ta enviconmental change 13 known as wrrutability This word 1mplies not
only the quality of being responsive but also a zennitimty to or ability
10 be affected by & sumulus Although the concept of intability 1s a very
old one the term was not commed until 1672 by Fr Glisson Albrecht v
Haller (1793) employed ancther word excuable 1 descnbing muscle
to indicate that musele contracts when stimulated It has become custom
ary today to use the term excitability more frequently than wrutabiluy
and to describe as excitable only those tissues such as nerves muscles and
glands which respond to dusturbing forces by =& ropid easly detectable
reaction.

The develop

of our knowlege of hal

¥ and the
mtiation of response has been traced 1n many reviews (Biedermann 1895

Vervarn 1913 Lallie 1923 Folten 1930 hatz 1939 Bushop 1941
Hoff 1942 Marchand and Hoff 1955) Thus chapter therefore will deal

mther wath those modern concepts which will be of a1d 10 presenting
the theortes and discussions of thi monograph.

THE CELL MEMBRANE
folnhle ussues consist of eells having & charactenstic surrounding
pl an, pl 1 such as the nucleus
mitechondnia vacueles, fbrils etc Some cells possess i addition sur
rounding sheaths which affect their function. It 19 known that metabolic
w::;ses occornng a0 the cytoplasm are smportant 1o both cell and
membrane function, Recent work, however tends to emphanize the fact

9
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that the pl Ived 1 and of
excitation take place at the cell surface For example, a squid gant axon
from which the axopl has been displaced by an electrolyte solution
will continue to respond to stimuli and to conduct action potentials
{Grundlest, ct al, 1954) In addition, on electrode can be mserted longt
tudinally into such n squid axon without modifying the membrane potential
but excitabslity 1s lost as soon as the electrode scrapes the mner surface
of the membrane (Hodgkin and Katz, 1949) Furthermore, the contraction
of muscle 1 1y hinked with b T as are the secretory
activities of glands External stimuli must of course affect the membrane
first and chains of reactions wathin both the membrane and other cellular
components are touched off by forces acting on the surface structutes
For thuis reason more detailed ledge of the physical and ck I
composition and metabolic activity of the membrane 15 essential
FUNCTIONAL STRUCTURE The membrane 13 not a sumple structure
Numerous descriptions have been piven of its properties but each tends
to emph those c} 1stics d d by the methods used in that
pamcular study Cellular membranes all possess a selective permeability,
some substances diffusing through with ease while others are excluded
The size and configuration of molecules seem to be of importance 1n
determiming their ability to penetrate this observation has given nse
to a pore theory of membrane permeability (Hober, et al, 1945) The
h 1 nature of compounds 1s important too and certain lipord soluble
matertals pass through cell membranes quite readily despite & relatively
large molecular size It has been found that the membrane does contan
lipid matenals 1n hgh and hpd membranes
can be constructed which resemble the plasma or cell membrane 1n many
particulars It 3s known, however, that some materials which are not
Lip:d soluble penetrate the membrane with ease indicating the presence
of other membrane constituents There 1s nmple evidence to show that
the k also 2 protein T t (Davson, 1951, Davson
snd Danielly, 1952) Thus the cell membrane appears to be a bimolecular
or multimolecular sheath 50 to 100 A°® in thickness comprised of proten

and hipid molecul 1y bonded together and p a highly
plex surface morphology A sch representation of this bimolecu
!ar hpo protcm membrane 15 seen an Figure 2A The best available
pt g d also indicates that the cell membrane 13 not
letely 1 8 m 3; Some drugs can affect tissue

P Y
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fanction 1 such Jow concentration that they could not emelop all cell
membrane surfaces they are therefore thought to act on specific receptars
{acetylcholine on the heart Thienes 1915}

Physiological evidence supports the view that cell membranes should
be represented as compnsed of at least two concentnic double layers
Biedermann 1 18% recogmzed that there wese two components in the
electrotonic membrane potentials This matter has been studied more
fully by Lorents de No (1947b) who describes a quick (Q) and a
labile (L) fraction of the el P ds which d differ
ential sensitinity to metabolic altershions (Lloyd 1955) thus suggesting
that the membrane has a dual structure To facilitate explanation of these

b Lorente de No postulated a mululayered \! (Figure
2B} m which the innermost layer gives nise to the L and the outermost
to the Q fraction of the electrotome potential

Other tests of the properties of membranes perrmt a sull different
rodel to be d (Fagure 2C) Deseriptions and exp of
the excitatory practss are now gven slmost eotirely an terms of resist
ance charge pok pedt etc. which are referred
to us electrical propertics of the celi membrane The rather exclusive use
of this analogy however does not weply that other factors are not mvolyed
in membrane reactions Although present knowledge of the metabolie
Processes underlying excitabihity and the Tesponse to stumolation ys still
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quite Iinuted, some functional interpretations of this model (Figure 2 C}
will be presented 1n subsequent discussions

EXTRAMEMBRANOQUS SHEATHS These structures, which sur
round some cells, must not be sgnored in studies of the chemcal and
physico chemical reactions which play an important role m mamntaimng
the resting state of the cell as well as 1n producing the phenomena observed
duting sts activity These sheaths have matked functional sigmficance
as indicated by studies of the epineurium of nerves (Lorente de No, 1952,
Creseitell, 1952, Shanes and Berman, 1953) The role of the myelm
sheath 1n cond (Frankenh , 1952, Tasaki, 1952} also 1s well
known Although such external structures, when present, are not without
effect on cellular achvity, excitahion and response are pnmanly dependent
on reachons of the cell membrane proper and 1t 15 possible to explan
most of the observed phenomene solely 1n terms of known properties
of this structure

ELECTRICAL PROPERYIES OF CELL MEMBRANES

The following discussion will adhere to the commonly employed practice
of relating the excitability of hissues to known physical and electrical
charactenstics of the membrane

MEMBRANE POTENTIAL Recording electrodes in contact with the
surface of a nerve or muscle reveal no difference of potential between
any two points on the tissue provided 1t 18 umunjured If, on the other
hand the tissue under one electrode has been injured by heat, pressure,
concentrated KCl or other means, a potential difference 1s observed
The magnitude of this potential may vary from 10 to 60 mullvolts depend
ng upon recording techmques and shunting The injured area 15 negative
with respect to the rest of the tissue 1¢, current flows in the external
(recording) cireut from the electrode on normal tissue to the electrode
on mjured tissue (see Figure 3B) This injury or demarcation potential
{Du Bois Reymond, 1843, 1848-84) 1s present while the tissue 13 at rest
(Matteucct, 1841) but changes with activity as will be discussed subse
quently Observation of this injury potential provided the first evidence
of the existence of a membrane p l 1e, evid that the 1
sutfaces of membranes of excitable tissues are postively charged with
respect to thewr nner surfaces or the mtenor of the cell

A more direct of this b { of resting
cells can be made Such measurement permuts a Better understanding of
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the wyury potential and supports the conclusions slready stated The
techmque employed to record and study transmembrane potentiad (see
also Chapter V) involves use of a glass capllary or microdectrade 05
ricron 1n tip drameter and filled with 3 M AEL Such electrodes tan be
tmsested through the membrane ito the wxoplasm of a merve ot heatt
cdl withoot produning either njury of any sigmbeant change i the
electreal properties of the husue (Nsstuk and Hodghw 1950 Draper and
Werd 1951) Ths 3! de 15 pured with a surface electrode
and the resting membrane potentsal directly measured with swtable record
ers Jt1s found that a Jarge potential dufference exists across the rembrane
the nside betng 60-90 Tav negative with respect to the outer surface
Thas so-called restng potentsal {memb or y P 1}
13 of sumiar nign and magmimde 1n o}l eacnable hissves studied {Table 1)

Taste 1 —~Resnng Membrane Posennals of Excitable Tissues

Tiswe RP, mv Souree
Squd Guant Axon [} Hodgin 1951
Caremnes Axon 82 Hod Tz 1921
Sepsa Axon 62 Werdmana 191
Frog Sartons Muscle e Weswok s0d Hodgkin, 1950
Dog Ventnele 85 Hoffman and Sucklmg 1952a
Dog Aunde 8 Hoffman and Suckding, 19520
Frog Venmale 85 “Woodbgry et al, 1951
Rat Yevtnele L3 Hollman a0d Suclding 1952b
Smooth Muscle Taemsa Cola 2675 Bulbnog 1954
Falee Tendon of Dog Veutricls 0 Praper end Werdmann 1951
Ec:h:nmal Cuck Veamile 383 Tingl et o, 1922

unicle

Mot.e Tibuhs Antieus ]60‘ Pt e 9

00
Cat Motor Newone (Spmat Cond) 7580

Benpen et al, 2953

Brock et al, 1953

The demarcation {unyury)
potential 35 thus seen to result from the
t(rxnsme;n&rme Potential and the effect of mjury on membrane Tesistance
see below) Current 13 permutted to fow from the notraal posstively

the axoplas
alively charged with respect fo the sur i o

13 much sm;
than the actusl Uanamenbrane potential, ck smaller 10 amplitude
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quite limited, some functional mlerpreluhons of thus model (Figure 2C)
will be 1 d 1n sul

EXTRAMEMBRANOUS SHEATHS ‘These structures, which sur
round some cells, must not be gnored 1n studies of the chemical and
physico chemical reactions which play an important role 1 mamtaming
the resting state of the cell as well as 1 producing the phenoniena observed
during its achwvity These sheaths have marked functional sigmficance
as indicated by studies of the epineurium of nerves (Lorente de No, 1952,
Cresatell, 1952, Shanes and Berman, 1953) The role of the mychn
sheath 1n cond {Frankenh 1952, Tasaki, 1952) also 1s well
known Although such external structures, when present, are not without
effect on cellular activity, excitation and response are primarily dependent
on reactians of the cell membrane proper and 1t 15 possible to explan
most of the observed phenomena solely m terms of known properties
of this structure

ELECTRICAL PROPERTIES OF CELL MEMBRANES

The following discussion will adhere to the commonly employed practice
of relating the excitability of tissues to known physical and electrical
characterishics of the membrane

MFMBRANE POTENTIAL Recording electrodes n contact with the
surface of a nerve or muscle reveal no difference of potential between
any two ponts on the hissue provided 1t 1s uminjured If, on the other
hand, the tissue under one electrode has been njured by heat, pressure,
concentrated KCl or other means a potential difference 13 observed
The magmtude of this potentral may vary from 10 to 60 millivolts depend
g upon recording technques and shunting The 1njured arca 1s negatve
with respect to the rest of the tissue 1e, current flows 1n the external
(recording) ciremit from the electrode on normal tissue to the electrode
on wyured tissue (see Figure 3 B) This injury or demarcation potential
{Du Bois Reymond, 1843, 1848 84) 1s present while the tissue 1s at rest
(Matteuces, 1841) but changes with activity as will be discussed subse

quently Obscrvation of this anjury potential provided the first evidence
of the of a } tal, re, evid that the external
surfaces of membranes of excitable tissues are positwely charged with
respect to their anmer surfaces or the interior of the cell

A more direct t of ths tr l tial of resting
cells can be made Such measurement permits a better understanding of
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not behave 85 & wmple cybnder of salt sclution but rather as & cable
possesning, a vore of relatwvely Yo test tance (the axoplasm) sursounded
by & membrane of hgh sesstance which eerves 1o mmsulate the core
from the surrounding flund, Becanse of this strecture current 18 channeled
along the avopla mic core and passes oot through the membrane only
with difficulty howerer mmnee pome current does Yeave each ares of
membrane the current denmty slong the cote and the potentual difference
slong the membrage decrease with distance from the cursent sonsce, This
concept of the nerve actiog a3 a core conductor was ongnally sdvanced
by Matteuees (1863} and expressed 1n more modem fosm by Hermann
(1879} A Jetailed mathematical treatment of this concept can be found
eloswhere (lorente de No 194Tb) A diagrammatic yepresentation of
the axal current flow w netve 15 shown in Figure 3 4.

MEMBRANE CAPACITY As addisonal observahon made in stndies
of the membrane 3¢ that alter curtent has been spphed the potenuiad
difference created sequizes & certasm nme to reach 8 steady velue Sumilacly
when the apphed current abrupily cesses the local potential previously
areated by the torrent decays slowly {Figare 7} Thos suggests that there
are capatitative elementy 1 the membrane which require 2 fimte time
1o discharge and charge The exmtence of thys membrane capacity is alo
demonstrated by the observation that 3f excatable tissoe 15 placed 1o &
bndge areut, the brdge cannot be balanced without mttoducing m
:{‘P&:“:&: ;;na the balancing srm than 13 required to obtam lx;ah::
Hxl}l: - ce:‘ :re‘ ;x; 9‘) salt sotution (Hober et o}, 1945 O terhout and

LE
hnW“Ct:'m)'l'())\iUS AND ELECTROTONIC POTENTIAL Nerse 1n
@ Pos.ess some properties resembling thase of & mmple renista

pacity network. Since the behavior of tisues even tow: pd e
Polaring seltess howere son son b e n 0“1" very wesk
‘&T;\: m;:,, 1929 p 247} Loreate de No (1947) ;‘;:5 - i

T phyatcal elect e ©

throngh :up;hymodd: 1‘:0:3:: :l: md;::ale the effets of curment flow

be cansidened that s g emphasize their imperfections It gan

et of states obanreal: ):;xc«d] electrotonus 15 1avolved 1n the establish

s .Rm,m'““ o develop 1n a nerve when current flows throogh

& passage of curre

‘!h sate of physical el;;;‘!;l’f::sgbcb::ervc e o wssoaiatian vith
5 parucular ges m the exetabibity of

there 1 an mnerease of excitabs T of the fiber

ty st the cathode (catelec.
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MEMBRANE RESISTANCE AND THE CORE CONDUCTOR
THEORY Membranes offer to both longtudinal and transverse
current flow This can be demonstrated when current flows between two
electrodes, one of which 1s adjacent to the inner surface, the other
applied to the outer surface of the b of a nene dna
large volume of saline In such an experiment the flow of current across
the membrane from the external source will, 3 the surface electrode 18 2
cathode, decrease the normal resting potential sustained by the rembrane
metabolism If the current flow 1s kept small, howeser, its phystcal effect
15 mmmal In the discussion of the next few paragraphs this 13 assumed
to be the case and consideration 19 given only to current flow and the
potential differences caused by such current

In this theoretical case recording leads placed at various pownts along
the fiber show that neither the current flow nor the changes 1n potentsal
produced are confined to the area of membrane lying immediately between
the external and internal electrodes On the contrary a potentsal difference
1 found between any two pomts along the nerve until both the recording
leads are at considerable distance from the current source Moteover, the
potential difference between any two adjacent points on the surface of
the fiber 15 greater than between similarly distant points in the conducting
solution surrounding the nerve If current 1s caused to pass between
two surface electrodes there 1s a similar dispersal of current flow (Figure
3 A) These observations are explained by the fact that the nerve does

CATHODE ANODE

R 3 e .
NN

% -
R R L TP LLRE NN L

POLARIZED REGION DEPOLARIZED REGION

Ficure 8 A companison of the curernt flow created by apphcation of the cathode
and anode of & battery to nerve (A) and that created in nerve by & depolanzed area

of membrane (demarcation or imjury current) (B}
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A strmnlus 16 any eavironmental change which can mduce a reaction
Srmuls axe termed threshold (adequate liminal} or subthreshold (inade-
qutte seblimnal} depending on whether or not they are capsble of
exsking the charactenshic yesponse of the tissue, Tissnes have 2 defimte
seostnty to srauls Thus for a gwven arrangement of cells, electrodes
and sources of dlectrie current, it 38 foupd that & current flow of a certan
magmtude may evoke the typical response while a cusrent flow of shghtly
Jawer magutude will not. This just sufficient stumulus strength 15 called
ihe “threshald of the tissue Tt will be seen more clearly Tater that 1t 1s
Dot possible to obtatn an “sbsolute” threshold when usng external elec
trodes. The stuntlating efficacy of the curzent depends on how wmuch of
1t pencirates the fibers and this m turn will depend an 2 generally
anpredictable way upon the precise properties of the electrodes and the
distrbution of current within the tissue Nevertheless for a given expen
ment, with electrode properties location and the tume-course of currest
held constant, the threshold wil be & well defined and reproducible
quanhty
STRENG!
v to At Ao St oty o o e il of e
y for a current pulse of fixed
shape and duration Thus whea employing rectangulor current pulses,
weaker strengths will timulate if allowed to flow for Jonger imes. Hence,
pven a fixed pawr of electrodes i a defimte location one can obtain a‘
curve of thresheld as a function of duration of the stymulus, Thes so-called
strength duration carve shows that as duration of current becomes I
and longer the threshold falls but does 30 more and more ‘:3‘ onger‘
a mummal level 1s reached A lesser intenuity of enrrent does :otwuy :ln“
mﬁ‘\? ?U:“ \anl n nﬂn\.\owed 1o flow The minumal level W;l;‘l y::lc]
o allowed to flow for a2 suficientl:
:’;'d':id:: n:;ln u\{\e ume du:dusg which the xheo!{a::’ Eu:‘::t ‘:mi:ni;gwn::
§ ate 13 called the wtdiiation me Tt 1 ewids
stimul must be of high intensity to be effectss Shdent that bt
wumals do ve and 1f too bnef 10 duratie:
The steen ;::1 :::: :x;;lutlaizc::m:aﬂy employed m biclogical taom:':
oronghly studed. (Hoorwe 1692 Werss 1001 poeier, 2 en Sy
Figure 4-A and B shous strength-duratio; 1 Fredencq 1920)
musele both aunele and ventn o curves typieal of carde

tcle These curves
rthecbasic Tequitements were not 3denheal ero eimilar though the

I
s somewhat laborous to obtamn the entize strength-durat,
o0 Curve
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trotonus) and a decrease of exaitability at the anode (anelectrotonus)
These changes 1n excitabihity, observed by Ratter (1802 1805) and studied
antensively by Plluger (1859) are known as physiological electrotonus and
will be d d Iater 1n con) with the Jocal excitatory state

Recording electrodes placed on the membrane, one near and one far
from the region of current flow, show a potential difference Near the
cathode there 15 a decrease and near the anode an mnerease an membrane
potential As stated previously some time 13 required for theee electro
tonic potentials to reach thewr peak after current flow begins and some
tume to decay after applied flow ceases Such locahized potentsals also are
created by other subthreshald stumult and locally acting excitatory
processes

In summary, the pussive electncal properies of the nerve can be
described as follows the } P a relatively gh
and capacitance and 1nsulates the axoplasmc core from the extracellular
flnd  Potential differences applied across the membrane give nise to
current flow which finds a preferential longtudinal pathway via the
axoplasm and extracellular flud since these have a lower resistance than
has the membrane In addition there 15 & large potential difference, of the
order of 01 volts, across the resting membrane with the side of the
cell negative to the external surface Thus the nerve can be represented
by a sumple electrical circunt g a battery, a cond: and vanable
resistances (Figure 2 C)

THE STIMULUS

The excitability of a tissue 15 judged 1n terms of the work required
to affect 1t This work performance or stumulus can be of several types
and the sensitiities of various tissues to spearfic forms of energy vary
markedly Locally apphed heat or cold, pressure, osmotic force, vartous
chemucals, hight and sound, all affect at least some cells of the body It
18 well known that some types of simuh excite pracucally all cells but
other sumult excite only specialized receptors The type of stimulus most

ly employed to the bility of a tissue 15 electneal
current Not only can the quantity and duration of apphed current be
controlled and measured eamly but also ats effects on tissues are readily
reversible and no amjury 18 caused by currents much stronger than those
required to stmulate As a matter of fact, normal excitatory processes
evake a transier of charge and thus a current flow similar to that apphed

1n electrical stimulation
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arsctensie of @ tisue 1 determuning s exaitability It s alsa mot
:l:myleldy satusfactory to describe excitebility merely 1n terms of :h:
rheobase since ths expresses only one part of a shmulation requiremen
Lepieque (1926) endeavored to describe the exenability of a ussue n:;
terms of two values {1) the rheobase and {2) chroname whichs defus
a9 the mummum tme required by & cursent of twice theobasic strength
to efiect shmulstson Thns axbiirary method has tts vsefulness but should
be regarded merely as & t sub for the complete determn

ntton of sumulus strength and durational yequirements (Dans end

Forbes 1936) 1t can be seen from Figure 4-C, deprcting strength duration
curves of csrdiac musele how mulesding & cntenon of excitabiity
chronaxie may be The methods used for quantitanively determming exet
ability must be chosen with proper segard for the requirements of the
situshion.

OTHER REQUIREMENTS Tn studying the excitstory protess by
determining the efiects and requirements of electrical corrent flow it 38
fourd that when a lating current the pref 1 nte
of angn for the propagated response s the cathodal surround {hatz
1323 Omas &1 al 1950) 1t 1s also generally stated that restimulsuion
does not nosmally occur repetinely dunng o peniod of unaltered cusreat
flow There are exceptions to this statement which will be discussed later
Ordinanly the make of a direct current 18 more effective than the break,
stmulation occurs at the cathodal regian on the make and near the
mode on the bresk very rapdly alternating currents do not exate.
Anothes determimant of the efficacy of a sumulus 18 1ty shape—that 1
the tate of change of the current flow A stmulating currest which
wudderly changes from zexo to full strength (a rectangular pulse) 18 more
effective than one which nses slowly A current strength which 13 of
threshold value when applied suddenly will farl to strmulate of the Tate
of 13 10 this strength 18 somewhat slower If current strength nses suffi

Gently slowly stimulstion will net occur st even very tugh intenuities
The meffectveness of slowly

nyng current strengths 1 the resalt
change 1n threshold called d ’K'lug!;ﬁli wﬁ:‘;c
discussed 10 greater detail latar ;

dlectneal acunty In heart
8 oxcle) sbowang thay chronanie Qoes gat glve an ad quate lndl::u‘dgm:
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lso pot
stic of & tsme 1 determmng s exeitability Tt 1s o
:3::;;‘;1, satiafactory fo descnbe excitsbshty merely 1n terms of tf::
theobase sioce this expresses only one part of a shmulation requireme: -
Lapeque (1926) endessored to describe the exeitability of 2 u;su; -
terms of two values (1) the rheobase and (2) chronaxie which s defin
o8 the pummum time required by a current of twice rheobane strength
10 effect shnulstion Thes axbtrary method has 1t nse{nlnu‘s but should
be regarded merely as 2 \ for the complete determu
saton of stumlus strength and durstional Tequirements (Daws and
Forbes 1936) It ean be seen from Figure 4-C, deprcting strengih-duration
curves of cardiac muscle how musleading & cntenon of exciability
chronaxte may be The methods used for quantitatively determming exeit

ability must be chosen wath proper Tegard for the requrements of the
#ituglon

OTHER
)

REQUIREMENTS la studymg the excitalory process by
g the efects and Teq of electneal current flow it s
found that when a Jating current the pref L aite
of ongm for the propagated Tespomse 13 the cathodal surround {Ratx
1939 Onss et ol 1950) Tt 1s also generally stated that restimulation
does not noreally ocour Tepetitively during & penod of unaltered current
flow There are exceptions ta this staterent which will be discussed later
Ordinany the make of & direct current 18 more effective than the bresk
sumulabion occurs at the cathodal region on the make and near the
ancde on the break very rapdly alternating currents do mot excite.
Another determunant of the efficacy of & stumulus 1s sts shape—that 25
the rate of change of the current How A stimulating current which
suddenly changes from zero to full strength (a rectangular pulse) 1s more
eflective than one which nses slowly A current strength which 1 of
threshold value when apphed suddenly will fail to stumulate 3f the rate
of Tise 1o thus strength 29 somewhat slower If current strength rises suff
cienlly sdowly stmutation will mot oecur a

The weffectiveness of slowly nsing eurrent strengths 1s the result of &
change wu threshold called pecommodation This phenomenon will be
discussed 10 greater detadl later

t even very lugh intensities

Ficont 4 Strengthduration curves

expressing excuability of the aunel

::n!::(l& ‘(:)‘u\!‘ [y d:g“ bexrt, 02':h & family of strength-duration mvn:lf::)h::
™ tme following the bemmmng of electneal

', ol v o actmty in heart muscle

& Ihmme ~ioh :x’cmbmn“::; ;h: ;\::ynu)e does not gmve an ad quate indication
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THE EXCITATORY PROCESS

It 1a probable that the intrinsic excitatory process which mitates
contractions of smooth and cardiac muscle and the spontaneous origm of
ampulses in nerve cells act n the same way 2 do spphed shmuh, and
1t 1s apparent that both types of stumulation will mmitiate a normally propa
gated response Anowledge of wnitiation of activity in sense organs and
mn the pacemakers of spontaneously active tissues can be ganed from
a study of the mechamsm of excatation by apphed electrical stmult

The mechanism of sction of stimulating mfluences has been discussed
rather thoroughly 1n the past (Nernst, 1908, Hill, 1932, Blar and
Erlanger, 1936, E A Blar, 1938, H A Blar, 1938, 1039, hatz, 1939)
Recent work has contributed much to our hnowledge of what happens ta the
membrane when effective &lectrical stimuh are apphied Locahzed changes
1n the membrane are first produced and ¥f these are of sufficient magmtude
they give nise to propagated effects A deration of the ph
associated with excitation will serve as introd to an exp
of therr ongin

THE LOCAL EXCITATORY STATE Current flow creates m the
region of the cathode a local excitatory state This term, local excitatory
state (Lucas’s “Jocal disturbance °j as ployed 1 d
of exitation and response 1s without defimite wmpheation as to what
the processes mnvolved 1n creating thus state may be Any stimulus produces
& local excitatory state preliminary to actual stimulation Subliminal
stumult create local excitatory states 1o cell membranes An excitatory state
18 created adjacent to the borders of a depolarized or imjured area by
current flow engendered from the swk source relationship Use of the
term does amply that the basic disturbance 1nvolved 13 not propagated,
that the condition has a defimte but short temporal duration &nd that no
wreversible changes have taken place The processes involved 1n the pro
duction of a Yocal excitatory state are not of an all or none character

The existence of a local excitatory state can be demonstrated by use
of testing stmul: of subthreshold or by ding the local
response associated with this state Discussion of these two procedures
follows

SUMMATION OF INADEQUATE STIMULI When a stmulus too
small 1o evoke the charactenistic response of the tissue 13 followed quite
soon by another stimulus of equal or even smaller magnitude, a response
may be evoked Furthermore, 1f two stimul, each too small to excite,
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Huly 19520
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are applied simultancously to nearby poats of the same fiber, excitation
may occur These two types of addition of stimulus effects are known
respectively as temporal and spatial t poral
occurs when stimult applied later 1n time than the conditioning stimalus
superimpose their effects 1n the same membrane area Spatial summation
mmplies supportive action between stumuli applied to adjacent areas
This use of the term spatial summation differs somewhat from that em
ployed 1n discussion of reflex action i which the term 1s employed to
sndicate that stimult applied to different sensory endings summate their
effects if the afferent fibers from these shimulated endings converge
upon the same central neurone pools

Temporal on depends on the cap ve properties of the
membrane, 1¢, the ability to accumulate and retain the effects of current
flow Spatial summation 1 the membrane depends rather on the resistive
properties which cause some diffuseness of effect rather than a Jocalization
of current penetration of the membrane merely at the pownt of electrode
application

The ph of temporal permits deter of the
magnitude and duration of the effects of subthreshold stimuli, 1¢ the
mtensity and duration of a local excitatory state Figure 5A gives
3

form the procedure followed 1n testing the effects of a local
y state or resp The amphtade of the test shock requred
to produce & propagated resp gives md of the nse and dechine
THRESHOLD
M~ ] [
Q)
9
X
)]
wl .
F b}
£ i
TIME~— \J 3
| So———) .
1
CATHODE ANODE
Ficuze 6 A dusgram of catel and anel m nerve E—Excitsbil

changes under the cathode and anode durmng and following & subthreshold stimulus
of Jong duration T—~Time of current flow Imtisl enhancement {a} and depression
(a) of excitebihty The eSect of accommadanon (band b} Post cathodal depression

(c) mnd post anodal enhancement (¢}
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of effects cansed by the winal sumulation The local effect at the anode
15 spproumately the reverse of that occurnng st the catho:lhe. e

When curtent fow 18 of long durabion, the excstability changes @ >
cathode and anode sre more complex. Tnitally, as shown 1 Figure 6,
Ahere 16 & build up of 2 Jocal excatatory state m the regon of the cathode
aod & loos) depression under the anode Adapuve processes or counter
achops s00n come 1nto operation to Teduce the efechivensss of the current
and this 1s called accommodation {Estenges and Gasser, 1937 Tatz, 1939}
At the break of a long continued current flow conditions under the wo
electrodes revesse There 1s a depresuion of excitability under the former
cathode and an imcrease w excitabilty at the site of the onginal anode
The extent of the 1mtial changes and thia reversal depend upon the
density and the duration of the current flow employed

A th 1

) of these pt will be offered later
after a d n of the mech der]

ying It suffices
to say here that the use of testing stmuli and summation has permutted

determination of these effects of sublimnal and long continued eurrent
flow on tusue excitability The changes in membrane potential associated
with these changes w local bility have been dered to
® local yesponse

SUBTHRESHOLD ACTIVITY (THE LOCAL RESPONSE) Records
obtuined by mesas of an wntraceliular electrode parced with ¢ surface
electrode show that when & week subthreshold stimelus 13 spplied 1o &
merve the transmerabrene potentiel under the cathode 1s displaces toward
zero dunng and for & penod efter the corrent fow The tune covse
of the displacement depends spon duration of the stmulus and the value
of the membrane cepacsty U however the stumulsting current 13 pro-
gresaively wereased by equal ancrements 1t tan be seen that the further
displacements of the membsane potential are not Proporhional, pro-
gresaively lacger depolarizations sesult from each step 1n stumulus strength
{(Figure 5) Tha beharior of the membrane potennal an Tesponse to
subliminal stimuly 18 colled subthreshald actvity of a *local vesponse™
and connsts of graded schinty ox the port of 2 small area of membrane
(Ratz, 1937 Hodglon, 1939 Marmont, 1949 Cole 1939 and Rosen
blueth 1952) 1In other words the displaces

ment of membray tents
duning 2 local response 13 not purely paserse me potential

but 15 contributed to b
chasnga In properties and processes going on n the membrane m:{f 7
wrface recording elestrodes tap hkewsse detect evidence of ths local
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normal axon axon treatod wath CHOY, solution
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Ficure 7 Electrotonic potentials fn nerve Series on left shows spacial decrement of
electronzc potential aa recorded from the surface of the muscle at points progressively
fnrl!\er from point of sul\lhrvsbuld stumulation (b g} Senies on right shows change

) hlorolc 3G
(From Hodgkn and Rushton Proc Roy Soc B 1936) » and A show the shape of
polsrszing pulscs Time i msec and distance a om ndicated

response or sublimunal change in membrane state when ons Ic:d s
Iat thod
djacent to the g A non propagated b

Jevelops which1s aug d prog vely by merenses m npphcd current

1f the lfocal potential rccorded ether by surface or intracellular leads
sttarns a entical amphtude 1t gives rise to a propagated spihe or action

potential (Figure 5B and 7)
That these local or subthreshold responscs are related to the focal
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demonstrated by applyng

tatory state 4 p ly can be
z:scl hocr{s dunng imtervals corresponding to vanous gm.-es :;\he “::;e‘i
local recponse, The strengths of the lstent !df:“':““(:,u;, " c::cf}:uonmg

n

prodice 2 p!olﬂgimi {‘::;m:: 3:0“::;‘1’:“‘;\: of the local Tesponse The
bock are wmversely rela T us the loodh potestidl deceys
strength equired sncreases progressively above threshetd

THE ACTION POTENTIAL When stimuli st or ovud P
strength are used there rises from the stall potential assocrat ‘:: ddon
locel response @ sprke bke action potential which 18 propagat ong
the fiber stmulated The transmembrane action potential typcal of :em
15 preceded by a relatively minute prepotental or Tocal respanse, b‘é a
nsing phase a penod of over hoot mdicative of a reversal of mem! {we
polanty a falling phase and i certain cases a positive after potential o

The action potential 18 the electrical sign of changes created by the
excustory process takang place wn the membrane Du Bos Reymond
destribed the action potential (1842) and both Fngelmann et al. {1873)
and Eyster et al (1938} actuaily recogmzed the occurrence of the
overchoot or reversal phase of the action potential of the heart. How
ever since surface recording involves some uncertainties the accurate
& Yineation of the magnitude and tme course of the action potenhials
of vanous tusues was not possible untl the sdvent of transmem
brane recording (Hodghm and Huxley 1939 Curtis and Cole 1932)
This typicel response of sn excitable membrane the achon potential
15 thus best rerorded by means of an wtracellnlar electrode paired with
ancther electrode on thr wurface of the membrane When this technigue
1s employed the response o a thresheld sumulvs 33 a8 shown 1 Figure 8
Fallowmg apphestion of the smulus the resting membrane potential
does not duappear s would occnr n case of mere depolanzation bur
continues to change at a very rapid rate wntsl the transmembrane potential
10 1be regon of the apphed stionlus actually reverees s polamty the
mnide of the fber becoming positive with respect to the outer surface
The nung phase of the pike or action potentral may avershost the zero
fevel by 20-50 mllavolts Following attamment of the peak of reveysal
the transmembrane potential begins s retumn to the resting value 8y n

fate somewhat slower than that of the nising phase Thus the fiung or
depolanzation” phase of the ac

b " uon potential termunates 1n a {alling or
epolanestion”™ phase which vanes grealy 1 time conrse es will be
st ubsequently
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| msec

Frevne 8 Action potential of squid giant axon recorded at 20 C by means of a8
intracellular microelectrode Straght Lne zero potental Sine wave frequency 1000
¢ p & (Unpublished photo C. Y Kao) Voltage calibration as indicated

The general magmtude of the action potential 1s similar 1n all excitable
tissues that have been studied However, 1t can be seen from Figure 9
that action p Is ob d from diff types of cells possess certain
disamulanities In addition to differences in duration there appear to be
differences 1n components Negative and positive after potentials are seen
in nerve and skeletal muscle as well as an imtial spike and overshoot
Heart muscle cell potentials show a plateau phase not seen mn action poten
tials recorded from nerve and skeletal muscle but there are no obvious
negative and positwe after potentials Furthermore, all cardiac cellular
potentials are not identical A potential of short duration with hutle or
no plateau 18 obtamned from auricular cells but long lasting potentials with
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Fruvaz 9 Transmembrane potentials of various extitable tssoes, A—Frog ventncle
B—Dog ventncle  C—Rat vestnele D~Dog suncle E-Kid Pmrkusje fiber, F—
Rat daphragm G—Sgqumd wson  W--Sepis sxon  Veltage tahbuton A \hrough
€ +30 tad ~100 mv In H calhbraton lines of 10 my O—zero potential. Tume
cilbraoss  A--500 meee. B—200 mace. C~100 mwee. D—200 msee. E-500
miee. FH-5 msee. {Retouched 10 show action potential upstrokes by dotted Lines.)
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a clearly differentiated plateau are obtained from cells such as those
of the dog ventricle Potentials from single fibers of the Purkinje system
and other specialized tissues taken when these cells are serving as pace-
makers are still different 1n that they show a marked prepotential Much
more will be said concerming these cardiac cellular potentials and their
functional sigmificance 1n Chapter V

THE PROPAGATED ACTION POTENTIAL — SURFACE RECORD
ING Intracellular recording 1s best for analysis of the action potentisl
but methods of surface recording are more readily employed i studies
of propag of and the cond of the action potential

—
Imsec

Frcure 10 Companson of surface and transmembrane potentials
A. Squid nerve (upper tracing—bipolar surface recording)

B Dog ventricle (lower & polar surface ding)
C Frog sartorius (upper tracing—hine of zero potential muddle tracing—-urzpolar

surface recording)
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dlang nerve fibers 2nd 1m the myocardsom In ofl forms of recording the
defiections obtsined merely imdwcate an belance between pured elec
trodes 28 the wave of achmty the propagated sction potentisl, passes
beneath or throagh the area specifieslly surveyed by these electrodes.
When elertzodes applied to the surface of the tustte sre used to pick ©p
perve or muscle polentiols the actiwity in a number of elements nerve
§bers ard muscle cells 33 vecorded The shapes sizes end durations of
soch seton potentials therefore ave determuned by the synchronzation
of the sctwity occurning as well as by the configurauon and duration
of the action potentuls of the imdindual cells mvolved

Frgure 10 shows vanous types of action potentials recorded m such
rontime studies of merve skeletal muscle and the heart. The types of
cellular potentials as obtained by use of an ntracellolar electrode which
summate to produce these direetly and indirectly recorded action poten
taals ate also thown 1t 15 obwious thet the components of these surface
tecatded of compound potentials must arse in part from a temporal

duspersal of actinty an the cell population The denvation of compound
potentials such as the el d from an

g of celluler
scton potentials will be discussed i Chapter V
The changes b

Pprop and the proce snitiated 3n
cells by an effective shmnlus which give nise to the achion potential will
be discussed 1 conmdersble detad) alter a bnel considerstion of the
ph of cond ond the ref; which develops following
exoitstion and 8 sesponse

CONOUCTION-—THE PROPAGATION OF A RESPONSE

Conduction or the process by which exatation travels from s pont
of ongin to other parts of a issue nvolves a sequential depolanzation
of each conuiguous segment of the 1mitable structure In recent discussions
of conduction there hiave been two empha_es as though there were either
an electrical sech or & chemscal mach 1 the pro-
duction of thus phenomenon As a maner of fact, electrical uchumca]p d
physical processes pate 3 can he d d a

th m wa;
¢ aecurrence of chevoweal processes 1s spdieated by 1ncreased mel Y

tabol
frc;:vxty and by the action of chemesls such as enzymane bockang nge::
By ::::n:;}:ﬂ al;s::mrd physical procesees 13 sncheated by obs:rvahons
o o 15 ‘er gy changes an beht scattening Viscomty and “stick
of protoplasm 1n the active segments of conducting \iasnes D k.
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Hili, 1950 2 and b, Tohias, 1952) For the present, however, discussion
will be confined to the electrical events giving mise to conduction of
excitation

The present view most generally pted 13 that cond g
from a local carcut bunlt up st the pownt of \ and 8
current flow spreading out an advance of depolanized segments of the
membrane This local ciremt concept follows directly from the core
conductor theory of Hermann (1879) and can be explaned as follows

As s00n as an area of b under a lating electrode 13 depolar
szed (depolarization plus reversal imtiated), there 1s created a sink source
n a cond dium and this can only result 1 a local

GUILY

current flow (Figure 3 B} The direction of this current, by standard con
vention, 15 from the positively charged or anachve areas imnto the ares
which 13 active and thus s electnieally negative In explaming the conse-
quences of this local current flow 1t can be said that the current 13 such
that the resting membrane 18 depolanized Although the currents spread
out along the cellular elements and through the surroundmg conductors,
they are of highest intensity close to the active region or sink and serve
to fate the ad)acent ts of b much as does the cathodal
current under a stimul electrode Cond therefore, 18 duc to
ntrnscally created current flow which travels over the tissue depolanz
g or simulating 1n new areas as the previous or upstream sinks are
repolarized by virtue of intrinsic processes of recovery

THE STIMULATING EFFICACY OF THE ACTION POTENTIAL
Perhaps the greatest difficulty an accepting the concept that the eddy
currents, engendered by proximity of active and inactive membrane areas,
wvade and stimulate resting tissue anses from a companson of the
possible strength or amperage of such local current flow with the threshold
req ts of artifical lation This diff 18 largely explaned
by the shunting which occurs in artifical stimulation with electrodes
placed on the surfaces of tissue Stimulation by means of an mtracellular
electrode pared with one on the surface of a cell requires the passage
of only microamperes of current Furthermore, there 13 ample evidence
of the stimulating efficacy of current flow created by locahzed membrane
depolanization  For instance, Wedensky facilitation (Hodgkin, 1937b)
provides an ple of 'y acting across amall segments
of mjured or blocked membrane The electrotonic or eddy current flow
engendered by an action potential approaching a block partially depolar
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\be membrane distal to the Hlock. The extert of this depolarinng
:?en\\a\eq action ven be estimated by the use of subthreshold \a‘?:\cg
sty Tt 15 s found that thess eddy currents produce a loca
excitatory state comparsble Yo that resuhung {rom s condioning sub-
threshold stimulus The highest concentration of eddy current naturally
{alls vthin the blocked axea and it 18 reasonsble to suppose that had this
been excitsble serbrane the eddy current would have constituted sn
efiectuve strmlus Caledlahons based on expenments of ths $ype have
Lead to the conclusion that the stmulating powes of the achon potential
1 three (Bushop 1051} to ten (Hodghun 1937 2} tumes thet which s
required to exeste the normal nerve mevbrane

This evidence that eddy currents cen have efiects on ussue bryond 2
block suggests that sttty i one group of eels smght have
adyacent tissues guous to but not 1 4 with the
smembrone 1n wWhich acnty 18 occusming This does occur, and the theo-
scopic preparation of Matteuers {3842) the observation by hoelliker
and Mueller (1856) that the besung heart may stimulate a nerve lad
upon 1t and the evidence of nerve fiber interaction desenbed by Katz
and Sehmatt (1940) provide support for ths conclusion

This cancept of conduction wndicates that an npulse can move in any

ot all & from a lated or depol

ous membrane surfaces exist. It 13 true that inpulses can be imtiated 1
any part of the heatt and will spread to al} other regrons of the syncytium,
Even fn the heatt thete ate preferential routes of travel, however, and
actinity tends to remain confined to fbey pathways Because of the core
conduction psopesty of cells activity spreads more Tapidly and with Yess
sppontion along the longitadimal axes of fbers than 1t does transversely
neross fiber pathways In the A V node of the heart {Wiggers, 199} and

¢ th
:! (:' :::;. tulfock of the motonenrone {Eccles, 1933} gre way conduction

effects on

d area provided contina

Tlosteations of the pessage of an 1mpulse alon,

Taght cause one o wonder why the tdl;)' c\mmz ;a;‘!i::n;rt;:h :vrlvﬁeb:;

:;ma\um do not cause impulser 7 ourney buek up the fiber belare

”:;::lspag;l;i wave of depolanizstion reaches and dies ot at the nerve

rmast T question of normal one wey canduchion  of muluple
ng ind ch b.y a ”mts,kx suatlus end the reentry of an ampulss into

y dep ! sy
stance vormally preveating such oczizm::s‘:: n; briel, t::t(:;ln\?:t
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Hili, 1950 2 and b, Tobas, 1952) For the present, however, discuswion
will be confined to the clectneal events giving me to condnction of
excutation
The present view most generally accepted 19 that conduct

from a local circuit built up at the pornt of i and & q
current flow spreading out m advance of depolanzed segments of the
membrane This local cirewt concept follows directly from the core
conductor theory of Hermann (1879) and can be explaned as follows

]

As soon as an area of b under a lating electrode 13 depolar
1zed (depolanzation plus reversal mtiated), there 18 created a sink source
tiguity i a cond d and this can only result mn a focal

8
current flow (Figure 3B) The direction of this current, by standard con
vention, 18 from the posiwvely charged or tive areas wnto the ares
which 15 actise and thus 1s electneally negative In explaining the conse
quences of this Jocal current flow it can be smd that the current 18 such
that the resting membrane 18 depolarzed Although the currents spread
out along the cellular elements and through the surrounding conductors,
they are of hughest antensity close 1o the active region or sink and serve
to stimulate the ndjacent segments of membrane much as does the cathodsl
current under a sumulating electrode Cond , therefore, 18 dus fo
ntunucally created current flow which travels over the tissue depolent
g or simulating in new areas as the previous or upstream anks are
repolanized by virtue of intrinsic processes of recovery

THE STIMULATING EFFICACY OF THE ACTION POTENTIAL
Perhaps the grestest dubiculty m acceptng the concept that the eddy
currents, engendered by proximuty of sctive and nactive membrane areas,
wmvade and sumulate resting tissue anses from a companson of the
possible strength or amperage of such local current flow with the threshold
requirements of artificial shmulation This dff 18 largely explamed
by the shunting which occurs in artificsal stimulation with electrodes
placed on the surfaces of tissue Stimul by means of an intracellular
electrode paired with one on the surface of 2 cell requires the passage
of only microamperes of current Furthermore, there 1s ample evidence
of the sumulating efficacy of current flow created by localized membrane
depol aon For Wedensky facsl (Hodgkin, 19371)
provides an ple of y infl acting across smail segments
of myured or Blocked membrane. The electrotonic or eddy current flow
engendered by an action potential approaching a block partially depolar
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rane dustal to the block. The extent of this depolannng

‘:?z:fhf;e:bmunn can be estumated by the use of sub-threshold \uh:g
umuh 1t s thos found that these eddy currents produce 2 Tocaly
excitatory slate compasable ta that resuling from a condshoning sub-
threshold stmulus The Taghest coneentretion of «ddy current naturally
falls withun the Blocked area aad 1t 1» reasonable 1o suppote that had this
been exitable membrane the eddy current would have consituted sn
effective stupulus Calculations based op expenments of thus type have
fead to the concluston that the stmulating power of the action potential
12 three (Bushop 1051) to ten (Hodgln, 19372} times that which 18
required to cxette the normal nerve membrane

This endence thet eddy currents can have eficcts on tssze beyond 2
Block suggests that sctiwity 1n one group of cells mght have effects on
adjacent hesues g to but not Al

3 with the
membrane 1 which ety 18 oceornng This does cecur and the sheo-

sapic preparation of Mattences {1842), the observation by hoelliker
snd Mueller {1856) that the beating heart may sumulate a nerve lad
upon 3t and the enidence of nerve fiber interaction descnbed by hatz
and Schamtt (1930} provide suppart for this conclusion.

This concept of conduction indicates that an :mpulse can move 1 any
4 from a lated or depol

ous membrane surfaces exsst. It 20 true ltlut 1mplses can be mitiated in
any part of the heart and wll spread to 2l other regions of the syncytium.

Even 1n the heart there are preferential routes of travel, however, and
cbwity tends 10 remain confined to fiber pathways Because of the core
conduction property of cells actmity spreads more sepidly and with less
oppotition along the longitudinal axes of Gbers than 1t does tranyversely
across fiber pathways In the AV node of the heant {Wiggers 1949) and
at l(he l:;dr:hlllm-k of the motoneusone {Eccles, 1943} one way conduchion
18 favo

ar

3 area provided continu

astestions of the passage of an wmpulse 2long a nerve or other
mught cavse one to wonder why the eddy carrents {ollowing the w-vﬁeb:;
cxutation do not cause umpolses 3o Journey back up the fiber befor
e propagated wave of depolanzation reaches a .
termupaby. The

nd dies out at the nerve
finng wdveed

quesion of normal one way conduchion of multiple

by & single sumulus and the yeent
of
Previonsly depalanized but Tecovening hsspe zs m:;om:: Riﬂ:m'::

stanes mormally preventing such occurrences 15 12 brief the fact thyt
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Hili, 1950 a and b, Tobias, 1952) For the present, however, duscussion
will be confined to the electrical events gving nise to condaction of
excitation
The present view most generally accepted »s that conduchion ongimates
from a local careuit bult up at the point of smulation and a quential
current flow spreading out 1 advance of depolarized segments of the
membrane This local errcust concept follows directly from the core
conductor theory of Hermann (1879) and can be explamed as follows.
As soon 23 an area of membrane under a simulating electrode 1s depolar
1zed {depolarization plus reversal ymtiated), there 15 created a sink source
g ma d g med and this can only result 1n a focal
current flow (Figure 3B) The direction of this eurrent, by standard con
vention, 13 from the postively charged or mactive areas into the sres
which 15 active and thus 13 electrically negative In explaining the conse-
quences of this local current flow 1t can be said that the current 13 such
that the resting membrane 13 depolarized Although the currents spresd
out along the cellular elements and through the surrounding conductars,

they are of highest intensity close to the active region or sink and serve
to late the ad; gments of membrane much as does the cathodat
current under a laing electrode Conduct herefore, 15 due to
mtnnsically created current flow which travels over the t sue depolanz

ing or smulating 1 new areas as the previous or upstream sinks ate
repolanized by virtue of intrnsic processes of recovery

THE STIMULATING EFFICACY OF THE ACTION POTENTIAL
Perhaps the greatest difficulty 1n accepting the concept that the eddy
currents, engendered by proxinty of active and 1nactive membrane areas

mvade and stmulate resing tissue amses from a comparisan of the
b h or amperage of such local current flow with the threshold
f

* q of arhificial This dff 18 lasgely explaned
by the shunting which occurs m artifiial stimulation with electrodes
placed on the surfaces of tissue Shmulation by means of an intracellular
electrode pared with one on the surface of a cell requires the passage
of only microamperes of current Furthermore there 1s ample evidence
of the stumulating efficacy of current flow created by locahized membrane
depolanzabion  For Wedensky facil (Hodgkin, 1937h)
provides an ple of y infl aching across small segments
of mjured or blocked membrane The electrotonic or eddy current flow
engendered by an action potentral approaching a block partially depolar
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i efiect which will ultimately produce & propagated vesponse bot a‘i
stency 15 greatly prolonged since propagation at pormal ' “:“‘:d
hegin within this 1rresponsive penod 1t appears that a second propag
respon._e cannot oceur until a pertod of time hag elspeed {ollawing pn:‘
noutly imtiated acumty The irresponsive penod 18 pracueally 1dentic
n deration with the peniod of aubnormal excitability (the total refractory
penod)  Repolanzation of the m!ml!n!’;e 13 aessenuﬂ 1o restorabon of
normal excitabality and power of norras! conduction.

1t has Beeometiommo}: practice as menhoned above {Carlson, 1906,
1507) to subdivde this interval of subnormality or the totad vefractory
penod 1m0 an obudlute and relabve sefractory pened. T will be
Qutuseed 1 detad Jater bt gm prebmnary remew 1t can be sad that
while the boundsnes of the totad penied of «ubnormal excitability are
teadlly definshle statements concernsog the duration of the absolote
refrsctory penod must be made 1 terms of the strength and duration of
the test shocks employed Recovery from sefractonness 13 a progresuve
process and 1t 1s difficult to sdentify an exact moment when recosery
bas progressed far enough to permit a second stimulus to produce an
effect which will per<ist unhil a propagated yespore can be umtisted
Explanattons of the proce.ces gomng on dunng the refractory penods
requires some kunouledge of the excifatory procesees which reduced the
membrane and cell to a state of sub | bilsty and

PROPOSED EXPLANATIONS OF EMECTRICAL ACTIVITY

Numerons atterapts have been made to explam the phenomens related
to exatation of iving nssue w ters of physical and chermcal factors
Tesponsible for their apprarance This 13 posuble only 1o a hnuted extent
beesuse of the 1nad of present knowledge However the theo.
retical explanations corremily proposed do give connderable wmsight into
both the behsvior of exeitoble wembranes and the possible causes of
mn;lyl Enllt(!)xe chserved phevomena of sxciation.

VIC HYPOTHESIS The 1ome theary of extation (Hod, A%
Huxley and Katz 1952) will be diccussed 10 some detml bclcmses lhn;
:\:l[" gem oi‘\he avalable experumentsl data can be explaned by

\te A e
. “’d?:: :n Zx al::d beeause of 1ts general spphicability 1o netve skelewal

Restng potential. Tt has been known fo

iy T many years that there 38 3
Porens ference of 60.70 mv across the membrane of festing netve
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tissue becomes refractory following excitation and thus 15 not as subject
to simulation by the small following eddy currents as 33 busue not
previously invaded by the excitatory process There thus are barners of
refractoriness which confine the excitatory process to a one way trans
mssion an fibers 1hially stimulated

LATENCY OF RESPONSE There 33 a latency between stimulus and
response 1n any tissue The duration of latency can be determined by
measunng the lapse of time between the stimulus artelact {a recorded
signal of the apphed current flow) and the beginming of the action
potential This latency 1s compnsed of (1) the tume reqwired for the
local response to attan sufficient antensity to mitiate a propagated response,
and (2) conduction time (the tume required for the action potentis!
to travel from 1ts sie of ongmn to the recording electrodes) I one 1
recording mechanical responses of muscle there 18 also a latency of
contraction to consider In most recording the major latency 1s due to
conduction tume 1t 1s well known that speed of conduction varies with
fiber size (Erlanger and Gasser, 1937) but these matters do not requite
consideration at this fime

REFRACTORINESS AND THE IRRESPONSIVE PERIOD

Muascle and nerve tissues become temporanly mexcitable immediately
after the imbiation of a propagated response, regardless of the stimulus
intensity employed Therefore, refractonness 1s a consequence of the
respanse 1o the excitatory process The period of refractorness can be
subdwided into an 1mbtal phase of absolute refractariness and a subse
quent phase of relative refractoriness during which suprathreshold

gths of lation are required to eheit an action potential The
post excitahon refractormess has a verv short duration mn nerve and
skeletal muscle (Adnan, 1921) corresponding approximately to that of
the action potential In cardiac muscle refractoriness lasts much longer
but also has a length comparable to the action potential of an indvidual
fiber When recording the action potential of the heart as a whole the
refractory period of the bility cyele ponds to the di
of the summed electrical phenomena

Kerth Lucas (1909 a and b) observed that a propagated response could
not oceur wmmediately after exaitation of skeletal muscle and nerve He
described this as an wrresponsive period A similar icresponsive period
exists 1 cardtac muscle Stimul apphed dumng this penied may have
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The problem 15 thus resolved nto a question of how the comcnln!\\ox\
guadients ongwnate nd how the observed potential tlnﬁ'crenoe lh!(: rlts :E
yotential 1 produced A full pl mvolves ode c:'. S
¢hemstry which are beyond the scope of this work but some understan

ing of the mtuation may be gamed from the following ssmphified
ypresentabion

Lient
Let 1t be assumed as a first proponition that the anon g
of 10ms sz1se a3 the restlt of  metabolic activity of the (activity
of the *sodum pump”) which transports sodium cut of the fiber and
potassium 1n (Hodghin and heynes 1955.a and b} As the concentration
of h+ within the fber nises, there 13 an 1ncressing tendency for outward
@funon of pontvely charged potasyum sone. This tendency toward a
net foss of postively charged particles from the mmade of the membrane
ereates & potential dafference across the membrane so that the innide
becomes negative and the outside pomtive At any nstant the magmitude
of the potential difference thus created 18 just adequate to prevent any
net diffusion of K. across the membrane Thus 1n spite of concentration
differences the k. can be said to be 1n electrochenmcal equibbrium The
tendency to diffuxe from a region of high concentration to one of low
1p d by the b potential

simjar expl 1s the following Let at be dered
that & fiber permeable to K and C! hut slmost impermeable to Na*
tontams the high of p and low of
sodiom and chloride previously mentioned The nsually observed potential
difference of 70 my —~1onde negative to ontnde also exists If the mem
brane potental 15 suddenly Jowered to zero ponitively charged K will
tend to diffuse out and negatively charged Cl to dsffuse 1 this 1 turn
will restore the oniginal potential difference and net diffusion of exther
species of fon wll cease the contentratian gradients being returned to

electrochemicsl equibibrium by the potential difference created
1t 13 endent, therefore that the rTesung membrane potential anses from
the partiuon of 1ons roms the tendency of these tons to diffuse dovn

their concentration gradients and from the selective permeability of the
membrane 1t 1s thought that potassiom 15 most directly concerned with
the creation o the Tesung potentia) because of the relative

which A crosses the sestin

e ease with
g as dto Na* A dersbl
tmount of evidence 1n favor

of this hypothes: b
the first place 1f the N wﬂ:P" =13 hias been necumulated In

°F ble to b, the
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R, S SR . S .

y AXQPLASM +
My Na K Ol +
" 49 410 40 +

75-100 mv (::: :: + + + ¥ +
440 22 580
TISSUE FLUID
Ficure, 11 1 lular and Tular distnb of 10ns 1n squd giant sxon
(Redrawn from Eccles 1953)

and that the nterior of the axon 1s negative with respect to the surface
It 1 also known that the concentrations of electrolytes mside the fiber
are quite different from those of the extracellular flud Figure 11 gives
the tr and extracellular distnibution of 1ons 1n the giant axon
of the squid, the cell used most commonly 1 studies of 10me partition
snd ome flux These concentrations differ somevhat frot those found
1 mammalian cells but 1n these latter species also the axoplasm and myo-
plasm contamn much more of K* and much less Na* and Ci than 18 found
1n the extracellular flmds (Fenn and Cobb, 1934, Fenn et al, 1934 and
b, Boyle and Conway, 1941, Stenbach and Spiegelman, 1943, Reynes
and Lewis, 1951 a and b)  Although the absolute values vary derabl

mn dafferent tissues the approximate rano 1s

(k:  {CLlo [Na)o
50

—— m —— - end —— == 8 to 12
[X]o [CL]: [Na},
Since the resting cell membrane 1s reasonably permeable to potassium
and chlonde, slthough spanngly permeable to sodm (Boyle and Con
way, 1941, Conway and Moore, 1945, Shanes, 1946) one would perhaps
expect the K* and Cl- to diffuse across the membrane until the concen
trations on each side were equal However, smce there 1s a potential differ
ence across the membrane of such a nature that the axoplasm 1 negative
wnth respect to the extracellular flmd, the tendency of charged lons to
redistribute themselves 1 such a manner as to equalize the existing con
gradents 1s opposed by the anfl of the negative charge
within the fiber, K* bemng mawtamed within and Cl outside the mem

brane
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the concentration
St thus resalved 1oto # question of how

g::)\:’:r::\‘n:sle and how the observed potential dxiiertnce the resting
F\m\al wproduced A full expl involves of cl:ctr;-
‘:lqumulry which are beyond the scope of this work but some understan

ing of the situstion way be gamed from the following simphfied
presentation

1
t 1t be astumed as & st prop that the &
utli:ns anse as the result of a metabolic sctinty of the membrane {achwity
of the “sodium pump ) which transports sodium out of the fiber and
potassiem m (Hodgkin and heynes 1935-a and b} As the concenlration
of K within the fiber nises there 13 an increaning tendency for outward
diffusion of postively charged potasnum jons This tendency toward
net loss of poutively charged particles jrom the smade of the membrane
creates a patential difierence across the membrane so that the wnmde
becomes negative and the outnde postive At any motant the magnitude
of the putentinl thfference thus created 1s Just adequate to prevent sny
net diffumion of K across the membrane Thus 1 spute of concentration
differsnces the K can be sad to be 1n electrochemcal equilibnum. The
tendency to diffuse from a region of high concentration to one of low
18 p d by the b potential,

A amlar expl 18 the following Let 2t be dered
that a fiber permesble to b and €1 but almost smpermeable to Na
contuns the high of and Jow of
sodium and chlonide previously menttoned The usually observed potential
dfference of 70 mv—1ande negative 1o outside also exusts 11 the merm
bstne potential 28 suddenly Jowered to zero posihvely charged A will
tend ta difiuse out end negatively charged Q1 to daffuse fn this 10 turn
will restore the onginal potential dufference and net &iffumon of eher
speuies of fon will cease the concenteation gradients being returned to
electrochemical equilibum by the potential difference created,

1t 13 evident, therefore that the esting membrane potential anses from
the partition of 1oms from the tendency of these sons to diffuse down
l:;:‘hconcenmuon gradients and from the selective permeability of the
- tane 1t as thonght that patassium 18 most directly concerned with

wesuon of he vesung potential because of the telative esse with
which K evosses the vesting membrane 2 dtoNa A derabl
amount of evidence 1n

fevor of this hypotben ceum
the first place, 1f the b :erzw . h'u e o !:hklz'a‘l;l:
7 P 0
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potential diffe resulting from the pot graduent
could be calculated from the following expression
RT A}
E = — log, -
F K]

where [K]; and [K]o are the activities of potassium mside and outside
the membrane and are proportional to the concentrations 1 esch location,
and E 1 the potential difference When the actusl values for potassium con
centration are substituted 1n the equation, the calculated membrane potentisl
closely approximates the value directly determined by transmembrane
recording (Hodgkin, 1951) Furthermore, 1t has been known for many
years (Hober, 1905, Bernstesn, 1912, Hill, 1932) that potassimm depolar
1265 excatable hssue It has slso been demonstrated 1n nerve {Curtis and
Cole, 1942, Shanes and Hopkins 1948, Feng and Li, 19492 and b
Huxley and Stampfli, 1951 a and b), 1n skeletal muscle (Ling and Gerard,
1949, Nastuk and Hodgkin, 1950) and cardac muscle (Burgen and
Terroux, 1953) that the resting membrane potential vares, within a reason
able range, as a hinear function of the log of the extracellular potassium
concentration On the other hand, as would be expected from the above
discussion, the magmtude of the resting potental of the same hssues 13
relatively unchanged by large variations 1 the extracellular concentratzon
of Na* (Hodgkin and Katz, 1949, Nastuk and Hodglun, 1950, Huxley
and Stampfh, 1951 b) Other expenimental evidence in favor of the role
of K* in deterrmmng the resting membrane potential 1s cited elsewhere
The sodwm pump Perhaps the most striking aspect of the 1ome dis
tnbutions 1s the extremely low concentration of Na* within the fiber In
spite of a high concentration gradient and a resting potential both of
which would tend to drive Na* inward across the membrane this 10n 18
largely maintained outside the cell It has been stated that the membrane
15 only shightly permeable to sodium but even with mimmal permeability
the diffusion of Na* would equal duff unless some
additional process were operstive Such a process does exist and has
been called activity of 2 ‘sodium pump” This term 1mphes nothing
concerning the pature of the pumping process bul merely suggests that
there 1s an active metabolic extrusion of sodium by the fiber membrane
which mantams the observed concentration gradient (Hodgkin and
Keynes, 1955 a and b) and permts the membrane potential to be estab

lshed and maintained




37
EXCITABILITY AND THE EXCITATORY PROCESS

It has been demonstrated that the 10n pan;lmn‘agﬂxx:c;nc:::;e }(pg::\:::\
t mdefinttely 1 the absence of metaboh

';;?(!’ollggl;ucwm 1‘);4 Lorente de No 1947 Shanes and “0{,*:;253
1948} In sddition 1t 15 kely that the sodium 15 transported 18 2 ogmm
form and that there 15 3 umultaneous exchange of k. 2nd Na , each s -
105 leaviog the axoplasm being exchanged for a potaswom son from o
extracellnfar fiusd A well known example of this type of active lrnnsp!:)‘
1 sces 1n the exchanges of b Na and H by the yensl tubules {Srat é
1951) Because of thus exchange there is no net transfer of charge an
the metabolie extrusion of Na_ therefore requires bitle energy expendtare.

There are several sddstional mspects of the metabohe extruuon of

sodim which are of interest and which will be discrissed subsequently
n cony with 3 d of the prod
potenial

of the echon

\
The depolasnzation phase o upawing of the action potential 1s thought

to be due o 2 sudden mflux of Na nto the cell resulung from a change I

1 membrane permeability The expersments of Cole and Curnis (1939) *
20d Cole and Hodglon (1939} demonstrated that the upstroke of the
schien potentisl 13 assoctated with a marked drop 1n membtrane impedance
The specrfieaty of the increase 1 permesbiiity to Na was subsequently
venfied by the voltageclamp espenments of Hodghn Huxley and Kotz
(19:2) A discusmion of this techmque may be found m Hodgkin and
Husley 3 pagees of 1952 2 and b There can be no doubt that, on excitation
embrane \mpermeabshty 1o Na 13 reduced and the 100 ramdly crosses
this forner barner under the dnving fatce of both the concentrstion
end poteatisl gradient. Susce the permeabibty of the membrane Yo h*
and €1 18 at ths tme very low relative (o the Na* promeability (Hodghin
and Fusley 1952a) the contnbution of these latter toms 18 weghpble
and the membrane potential approsches that 2 sodsum dsflusion potential

al
(E = F log, [—N-si } 2nd nince the net membrane current 13 posi

tve and anward the annde of the fiber sapudly becomes posnee with
Tespert ta the qwimde, Thas the

Tupg phase and overshoot (reversal
phase} of the action potential are exploined by an influx of the post
lvely charged eodvum 10ms The fact Yhat the magmtude of reversal of
wemPrane polenty ts somewhat Yess than that calculated 18 due 10 the
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il d

duction 1n Na* per y and a p

anset of tnactivation or a
rise in K* permeabihity

The repolarization phase or downstroke of the action potential occurs
m the following manner Immediately after the upstrake of the action
potential a repolanzation begins which ultimately restores the trans
membrane potential to a normal resting level This repolarzation 1t
brought about by means of two processes (1) an outward flux of potas
sum (Hodgkin and Huxley, 1952a) and (2) a decrease i sodium
permeability Inachivation of a sodium carrier 18 {requently mentioned
m this connection but for the present purposes it suffices to state
that there 1s a reduction of sodm entry into the cell The outward
movement of potassium occurs as a consequence of the loss of mem
brane pot 1 and an d permeahility of the ); to K+
The result of these various changes m conditions 1s that the mward
Na* current decreases, the outward R* current rises, and the net mem
brane current carned by positive 1ons 13 once agam m the outward
direction This restores the membrane potential practically to the resting
level where pot 1 dsff just bal gradient
and no net 1ome flux occurs However, as a result of the achon potential
the fiber has ganed a minute quantity of Na* from sodum entry at &
rate of 3 ;uM/em?/impulse and lost an equal smount of K* (Hodgkn
and Keynes, 1955 a and b} These small changes 1 some distnibution
are reversed, during the resting state, by the active metabolic extrusion
of sodium mentioned previausly

Ezxcitation The events leading to production of an action potential are
wtiated by stmuh Stimulation normally occurs during the flow of
cathodal current, that 1s, current passing outward through the membrane
and decreasing the level of the membrane potential This decrease in mem
brane p 1 s ted with an m sodim permesbihty
That this 15 1ndeed the case has been clearly revesled by voltage clamp
studies (Hodgkin and Huxley, 1952 a and b) which demonstrate that
sodium permesbility 1s a function of the actual magnitude of membrane
potential

The occurrence of excitation can thus be described as follows The

stimulus lowers the membrane potenhial n the cathodal surround,
this causes an increase 1n sodim permeabihity and a resuling nward
current of Na* The process thus I e or self
and depolarization and the reversal of the membrane polanty result. The
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Ahreshold for exeutation can be defined s 2 lese} of membrans potenhial
ot which the tendeney to Tegesesste geww‘*“;m d";:u‘iz:‘“""
st mentioned 13 greater than the tendency taward repo

! Propagation of an action potental 18 now exsily understood. Carrent
fow from sa adyecent, uncacted region soto the area amablly depolar
12ed fowers the membrane potentual of this adjacent remon Yo the cntical
level. The level of potential at which conditions 1 the rembrane Yose
thetr stability 18 sometumes called the threshold potential. When ths eriical
levtl s snereased sa mward ha current flows and a regenerative depolar
mation ensuies.

Refractoriness The behamor of the ronie finxes desenbed above can,
11 2 general way sccount for the abserved phenomens of refractoniness
3t has been stated that repolanzstion cocurs beeanse of amactivation of
the mwerd transport of sodiwm and en augmented ootward potssnum
current, Stated sumply this means that donog repolarrzation 2 shmolus
{1 &, epplied cathodal ot autward current} ts made less efective becanse
of (1) the opposing outward K* current and zlso (2} the unavailabiity
of soward sodiam current. Some further diseu ston of this matenal wall
be found 1 Chapter V& foll explanstion of the time course of sodium
wactivation acd changes 12 Na and K permeabality may be found in the
ongnal descriptions (Hodgkan and Hmxley 19325)

After patentials The gant axon employed for most of the studies of
some flaxes cited above reveals anly a pomitve after potentsal. Thus s
assocaated with ¢ phase af hyperpol of the b dus 1o an
tereased outward pota.sium cusvent, The elevated threshold of the “post
e after potential” thes reselts from the wncreased requirement for timy
Isting current necessary 1o overcome the hyperpolarzation. A nepative
after potential bas not been seen i preparstions «mtable for the detailed
“ﬂ:::‘ Tequred to reveal its baye eagse,

escuatory atate locsd response and accommodation The th
here discussed can secoust for several other phenomena obeerved ,,:;,:

of exctable hsues. A Jocal excitatory state will be
membrane potential 1y di bt e e

placed towards zero b
nce the additionsl shmalns {eathods! mnm{)‘r:::;d::ﬁ:mr;i:d:
threshold potential 18 thereby decreased. The same subthreshald stymnl) .
vill result 1n 2 Jocal response becanse the lowered transmembrane u-nhu:;
I}X;CIN&C! the 1award sodium current and addihonal dcpekmahvupinn!u
owever the effect of the merease 1 Na permeability 18 soon overcome
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by two factors, (1) the d of sodium permeability which p
an mward flux of this son and which 1s often termed “mactivation” and
(2) an increased h* permeabilty Consequently the membrane potential

returns to normal values In a similar when t
ts prolonged, accommodation mught anise from the same two factors
mactivation of Na* transport and aug d outward p current,

OTHER THEOQRIES OF EXCITATION There 13 considerable disagree-
ment concerning the mechamsm by which many, if not all, of the
phenomena associated with excitation are produced, furthermore, as will

be seen 1n sub hapters, 1t 15 1mpossible to explain all of the proper
ties of cardiac membrunes strictly 1n terms of the theory just discussed
The role assigned to | m g the resting potential

has not been fully accepted and this portion of the theory has been opposed
to some extent by Lorente de No (1947) on the basis of the observed slow
depolanization of intact frog nerve trunk produced by this agent He
similarly discounts the essentinl role of Na* m producing the upstroke of
the action potential because of experiments i which the excitability of
B and C fibers of the ntact frog nerve could be maintamed 1n the absence
of sodium by means of tetraethylammomum 10ns and other quaternary
compounds (Lorente de No, 1949) His experiments on the effect of
anouia and metabolic inhibitors (1947) stress the importance of oxidative

tabohism, (1) the membrane potent:al and (2) m
producing accommodation by means of an active opposition to forces
tending to depolanize or hyperpolarize the membrane (Lorente de No,
1946, 1947) Some of these conclusions of Lorente de No are at varance
with results obtained from de sheathed nerves, where trapping of 10ns by
the nerve sheath 1s prevented (Feng and Lin 1919 2 and b, Husley and
Stampfh, 1951, Shanes and Berman, 1953)

The role of acetylcholine 1n excitation has been stressed by some workers
{Nachmansohn and Walson, 1951) who envision & combination of this
substance with receptor protein as a necessary prelimnary to changes
1n permeability of the membrane to sodium 10ns Furthermore, extensive
studies of the effect of micromn)ections of various 1ons mside squid nerve
(Grundfest et al, 1951) have resulted in a series of findings which are
not exphcable 1n terms of the 1omc theory discussed above and which
emphasize the role of active metabolic sodium extrusion
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SUMMARY

The explanstions which we have given of the processes mvalved 1n
excitation and conduchion ate the ones most generally accepted ‘The use
of 10me fux and b pumps has permutted tion of an
hypothests quite pleasing to many peurophystolog ts Addiion of & rale
for acetyichclme has sansfied other mdrndeals, Experncentstion 1n this
field has been cleverly concerved skaitfully exceuted and the results very

d 1y reported. Ung bly the facts of observation can be
accepted Explanations and theones of fonchion are quite snother matter
and it1s anticpated that they will be modified very frequently 1 the future

Some of the seemng contradictions i theory and result have been
explained but the hame protesses involred mn exciiation and tondutnon
are shll not completely understood The fact that movement of 10ns across
the membrane occurs dunng actvity does not indicate that all phenomena
of exertation and response are explained by these el h 1 react:

The observations that excitation can oceur 1n the abeence of extracellular
sodium &ng that other sub tances and influences csn be substiuted for
thus electrolyte do not demonstrate that the sodium shalt 15 not important
to and normally involied m excitation and conduciion Ions maust be
present to participate in the current flow known to cccur certamly no

other raechatusm of current flow has been deronstrated as yet 1n biologieal
matenial.
U

i) tahol

T y p y achions and ch 1
change ate essential to membrane function The terms “pump” “carner ,
may gve & very factory preture of p wvolsed in b
activity but therr use has i of s kably satysfac
toty description of the ph of

and response Just what
constitttes this pumping” acumity wnll probebly be eventually determined

and qther perplexing questions will be tesohed 1n the near futare, Foy

]
the present the smp pomnt to emph 18 that the § of._\
ing tusue are carried on by

¥ & complex senes of imterrelated compleme:

!{xry and supplementary reachons and 1t will not be suTprising }:f 1t xx‘s

:‘\:‘n:t\hal thete 13 more than one chenucophysical pathway which the
o) T

o mprzn{:u ootsses may take wn depolannng a cell membrane and evoking
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and tme-course of excitation and recovery that ussue §ar btyn?& th:
under<tanding of the same processes 1n cardiae muscle. Nenrophysiclogs

had also demansteated the many advantages provided by the use of t:;tlam
electrome techmques 1t was thought that a reapprawal of the excital d\ 1!3
cycle of the heart, employing aimailar methods of sumulation snd recosding
mght add considerably to the ynderstanding of Toany of the p\\emmcm(
revealed by earlter studies and mght slso help 1o chutidate the nature o

1he obvious diflerences between the Tecovery of excabiity n nerve and
cardiac muscle.

GENERAL OUTUNE OF TECHNIQUE

INSTRUMENT ATION The excitability of the heart 18 * mvemently
expressed in terms of the strength and duration of the elerune current
pulse needed to produce s extrasystolr However for this determmnation
fo have any meampg the snstant 1w time dunng the cardiae cycle at which
the test pulse 13 apphed must be known 1 e precusely how manv mills

seconds after the onset of systole the test stmulus reaches the heart. In
these studies an oscill loyed

pe was erp m cony with sustable
recording earcusts so that the long persistence screen of the tube {12697}
gave a record of the shmulus Jocation 1n the cardhac cycle and at the
same time electrocardiograpie indication of the presence or absence of
evoked extrasystoles ‘The oseilloscope sweep was arzanged to show a single
dlectrocardiographic complex at a fixed location on the screen This was
accomplished by tmggenng the oseilloscope sweep curcm from the vohage
of the spontaneonly ongmsting action potential or more frequemly by
a provision for the pule onginating the vsealloscope sweep cireut to
tmgger o ehroulator dnving the heart. By means of & delay crremt m the
stumalator the setuat posstion of the drive stimulus eould be vaned relative
10 the sheep so that any deired part of the electrocardiograna could be
tusenibed at zero time Simtlarly the position 1n tume of the test stimutos
could be varred ut will wath respect ta the owlloscape eweep The actual
posttion of either pulse was marked on the sweep by an iternally gener

sted marking voltage which produced a small, sharp deflaction. on the
mc%ﬂunpc trace

0 Imeasare tune 1n the cardiac cysle two synchronzed
srranged 10 display tume marks ntylo and Syl;‘ msec \nle:ca‘llsh:;:‘ ‘“:;::
:l"“ The appearance of the trace when all of these markers an%l an
SCUIOPtAm were present s shown 1n Figure 124, B The occurreace




11 Methods of Studying
Cardiac Excttability

Techniques and apparatus which have been used and can
be employed in the study of cardiac extitability and response
are described in sufficient detail to permit their use by others
Interested in cardiac physiology

THE TECHNIQUES USED TO STUDY the excitability of the heart have pro
pressed par: passu with advances in electronics and with the application
of knowledge thus gained to the ar 1um of physiological research
The earliest investigations were performed very simply, excitability being
determined by means of mduction coil shocks, condenser discharges or
by application of direct currents The responses of the heart were recorded
by simple myographic devices on smoked paper Time relations could
be estimated 1n only a very rough way and the stimul were apphed more
or less at random To this epach belong the studies of Bowdstch (1871),
Marey (1876), McWilham (1888), Gley (1889), Engelman (1895),
Cushny and Matthews (1897), and Woodworth (1902) Even f primitive,
these methods permatted the dehineation of the basic pattern of the exat
ability of the heart and furmished the first evidence of the refractory
period, latency of response, the ¢ all or nothing * law, etc Somewhat later
more precise studies were made possible by the advent of more adequate
procedures for recording the mechanical and electrical responses of the
heart (Wiggers, 1925) The mtroduction of mechamcal rotary devices to
dnve the heart and to time the teshng stmuly yielded valusble results
1n the hands of numerous physiologists among whom were Wiggers (1925)
and Lews and Drury (1926}

The next advance 1n instrumentation brought electromc devices imnto
use 1 the study of cardiac excitabihty {Hoff and Nahum, 1938 Harns
and Matlock, 1947, Garcia Ramos, et al, 1948, Green, et al, 1952,
Delgado and Sikand, 1952 ) In ell snstances, however, electrome tech
niques were cmployed only to a hmited extent, namely to furmsh stimult
of known magmtude and duration or to control their irming The 1mport
ance of the work just mentoned should not be mummized, however,
studies of nerve had, at the same time, advanced knowledge of the nature
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of the dnven beat was located 1n the tracing 1n & positson consenient
for the spplication o Ieting sumub and the Teeordmg of ‘pomh!e
respanses. Followsng satt factory ad) of the el
the testing timulator carcust was switched on and the posshoning marker
assocrated with the test stimulus was adjusted to fsll at the desired nter
val n the cycle The system was arranged so that although the marker
related to the test pulse appeared on esery sweep the actual test pulse
only appeared at every 6th to 12th sweep (depending on an adjustment)
The actual applicatson of a test shock was signatied by & mechanism giving
an sudible click, It was thus possible to aveid the accumulative effects of
sumal and also to averd disorgamzation of rhythm by too frequent
extrasystoles

The testing procedure employed can be described ss follows. At a
@ven nterval of the cardiac cycle the strength of the test stimulus was
gradually merea od untd an extrasystole was produced stimulus intensity
was then de d below thteshald and subsequently elevated again by
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400 msec-———

R Ry

Dr Te

i 11, A_-El 1

Freune 12 Electrograms as seen on
oblamed from indirect leads when driving stimulus is applied to the aunicle B—Um
polar ventricular electrogram recorded when ventricle 1 dniven directly Dr-~Drve
artefact Te—Test artefact

of an extra systole was of course easily seen as an additional complex
on the trace The drive stimulus was a thyratron controlled condenser
discharge while the testing shock was a rectangular pulse of ad)ustable
strength and duraton The testing current strength in muthamps was
read on a second oscilloscope 1n terms of the voltage across a known
resistor connecting the anodal electrode to ground, the ammal was not
grounded except through this known resstance Figure 13 shows 12
block form the general arrang t of the equip It can be seen
that the drive pulse was applied through a transformer having small mter
winding capacitance while the test shock was applied, without a trans
former, directly from the plate of a constant current pentode tube

In meking a test, the oscilloscope sweep was first set to repeat at
a rate yust a little ligher than the intninsic rate of the heart being studied
The drsve stimulus was then apphed and increased m strength unti the
electrocardiogram complex recorded by the oscilloscope loched into
position, 1 ¢, began to occur at a fixed nterval after the signal of each
driving i 1! g that the apparatus was lhing the heart.
The drtve pulse marker was then positioned so that the recorded complex
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x slow 1travenous mgechion The methed of admins-
‘z‘:‘:‘:ﬂﬁ:’i‘;&em had no detectable snfluence on the general fn?rdhx
tion of the amumal nor on the subseqt 'caumogﬂle T b ‘:
possible effect of the hetic agent on exp ruuludwas :

In & senies of ammals anesthetized with pentoths) sodwon during Secere-
brahon After the effect of tins short acting enesthetie had disappeared,
the exeitabihity of the decerebrate dog heart was found to be similar mn
&l resperts to that of the anesthetized ammal. In addihon 1t was ]‘;os:xblf
to show that whereas large rapid 0 o b
&id produce al 1 the exp 1 results p myee
tons of 3 to 5 mg of this ageat did not produce any detectable change.
This dose 13 comparable to that penodically required dunng an expeniment
to mamtam the desired level of snesthena.

The surgical tech )|

ploged . acute exp ty require little
description. Easly 1n this senes the entire antersor chest wall was excused

to ¢nsure adequate expasure. Following attschment of the cardisc elee
trodes the chest was enclosed 1 a luete box to present drymg and
coobing of the heart. After adoption of electrodes embedded 1n lnente
plagues (see below) which assured perfect nsulation of all contect, the
surgical apprasch was changed to a sternal sphtting procedure In these
ammals 1t was possible after pl ! d

of the to agp
the margms of the weision and continue the axperiment with a wirtual
Tosed-chy 2 Artrficral under posttive pressure was
provided and the dal volume and rate adjusted to a level that was
Just sufficient to prevent P Y Routinely
2 slow iniravenous 3nfu 1o of 1satonte salime was supplied. Blood presvure
was recorded with & mercury manomcter from the femoral or carond
artery aud mean levels generally remammed sbout 100 rum, Hg for 6 to
10 hours, Ammals with mean pressures below 80 mm Hg were considered
{actory for most

TESTING EXCITABIITY OF ARTIFICIALLY DRIVEN HEARTS
Decasion to drive the heart at a fixed yate was made for several reasons
2nd some of these are worthy of bret mentian 1t was Jos 1ble 10 1et the
heatt beat spontancously and then by means of signal-synchromzation
CHTN o position the test stmulas et any desired puterval sfter the R
wave of the electrocardiopram However since the duration of the refrac
tory penod of heart musele vanes when rate changes, spontaneons changes
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small ts until just adequate to ehicit an extrasystole This effective
current strength wag then read 1n mll ps from the calit d oscilloscop
serving as an ammeter The stimulus strength was then lowered, the stimulus
positioned at a new mterval of the cycle, and the same procedure repeated
Duning the relative refractory pertod threshold was measured at 5 msec
antervals but later on n the cycle thresholds were determmned only at
mntervals of 20 to 50 msec because experience had shown that shorter
mtervals of testing were unnecessary The accuracy of the tming or
placement 1n the cycle of any threshold measurement made dunng the
refractory persod was == 1 msec or better Generally, however, changes
of less than 10 msec 1n the duration of the refractory pertod were not
dered sigmfi It was Lk felt that any deviation from the

trend of exeitabilty change which did not have a temporal duration of
5 msec or more could not be sdentified with certamnty

The cahibrated oscilloscope employed to measure current flow dunng
stimulation could be quickly adjusted to record 1n any of five ranges of
sensitiity, 005, 620, 050, 0200 and 0500 ma Full scale mover
ment of the recording beam occurred when the highest current flow
recordable at that setting was encountered Thus a great accuracy of
recording was obtained for stimul of wide range of magmtude This
oscilloscope was cahibrated before use agamst several known current
strengths for each range of sensitivity

In most experiments testing was begun late 1n diastole and then carned
on progressively eatlier in the cycle, however, simlar results were
obtamned when the reverse procedure was emploved By determimng 1n
this fashion the threshold for extrnsystoles at 5 or 10 msec intervals
throughout the entire cardiac cycle, a detailed plot of the cyclic excatability
changes 1 heart muscle could be constructed This plot has been called
the “strength interval” curve In addition, by leaving the time of apphca
tion of the test shock in the cycle fixed and varying the duration of the
stimulus a strength duration cutve for any desired nterval of the cardiac
cycle could be obtaned

SURGICAL PROCEDURES Mongrel dogs of all sizes and ages were
employed m most of the studies of auricular and ventricular excitabihity
Operative techmques similar to those which will be described for dogs
were also used for cats, details of expeniments on turtles, rats, frogs and

1 qd mn } t oh 'Y

etized with pentoimrbnnl ;odnum, 3035 mg/kg

other spectes will be
Ammals were anesth
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range of pulse durabion avarlable was adequate to p,lol 3 I:omplete‘ ﬂxe:\ggl)
duration curve and the peak output {app 100 times o
was sufficient to permut study of the tecovery of excitability even early
e vefractory pened

ml‘?\!‘:‘;‘rmmm 1}; of this work, the results with xwmng\ﬂ:hx
test shocks were compared with those obtaimed by means of test shmf .
of & vanety of shapes Condenver dischasges Whyratron discharges an
induction shocks all gave results quabtatively sumilar to those obtained
vnth tectangular pulses wn saspping the course of the recavery of exent
ebisty 1o heart muscle

As stated p 1y the fest it

was tnggered 1n such a manner
that test shocks were only apphied to the heart at 2 sub-multiple of the
driven rate Inf, )

q was employed so that any long lasting
effect of 2 previous test would have wirtually dissppeared before the next
shmifus was spphied The 3 1o 5 seconds between test shocks ollowed
wm these expenments was quite adequate to ehmuate any detectable
effect of the test sinnlus atself on the subsequent excitabibity of the heart
muscle. An additional reason for this spacing of 1est shocks was that
each extrasystole 1o turn produced a tranuent change in the coarse of

recoery of the p lie beats The technique of testing at inter

vals of several seconds thus permitted the heart 1o re equilibrate at the

driven tate before a subseqy threshold 4 wWay made.
The stumulus strength was d 10 milhamps across &

to ground The voltage zequired for stumulation was not employed as =

cntenion of bility because of the dabl 10 mter

electrode d with and rel of the

beast and because 1t 15 the actoal enrrent crossing the cell membrane that
produces suimulation of teritable tissues,

STIMULATING ¥ ALUE OF THE TESTING PULSE It seems to be
adequately established that for & cell to be stimulated electrically the
stumulus mast Jower the potential across the membrane of the cell by a
epearfie amonnt—sbouwt 15 per cent of the total membrane potential. It
seems slso 1o be necessary that this forced membrane breskdown must
take place over a munmum area or the ares of breakdown wnll 1ecaver
without any pread or propagation What thus nuntmum area 18 0 the
east of cardiac tssue has not ben established If silver chlonded wire
electrodes of the type discussed here are used thesr total surface area 15
of the order of several squere mallumeters, bat of course this whole ares
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i cycle length would thus place the test strmulus at a dufferent part of
the excitabibity curve (even though the R wave to test simulus interval
remamed ) Consequently the deter of the course
of the recovery of excitability would be impossible Furthermore, the
maintenance of a fixed cycle length facilitated the direct and 1mmediate
companson of data dunng an experiment, This was especially desirable
when other varables that normally change heart rate, such as vagal or
sympathetic stimulation, were being studied In addition to these considera
tions, 1t was often convement to study hearts at rates exther faster or
slower than the spontancous rate present at the time of the experiment.
To accomplish this, the S A node was crushed and then the heart drven
by means of a rhyth lly apphed 1

DRIVING STIMULI The driving stimulus was biphasic in shape, (2
thyratron discharging through a transformer was employed) and s
strength was adjusted to a level appr Iy twice the threshold value
The possibility that the driving stimulus 1tself would alter the subsequent
course of recovery of the heart muscle was checked n the following
fashion In all expertments 1t was possible to study the excitabihity of the
spontaneously beating heart by tnggening the test stimulus from the R
wave and to compare these results with those obtained from the same
heart driven at approximately the same rate by the drnving stimulator
(sec Chapter 4) A second check was possible 1n studies of ventricular
excitability, here the driving stimulus could be applied eiher to the
auricle or directly to the ventricle In the former cate the normal impulse
propagated over the A V conducting system gave rise to ventricular beats
Finally, i studies of both auricle and ventricle 1t was possible to compare
the effect of a dnving electrode located at a distance from the test area
with that of a drave electrode close to the test site The conclusion reached
on the basis of these checks was that, while the driving stimulus might
produce a shght, quantitative change n the absolute magmitude of erther
the threshold or refractary periods, this effect wes constant throughout a
gwven expenment and no qualit 1 m the bility cycle
were caused by the direct effect of the driving shock

CONTROL OF THE TESTING STIMULI The test shmulus employed
was o rectangular pulse, the amplitude and duration of which could be
vanied independently The lators employed could delver pulse
durations varying from 130 to 005 msec and had a maximum output
of 80 to 40 ma with the usual electrode arrangement In all cases the
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hat 1f & cettamn curzent 18 flowing 1to the electrode, the pattern of 1ts
dstrbation will depend on the electrode area and shape only m the
\mmeduate vicimty of the electrode. At a short distance the pattern takes
up the hernphencal shell shape described regardless of the ongpnal area
and shape of the electrode. 1§ the electrode develops & high resistance
on 1ty surface then the total corrent will he reduced but if by applying
more voltage the total eurrent 13 kept con tant the location of the hemss.
phencal surface where the most remote shmulation ccctrs 1s unaffected.
It the requrements for simulation are for a currest denaity of “a™
rufliamperes per square mmihmeter over an area of “b” square millimeters
then we see that the requirement 2 x b gives the dimension of current
slone and thus by measuning the current flowang 1nto & small electrode
we have a measure of v ve senitinaty which 1y relately mdependent of
elecirode avea for small electrodes and which 18 slso independent of
electrode surface resistance If excatabality remains constant the muimums
current flow necessary to stuoulate will also remamn constant. If exat

abifity hould exther ncrease or decrease more current or less current
will be required for stmulation

TEST  ELECTRODE

[~ ~——~Fne insulaled leads———.

LATERAL Lo
SAGITTAL SECTION E

TOP ViEw

ORIVE & TEST ELECTRODE

RECORDING ELECTRODE

"
SAGTYAL SECTION

TOP ViEw
BOTTON view BOTTM vigy

Fiovhe 18 Skete of electrodes employed tn acate expenments,
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does not make 1dentical contact and 1t 13 probable that the main simulating
current enters the tissue from an aren considerably smaller than this
1t 15 also likely that as the heart contracts there 1s some movement of
the electrodes relative to its surface and so a further probabibty of
variation of the current flow path

When current enters tissue 1t must distibute stself 1n a fairly complex
way The interstitial fluid has a low resistance relative to the membranes
themselves The cytoplasm in the cells also has a low resistance and com
pnses the major part of the tissue volume Thus current crosses the
membranes and 1n doing so either increases or decreases the transmem
brane potential depending on its direction of flow If a cell 1s lying
transverse to a current flow one would expect one side of the cell to be
depolarized while the other side 18 not There 1s always a current flow
along the cytoplasm so that there exists the probabihity of the current
densities across the membrane at different parts being different In 2
given area near the cathode current may leave the cells from all sides
1n suffy gth to late whereas current enters the cells further
along their length in a more dispersed way This entry of current msy
partly strengthen the membrane potential locally or may not affect st
to a sigmficant extent

The overall current density 1n an srea must have a certain mimmum
value i order to exert suff 1 voltage Tling effect to
stimulate From the theory n ¢l 1 electniaty g the spread
of current 1n the earth from a rod or surface conducting plate 1t 13
known that the current will spread from its orgmin point so that not
far from the onigin approximately hemispherical “shells” of equal current
density will be formed and the law of reduction of this density with
distance states that the current 15 nversely proportional to the square
of the distance In a hmited volume of conductor this will not hold exactly
When current 13 flowing from an electrode 1nto a volume conductor such
as the heart tisee, there will be at a certan distance a hermsphencsl
shaped area where the current density will have been reduced to the
mimmum value st which membrane breakdown occurs Within the volume
of this hermsphere all membranes may be broken down If, however, the
total area of ths hemmsphenical area of effective current concentration
does not meet the ‘mimmum area” requirement for evoking a propagated

response, no stimulation results
Refernng agam to the study of earth currents 1t can be observed also
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first place the test symulus artefact was n.aally large enough, at tugh
stunulus antensines 1o partly conceal early extrasy toles Furthermore
1n studues of sunculer excitability the auncular extrasy toles were often
ma.ked by the ventncalar complex. The solution to the recording problem
was schieved by employing small contiguous bipolar electrodes ounted
it the same manner as the sumulaing electrodes and attached directly
to the epicardium. One or more purs of electrodes could be attached to
esther aundle or ventncle and used exther for momtoring the exetsbibity
studies or for measunng latency and conduchion velocsty Whenever 2
umipolar electrogram was vequired, one lead from eath electrode was
paired with a central termmal of the Wilson type {193%)
PERMANENTLY IMPLANTED ELECTRODES A number of expen
ments were conducted on dogs with chromeally mplanted electrodes
attached to the nght auncle and ventnicle These electrodes were ca.t
{rom biqud plastic and were of two types. One, ewployed to record the
cardsac electrogram and record heart temperatute, contamed two silver
contact electrodes and m addinon « eruall copper-constastan thermoconple
{Figare 15} The other type contmned three miver electrodes and was
v.ed to dnve and test the heart. Bratded wire leads encased 1n extruded

OO — e e ey

insulated (eads——.

80TTOM

ToR

Cu Gonst junetion— e

thermocouple leads——

PR ECG leads——— ./
etch of electrodes
teshug electrodes. B—Recordng :;grg;i = chonic experients. Aw-Drimag and
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ELECTRODES AND LEADS The electrodes used for both dnving
and testing the heart orgimally consisted of silver wire loops 2 mm i
diameter attached directly to the epicardium by means of three super
fiaal sutches These clectrodes were later discarded and 1 therr place
silver electrodes embedded in lucite plagues measuring approxmately 5
mm 1n width by 2 mm 1n depth were employed The length of the plaque
varied from 8 to 15 mm depending upon whether 3t contmned 2 or 3
clectrodes (Figure 14) The corners of the lucte plague were attached
to the eprcardium by fine milk sutures The value of this techmque was
twofold, first, the electrodes made contact with completely normal musele,
the sutures through the epicardium remaining outside this test area
and second, the contact of the electrode with the heart was more constant
throughout the cardiac cycle With these electrodes, drying of the contact
surface was minimized and threshold determnations remained remarkably
constant over long intervals The number of stmulating electrodes
employed varied 1n different experiments Normally three were attached
to the nght auncular appendage and three to the antenor surface of the
right ventricle In each set the central electrode acted as a common anode
for both the drive and test stimuls and the two peripheral contacts served
as the drive and test cathodes With this set up 1t was possible to drue
and test the auricle, dnve the auricle and test the ventricle, or directly
dnve and test the ventricle The direct ventricular drive frequently pro-
duced some fall n blood pressure and was only employed when vanations
m AV conduction made the aunicular drive unrehable

A great variety of electrode positions and relative placements was
tried early in the course of these experiments The routne described
here was that eventually selected because of its mmplicity and because
of the small number of contacts requred All of the phenomena seen
with this technigue were also d rated when four separate electrodes
(dnve + and —, test - and —) were employed, regardless of whether
these contact points were close together or widely separated

The procedure of chlonding the electrodes was usually followed, even
though 1t was unlikely that this would appreciably nfluence electrode
polanization, m view of the magmitude of the test shocks employed In
practice, there was no detectable difference between the results obtained
with brght silver and silver silver chloride test electrodes

The standard hmb lead el was employed at the begin
ning of this work but proved unsatisfactory for several reasons In the
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1951) on 1 olated Putkinje
e and by Praper and Werdmann (

‘::e: &:m;m lestly demonstrated that this technique provided a graphic
regutration of the time couree of depolanzation and repalamzation wn
heart muscle, 1t would thus permit better correlation between refractonness

) by between threshold and
d the degree of of the
::e _— o of the resting memt potential and would also supply
ddstions? st ou such @ a5 latency locel respontes and
stemaker activity i heart.
¥ Two different prep wete employed for lectrode studies.

In one the nfact 1n 5itu dog auncle and ventricle were studied and in
the other 1solated fragments of dog at, frog and other hearts could
be nsed The 1n ity hearts were not ideally suted for exact guantitatne
determunstions because of the great difficulty encountered in secunng
adequate unmobilization howener they did permit the study of normal
myocardial activity and 1ts phyuiclogical vamatons in an environment
that had been lly disturtbed In ssolated prep on the
other hand, quanbiauve stadies were more accurate and vamables sncom
peuble with survval of the 1ntact ammal could be wvestigated with case

SINGLE FIBERS OF INTACT HEARTS In work on the intact heart
the major problem of immobilization was handled in the following manner
For expenments on the auncle the tip of a 1 lucate rod ground to the
size and shape of a small simond was inserted 1nto the cawity of the
chamber through a st m the tip of the auncular appendage the slit
subrequently bewng closed with a purseatnng suture. The heavy plashic
od wes then attached to the same npd suppont that carned & parr of
micromawpulators The tip of the rod mude the canty of the suncle
thus provided a ngid base agamst which the auncular muscle could be
pressed and temporanly immobilized Mounted 1p the micromanipulators
were the mucroelectrade an agar wick electrode and a tapered glass rod
ermomsting 10 a Yoop 2 mm 10 duameter Belore attempling 1o record with
the microelectode the glass foup way Iowered so that 3t preseed Lightly
agamst the myocardwm overlyiog the, support 1 1be cavty Just enough

prrssute was exeried by the Yaop to partly immobilize s small tat of
tssue. The tips of the mucroelect

trode and agar wick, which had
Placed within the loop thus made contact with the sﬂkr'{acu film of h‘;\:
o the m\lsc:le The microelectrode was then lowered under direct ruero
scopie i \ o} a single
Plhehed Following each spcoesstul

yocardial fiber accom
inpalement of a single fiber the
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nylon were most satisfactory both from the point of view of breakage
and tbssue arnitation In each amimal a test electrode and a recording
electrode were attached to both nght auncle and nght ventricle

Several aspects of the surgical preparation of these chronic anumals
seem to be of particular importance and are worthy of brief mention
The heart was exposed through an neiston 1n the fourth night wmtercostal
space and the penicardium opened by 2 eruciate ncision The electrodes
were fitmly attached to the epicardium of the night auricular appendage
and antertor might ventricle with 50 or 6 0 silk and the electrode leads
brought out through two small holes in the pericardium close to the base
of the heart between the reflection of the pencardium on the nght auricle
and the phrenic nerve The imital ancision 1 the pericardium was then
carefully closed in such a fashion that coustriction of the heart was
avorded The thinness of the attached electrodes made this possible m
all amimals The electrode leads were then brought between the upper
and middle fobes of the night lung to the back of the chest and pasced
through separate stab wounds 1n the mtercostal muscles one and two mter
spaces below the chest mncision The chest was then closed n layers and
the electrode leads made a sharp turn at each layer Finally, the leads
were brought to the surface through separate stah wounds in the skin
quite close to the mdhne of the back This path followed by the leads
mimmized any movement of the wires and served a dual purpose It
prevented the introduction of imfection along the course of the leads
and also mimimized breakage of the wires

Ammals prepared in this manner requred a mmimum of post operatiie
care A loose bandage and cotton jacket protected the leads hetween
experiments and most ammals gave satisfactory results for several months
The details of the temp studtes employing these dogs are deseribed
1 Chapter VII

EXCITABILITY OF SINGLE MYOCARDIAL FIBERS

Duning the course of these studies 1t became apparent that certain
aspects of many projects were not within the scope of the techniques so
far described for studying cardiac bility Therefore, to ferment
the measurement of excitability by means of test stimuli and the cardsac
electrogram, work was d on the recording of b
potentials of single fibers of the dog heart by means of glass capllary
mucraelectrodes Symilar work by Weadbury et al, (1951} on the frog
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Tutton, exvgenated through a simtered duk with 5% C0; and 95% O:,
::1; m::nmri:a at 8 termperature of 38° C and 2 pil of 74. The com
posttion of thns sclunon (for doge) was as {ollows NaCl 138mM, Dex
wose 55 wM NeHCO, 12mM CaQly 27 =M RCY, 27 mM, Mg,
05w NaH,PO, 3 6mM

Rhythme contraction of the specumen was mamtaimed at 8 constant
fate by means of stumul apphed with & par of pu electrodes Penetration
of the cells by the mucroelectrode was accomplished under direct observa
f10m without further immobilization When dewired, Yocal vapolar electro-
grams were recorded from the surface of the hssue with a fine sidver
electrode surrounded by an mir bublle to prevent shunting Preswure by
the wilver wire ou the specimen was carefully avorded The mdifferent
electrode made contact with the bathung solution

In the ¢a.e of the auncle, records were obtained from the endocardial
surface of fragments of the auncular wall. The papillary muscle prepara
tions were obtamed from the nght ventnele 1n some cases other gronps
of ventricular muscle fibers were used At all imes only superficial cells
were studied  this was done Yo msure both adequate perfusion snd

oxygenstion of the tissue and sleo yspid equbbration with eny fest
substance

SUMMARY OF MAIN FEATURES OF THE TECHNIQUE EMPLOYED

To the most aspects of the tech loyed

i the work on which this monograph 1 based the loﬁowmg rpm’n?.s
are listed

1)} The exaitabality of the mtact, 1n sty heart could be studied nmder
reproducible condshions

2) Heant rate was controlled so that the duration of the eycl

e and

thus the duretron of the reSrattory periods remuned constant, e

3) Test stunult could be apphied at any dessred antenval of the cardsac
eyele withia an error of & 1 millisecond and thus the exacy threshold
at any mstant could be determuined and checked at will.
i 4) Thus technique supplied constant ngid control of the intensity and

uration of the testing stumnlus with the possibility of chan d
perdently any one of these parameters B e

5) The measurement of the current
with 8 maxumarn aceuracy of 0 01 ma.

required to produce an extrasystols
the test stumalus at any desired

- coupled with the abiliry 10 pesition
mufhsecond after the dnven beat, resealed
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microelectrode nssembly and loop were elevated ta rehere the pressute
on the underlying muscle and after several recordings from a gven area
the loop was moved to a fresh location

To ummobilize the ventricle a small two pronged fork with blunt tips
was mserted cither mto the cavity of the right ventnicle or mto the wall
of the left ventricle 23 mm below the eprcardial surface When this
supporting structure was mserted, all visible vessels were avorded and
an attempt was made to pass the tps between muscle bundles 1 order
to avard damaging the myocardium

The microelectrodes, of the type devised by Ling and Gerard (1919)
were pulled from soft glass capillary tubing to a tip diameter of less than
one mucron and filled with filtered 3 M KCI by bothng under iatermuttent
pressure Each electrode was examined before use to chech on both the
bp d and the ab of bubbles and then d 1n the micro
mantpulator Chlonided silver spirals were employed to lead from the 3 M
RCl 1 both the microclectrode and agar wick which served as the
idifferent electrode for the microelectrode circunt

Recordings were made with a cathode follower and D C. amphfier
ging several nches of deflection on a switched beam long persistence
121nch oscilloscope The cathode foll was of the mimatuse electro
meter triode type having a grid current of less than 102 amp which with
a 100 megohm grid resistor gave no appreciable base lmne shift when
switching from nput open to input short crrcutted A standard 100 mv
source was placed 1 series with the lead from the sndifferent electrode
to the cathode Iollower so that a calibration taking into account the
needle resistance conld be made at any time Electrode resistances of the
order of 10 megohms were usual, with the average needle the oversll
time constant of the recording system was of the order of 250 mucro

seconds

SINGLE FIBERS OF ISOLATED MUSCLE PREPARATIONS Iso
lated tissues were all handled in approumately the same fashion snd &
description of the technique used for the dog heart with minor modifica
tions apphies to all others Dogs were anesthetized as above, and the chest
opened under artificial respiration The tissue to be employed was not
removed from the heart untsl just before use, less than one mnute elapsing
between the tume 1t was severed from the heart and 1ts 1mmersion in an
dified Tyrode solut e $p was pmned under
block mmersed i 100 m} of circulating

oxygenated
shight tension to a paraffin
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even mmnor changes or fluctustions 1 the course of the recovery of
excitability

6) The duve and test electrodes made constant contacts with normal
uminjured tissue

7) The direct recording of the auricular and ventrscular electrogram
by means of g punctate electrodes clearly led the presence
or absence of any electrical response and permutted accurate measurements
of latency and conduction velocity

Other detatls of the methads used will be given as this becomes necessary
1n the description and discussion of results obtained i the specific studres
dealt with 1 this menograph
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EXCITARILTY CYCLE OF THE VENTRICLE

DY Two tomewhst different methods were used
mIL!ETHODS Oéeﬁ;'ﬁfc\ of bality of the heart duning d\uka}‘e and
m whdying e urse of the bality changes ted with
actwity The first of these 1avolved measurement of the threshold ntensy
tses for stumh of & wide Tange of durations Strengthduration curres
were then plotted and the rheabase and chronaxie obtained st each in
terval of the cardusc cycle thus determuned The second method merely
required the use of a stmoluy of fised duration and the determination
of the threshold strengths Tequired to evoke 8 propagated response at
various intervals of the cycle A plot of the data thus obtained was called
a strength imterral curve In the expenuments to be descnibed, both pro-
cedures wese followed A few ather details of the experimental method
ology should be gmven however, prior to 2 discussion of results obtained

A ngd control of the parameters of the test sumulus 18 of primary
amportance in & study of bility This was phihed by uang
clectromeally formed rectangolar pul.es of known duration (0 1 to 13
msec.) and by reading threshold current strength from a momtonng
osctlfoscope. {see Chapter 111} carefully calibrated to give asccurate
teadings from 001 to 500 ma. Accurate placement of the tect stimul
at 2elected mtervals of the cardiac cycle 1s also essential. Thus requized
preanon was obtaned by trggering the test pulse from ather the §
wave of the sp I Jectrogram or from the drvang
stmulus The latter procedure 13 preferable because the perfectly con
stant drving rate of an el |} ) the

in the ume-course of recovery which necessanly sccompany any minor
alterstions of the spontantous cydde length. The equipment used 1n this
work permitted pomitionung of the test stmules in the eyele with an ac
curacy of = 10 msec. A final factor of smportance 1s the carvect Tecogm
tron of the response of the heart 1o test situations Muluple bipolar elee

Uograms recorded on 2 12 oscilloscope were found most suitsble for
ths purpose

Studies of the tecovery of normal cardie excitability after a dnven
beat were caxried on 1n the follawing mannetr The exoitabiity of the
ventricle a3 defined 1n terms of the thresholds to stmult of sesersl dura
Lons was deternuned at selected ntervals of the cycle from the end of
e absolte refrsctory prred 1o late duastole The threshold way cou
midered 1o be that mummal current strengh whick ehicited a prupagn!:d



IV The Excitability Cycle
of the Heart

The changes in cardiac excitability which occur with each
beat of the heart are defined Refractoriness and the lrrespon
slve periods are considered and some newer phenomena, “the
dips,” which occur during the recovery of normal excitability
are described and their significance discussed The normal
excitatory process the mode of action of various stumuli,
supernormality and other matters pertinent to understanding
of the cyclical behavior of the ventricle and auricle are
dealt with

THE EXCITARILITY OF THE HEART does not remain constant. It changes
as neural and humoral influences act upon the heart and 1t also undergoes
major modifications dunng the cardiac cycle Before consdenng the
pecuhanties of excitabibty shown by the myocardium during different
phases of cardiac activaty 1t should be pointed out that there s a regular
sequence of electrical and mech I events t to the orrgin of

q
cach heart beat The cycle begins with the mutiation of actvity i the
swo auricular node Subsequently a wave of depolanzation sweeps over
the auricles and then the ventricles and o sertes of mechamcal
events within these organs The muscular elements of the auricles contract
bringing these chambers mto a state of systole As the auricles complete
their mechanical activity and even before they have attamed complete
relaxation the ventricles start their contraction The resulting ventricular
systele has been divided 1nto two phases while four phases of subsequent
dhastole are recognized (Wiggers, 1928, 1952) It 1s possible ether to
think 1n terms of a cytle of electrical events idennifisble by electrocardio

graphic recording or in terms of a seq of d which
¢on be recorded mechanically Chapter XI will be devoted to a consideration
of contractile ph and the rel hip of 1 { events of

the cycle to changes n exatability of the heart In the present chapter
attention 15 centered on the testing of excitabihity of the auncle and ventnicle
by determination of the threshold strengths of shmul which evoke propa
gated electrical Tesponses at various imntervals of the cardisc cycle

66
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2
stl. A strength-Jurstion curve was plotted for each interv
:cin;l: l:;:;c at which m{s‘hwm made. Streagh aterval eunes wese slso
plotted for each test « ock duration. This was done by 1wdicslung curvent
strength used to produte a reaponse along the ordinate and the antervals
of the cydle ot which tests wexe made (after the upstroke of the R “’“;;
of the driven best} slong the ahseissa Figure 16 thows exaraples of bo
types of corve for the auncle and ventnele of the dog beart. It should
be noted thst & prog ly densed acsle was employed for the
ordinates of the strength mterval eurves because of the wide range of
stusalus antensies. employed.

The prod of dar fbnll has, 1 the past, frequently

hcated studves of N Inbty I the present senes of
expenments ths was avorded by gradually mcsessing the sumulos 1@
tensity until 3t was just odequate to chiatt a single extrasystole. In thi
wag it was possible to avosd fibnllation even when tesng dunng the
vulnersble period of the cardiac cyele because no period was ever fonnd
duning wiich the mmumum effective stunalus produced fbnliation 1 2
nonmal heart (see Chapter V1)

STRENGTH DURATION CURVES The ventncular strength-duration
curves {Figure 16-A) rep g the state of bihty at d
wtenvals of the cardiae tycle appesr 1o be of two different types There
15 2 low wtenuty group cbtamed late 1n the cycle snd a group pro~
duced by hugh imtensity stunuls charactenstic of the early phases of the
cyele (Grias et al 1930) At certam wtervals the curves demonstrate
# sudden transihon from the Jow threshold type 1o the hugh threshold
lamily These breaks m the strength-duration curves are merely 2n
Sicalion of the fact that dunng the relative velractory penod long-ura
toa stiouls ate much more effechive than pulses of short duration This
selective. sensitiity to different durations of stmudi will be drecussed
later 1n relation to the debmnon of the boundaries of the efractory

Pertods and the creation of long lasting excatatory states
1, of l!xesc 1 ;‘L )

P curves reveals that the threshqlds

for Yong duration shocks are very much lower than for stumul of bq;xcf

:\ﬂl\mn % however the total eurrent flow tequred to sumulate the
art

b: nm:i eny one wnterval o caleulated, the sharter pulses are found 1o

effective 1 terms of microconlomb
Brooks and Suckling 1%1) The du e Lslle 1920

flerence 1n relative effecty
can pethaps be explauted on the hasis of & greater d -
ton to smuly of dong duration e e of sccommoda
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Fieung 36 Strength durasson curves of dog ventsicle {A) and aurscle (B} Yowest
curve repre enta exentabitty dunog late diastole The numbers on esch curve identsly
the wtervel of the cycle during which the particular stzength duration curve was
obtained Dotted eurves obtawned during dip intervsls Certan curves (00} show
ahrupt tranmtion from Jow to ugh thresholds Strength interval curves of dog ventrcle
(C} and suride (D) showng the time course of recovery of excrtabulity as determmned
by stirauls £ 03 10 30 and 130 msec duration Note {(a} diferent duratzons of ab
solute and relatsve refractormess as indicated by the different durations of stumh (b}
all stunuls give & somlar identification of the end of total yefractory persod and time
of pecnxrence of dips Prmary o3 early dip detzctsble only by long duratios stumals
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and yrregulanties in the Tecovery of excitability can be deatly s;tn These
(zanmient srregalanties are manifest as one or MuTE dips 1 eac cm’te.ﬂx

The strength interval curves show \breshold to stmulation which 1s the
recprocal of excitability A more Qireet representation of changes 10
cardvse exeutshility would be gwven if the reciprocsls of these threshold
values were plotted If this were to be done the threshold value for exait
ability duning dsastole when a steady level 18 mamtained would repre-
sent 200 per cent secovery of normal excitabnlity Curves of s sort
would represent the “dips” or peniods of unsustained recovery as humps
1t 15 unnecessary however to express excitabihty in this direct man
et 10 most mstances becanse 1t has become customary to desenibe excrt
ahility 10 terms of threshold reqy It should be bered, how
ever that the strength interval curve represents stmulation thresholds and
these vary 1n the opposite direction from exestabihity

Strength-duration and strength interval cnrves show the changes in
cardine exetsbiity which ocear following each beat of the heart Four
ph of )| bihty revealed by these curvey are de-
serang of as close an apalysis as can be made at the pretent tme.

These are 1} refractoriness 2} supetnormality 3) lstency of response
and 4} the “dip” phenomenon

THE REFRACTORY PERIODS

ABSOLUTE REFRACTORY PERIOD The absolute refractary pesiod
by definstion 1 the 1nterval of the cardisc cycle durning which shmuh
are neflective 1 that they fail to eheit propageted efectrical responses.
The concept of an absolute refractory persod 1mphes the exstence of
twe fmte boundants one comodent with the onset of depolanzation
and the other g dunng repol P the end of the
sbsolute from the onsct of a relative refractary period The relatve refric
tory pertod n turn 15 that sterval of the cardiac eycle dunng which

only stunuls of greater than disstole threshold strength will sucteed 1n
choiting & propagated electricsl Tesponse

The tesults of studies of cardiac exeatabiht
y perormed on exposed
hearts of drodgs un;l o\h;r srumels and on chrome preparations :lg m
1ac electrodes require some modification of these ts
of refractorsness The termunal boundary of the ahsalute rdmc\oryo;::::ﬂ
cannot be veadily determuned When for example rectangular pulses of
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The most striking phenomena shown by such famukies of strength-durs
tion curves can be seen 1n Figure 16 A At two intervals of the cardiac
cycle, at 120 and agam at 160 msec after the R wave of the drmen beat,
the threshold for each stimulus duration ss sctuslly lower than required
at inmediately succeeding mtervals (130 and 180 msec sfter dmen
beat} although a longer period had elapsed for progression toward re
covery of normal excitabity The posttion of these two curves to the
left and at lower mfensity lesels, a0 whole or 1n part, than those ob
tamed later in the cycle represents an irregulanty in the progresave
recovery of excitability This displ of the strength duration curves

d a transient m the bility of the heart to test smoh
as compared to the levels prevailing just before or immeduately after the
particular intervals noted Either a degree of recovery of excitability
occurs momentarily which cannot be sustamned or processes occur penod
1cally which reverse the trend of recovery The ohserved result would be
the same 1 either case

This reversal of the expected posihon of certsin strength duration
curves occurs only during the relative refractory period but has been
found 1n the large majonty of hearts studied and 1n &l spectes of animals
which have thus far been used (1e dogs, cats and turtles} The finding
mndicates an actual arregulanty 1n the recovery of excitabhty which 18
even more clearly shown by strength interval curves

Finally, 1t should be pointed out that the shapes of the strength dura
tion curves and the varying positional relationships between them mdt
cate that the determinstion and use of chronaxie alone (Lapieque and
Fredericq, 1924) as a enterion of excitability might be musleading under
conditions such ns these Calculations of the chromaxies n this series
of strength duration curves (Figure 5 C) show that for speafic intervals,
the chronaxie does not always reveal the state of excitalility inducated
by the postion of the total curve Others have likewise concluded that
chronaxse alone 13 an unrehable expression of the state of cardiac exait
ability (Wegna and Wiggers, 1940)

STRENGTH INTERVAL CURVES Figure 16C shows a famly of
ventriculsr strength interval curves obtaned in one dog These cunes
best poriray the seq of changes in bility which oceur through
out the cardiac cycle The presence and duration of an absolute and
relative refractory period can be percewved at a glance snd the fluctuatioas
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5 fsed o the ventrcle very early 1n the cyele did
ti:g)m’r:;!;iu:::l\?in this chamber and created theremn an ex;:mer);
response ultumately gnng nise to a conducted smpulse On the basis o
these 1t has been concluded that 1 cardsac muscle a8 n
Berve theee 15 an sbsolute sefractory penod but that 1n some cases this
penod as 1n nerve, 1s very brief and mway 1clude only the nising phase
the penod of overshoot and at most, only the earhest few mliseconds of
the repolanzation phase of the achon potennal.

Adter depotanzation cardiae muscle recovers much more slowly than
does nerve and the threshold remamns very high for a mmch longer ime
Stimul which ate only five to ten times the strength required to stumulate
dunng disstele reveal a very defimte absolute refractory period one
whach 15 much longer 1n duetion then the phase of depolanzation aver

hoot and earbiest repolanzation As has been stated before when very
strong stunuh (up to 30 ma. and of 10:15 wmsec. duration) are used
there 1s mn ome hearts practically no absolule refractory period how
ever 1n these 1ostances the ymmediate efiects of the sumulus are probably
quite different from those of the test shocks eraployed to excite the heart
1 disstole or duning the late phases of the yelauve refractory perod
The nature of the longlasting effects of very strong stimuli 13 not as
well known as are the processes mvolved 10 exentahion by more neardy
phy 1ofogcal strengths of stimelanon {see discusuion of latency below)

RELATIVE REFRACTORY PERIOD The telative refractory period
has been described as that Eenod durmg which the excitabihity of cardiac
muscle woereases zapudly and then more slowly uatl the resting level 1s
a'tamed Figure 16C and D demonstrates graphically the tme course
of this recovery of extitability 1n both veutricular and auncular muscle
As seen the restitution of ful) excitability 13 not s smoothly Progressive
plocess es the test stunulus 18 moved later and later 1n the cycle excat

bty incresses rapidly then decreases shghtly ncreases agawn at a
12pd rate, then decreases once

more and finally wnereases slowl ti}
the ‘:;hng Lel:‘eilu attained. These fluctuations or “dips™ of c::x{d:uxily
0 test stimuls duning the recovery phate wilf be
and subsequent chapters ¥ oyl laer 1n ths
TEVPORAL RELATIONSHIP BETFEEN ABSO;
LUTE AND
TIVE REFRACTORY PERIODS When the excitability of the v::fr’:ge
:;;ﬂ tested throughout the cardrac cycle by epplicstion of test pulses of
erent duration, the strength wmterval curves thus ohtained clearly dem
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01 msec duration were employed with current strengths varying from
0 to 20 ma as testmg stmuli, the termmnal boundary of the shsolute
refractory penied of the driven beat was located 160 msec after the
onset of depolanizanion 1n the expertment from which Figure 16.C was
taken When a stimulus of 30 msec duration was used, the maximum
stimulus strength available (20 ma ) failed to produce extrasystoles only
when applied earlier than 145 msec. after the onset of depolanzation
Sumalarly, when the duration of the test stimulus was increased fo 130
msec the terminal boundary of the absolute refractory period was found
still earlier 1n the cycle, at 100 msec after the onset of depolanzation
These results & rafe that the d of the absolute refractory
period and the duration of the relative refractory period as well, are
dependent upon the parameters of the test stmulus employed As seen
i Figure 16 C and D, this has been found true in the case of both
ventricular and auricular muscle (Orias, et al , 1950, Brooks, et al, 1950}
Although the maximum stimulus employed did not exceed 13 msec 10
duration and 30 to 40 ma 1 strength 1n some normal hearts practically
no absolute refractory pertod was revealed In seversl experiments a test
stimulus applied as little as 10 msec after the onset of depolanzation was
effective 1n that st produced, although after considerable latency, & propa
gated extrasystole Simlar results have been reported for the 1solated
cat auncle and papillary muscle (DiPalma and Mascatello, 1951)
This problem of the ident:fi of the bound of the absolute
refractory period 13 an old one and 1 Chapter I mention was made of
Marey’s (1876} conclusion that a period of absolute refractoriness 15
very brief if actually existent Hildebrand (1877) and Woodworth (1902)
postulated that Marey’s results were due to excitation of the auticle by
stimuli thought to act very early in the ventnieular cycle In the recent
experiment cited above, however, the possibility that very early testing
stimult produce & ventrieular response due to direct sumulation of the
auricle was yuled out an the following manner In the first place, a sumilar
very brief (1020 msec) period of absolute refractoriness was occd
sionally found to exist in the auncle when strong, long duration (10.13
msec ) shocks were used to determine the limits of auricular refractort
ness {Brocks, et al, 1950) and this could not be due to shmulation of
another structure Secondly, the use of multiple bipolar recording elec
trodes apphied to both aurcle and ventricle permitted the exact Jocaliza
tion of the onigin of the proy d electrical resp (Oras, et al
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1
Aing seale of the cahbrated o 7
enlly the and was modified to per
?Lued l’ax messunng the strength of \x““‘;"u:‘::ngow at low intensittes
ot detection of very small changes of cu mmoe s phae of super
ng this improseraent 1n techmque & p!
of sumolstion Following Batedy following the end of the
normaliy freqotatly was found e mcy( 50 to 200 rulliseconds
refractory penod. Tins supernotmality lested for 15 ver cent lower
and donng this interval the threshold was often p:m“my o
than Jater 1 the cycle (Figure 17) Nevertheless, sopern hanee
nly G0L to 005 ma Such a chang
connisted of a change 10 threshold of only E
tould not have been detected by most :‘::““‘:im‘::;:‘:":‘i‘m drctory
fod 1 8 ot surpruing, dht reeuls Rave Been ormality immediately
This conclusion, that there 13 a phase of supern e
{ollawing the refractory perod 1s supported by the WO}: :' Do
(1955) on sangle 1clated Y\\rhn); 5&;:!! ;i:&:ﬂ?{x&gn :(i“dunng 5‘“&’
epolanzation he foun:
[:r::alnller? fl:\;ur:n:{y;l‘; than was required later an the cycle B‘mﬂﬂugn;
angin to & propagated respon.e More will be s21d of this in Chapter
which deals with funchions of ndindual cardiac eells " .
The supernormality referred to here 13 a supernormality ! tesp:;
1o the threshold to stimulation later m diastole. There are other prrods
of relative ity dunng which ) cutrent
24 Jesy thaa at 2 preveding, and subeequent wnterval. 'ﬂ\& oceurrence dyr
ing the relative refractory petiod, of oscillations (“dips™) in the strength
Interval corves depicting the rtecovery of excitability suggests that
the supemormality oeeurning ot the end of refractonness m:f):l b: merely
the termnal phase of the osciflatary process creating the “dips” dunng
the relative refractory penod {Figume 17) At auy tate, supernormahity,
though present, 1s not a P ph 1 the bility eyele
of the dog vestruele Furthermore no evidence has been found 1o md1
eate that the beart 13 vulnerable to fibnli dunng this temporary
vhase of hyperezcatability (see Chapter V1)

LATENCY OF RESPONSE
The phenamenon of latency of Tesponse has been discus ed rather
briefly 1n Chapter 11 Even when the Tespanse of &n exartable tisme 18
recorded from the actual site of stunulation, there 11 & time. delay (latency)
between spphtation of & threshold stimulus and appearance of the evoked
ction potental. It 18 difficult to place electrodes at the eyact ares on a
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onstrate that the duration of the total refractory perod (absolute plus
relative) as delineated by all durations of stimub 13 gmte constant for
any given heart rate (Figure 16C and D) Although stmuh of long
duration show a bnief phase of absolute refractoriness the velame re
fractory period 18 correspondingly long while stimuh of short duration
wdicate that the absolute refractory perod 19 very long and the phase
of relatwe refractoriness 15 correspondingly shorter The subdivsion of
the refractory periad into phases of absolute and relatve refractoriness,
therefore, 13 somewhat arbitrary However, the entire period of subnormal
excitabibity (the total refractory penod), winch corresponds 1o the ume
required for complete restoration of normal excitability 13 untformly
dentified by stumult of oll durations

SUPERNORMAUTY

A long interval of supernormal excitabibty ammeduately following the
relative refractory period was found by Adnan (1920) the frog
ventrscle when the flud bathing the tissue was acidified This was the
first tume that a period of supernormal excitability was reported for the
heart and also the first time that the term was used in this connection
In 1solated g apical prep from frog ventricles Wasil
{1922) could not always find o supernormal phase, when preseat he
sscribed 1t fo an ncreased scidity Hoff and Nahum (1938) expert
menting on cals, found a supernormal penod always present m ammals

hetized with bark but only & very small proportion of de
cerebrate amimals {two out of nine) showed a very shallow supernormal
period On the chmeal mde a supernormal period of excitability has
rather frequently been postulated to account for early extrasystohe beats
(Lewrs and Master, 1924, Scherf and Schott, 1939, Smurk, 1919) How
ever, other explanations have been offered for such premature contrac
hions (Wenckebach and Winterberg 1927 Wolferth, 1928) Other 11
vestigators (Lewis and Master, 1925, Sthand and Nahum, 1952) fmiled
to find “supernormality” 1n the dog heart Supernormality was not & con
spicuous feature of the excitability cycles of the hearts of cats and turtles
(Hoffman, et 8], 1951} It scems that there always has been some doubt
s to whether a supernormal peniod actusily exsts under normal con

ditions .
Very hule evidence of supernormality was found by the presen

writers m early studies of the dog’s heart (Orins, et al, 1950) Subse
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membrane where a sumulus indoced rejacuon 'vnll ,ﬁm ocfcur Sl;!‘b d;
trode pl t of hshy it of 4

catse of imterference by stimulating eurrent (stumulus artelact) Tt s the
usual procedure to record the hissue yesponse at 3 point some distance
from the site of application of the stmulus. Therefors, the latency be
tween the tume of applcation of the test shock and the appearance of
the propagated achion potential at the recording leads 18 composed of &
very short true Tatency 2nd & longer conduchion time. £ another aspect
of fisue Tesponse such as moscle contraction s utilized as & mgnal

of the accocrence of actmty the appatent latency will be still longer
(Wigers 1925)

In the ke

P d to d the biity of the dog
beart the latencies of the electrical responses were measured The action

potentials of suncle and ventricle were recorded from multiple pairs of
conbiguous punctate, bipolar electrodes, Such electrodes are least 1n
fuenced by tmubos artelact and aye fnooght 1o be best swted for tming
the amnival of setinty {Harns 2nd Moe, 1942} In most expenments three
paurs of these electrodes were attached 1o the surface an suck 2 sequence
as to b 1n a siraight bne $rom the sumulabog electrodes The nearest
Tecardsng pawe was spproxsmetely 5 mm. from the site of stimulation
2nd the ather paus were 10 and 20 mm. farther away Thus arvangement
permited essy mieasurement of the time elapang between application

of the stumulus and appearance of actity at each pair Measnrements
of di.tances gnd cond time p d

of “true latency”
from the latency due to conduchion.

1t was found that Jatencies of response v atly during the cardiac
eile Figure 184 and B shows that thmauxgyhsfx: d;’asloh gn time when
the lesel of excaabality a9 constant, the overall latency between test
artefact and propagated response 3s unthanged As the test sumulus 18
Ppoutioned earhiet and eazher mn the relative refractory penod however the
response fags farther and farther hehind lateney becamung progressively
langer Perhaps the most mteresting pornt 14 that all yesponses to stimy
latwon dunng the relative sefractory period occur at approximately the
a\?n ume 1n the cycle as though there 15 a defimite 1nterval 1n the cycle
b M; which a propagated tesponse cannot oceur Thus hmit has been
';u:"m ;(:;!apon& 10 the end of the total relractory pened and the
lddme n:‘ e simoltanequs electrocardiogram {Onas et al, 1930} One
onsl observation has been that the latency between stimolus apd



76

STRENGTH OF STIMULUS — MA

STRENGTH OF STIMULUS ~HA

1o

0 0

EXCITABILITY OF THE HEART

s M wroe e BEE

g

Foa )

(= 33 300
INTERVAL OF CYCLE— MSEC

R wsoa o BEE

%00 €30 300
INTERVAL QF CYCLE —MSEC
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Tesponse 18 most often changed when the effective test pulse 13 spphed
dunng the “dip” 1n the strength interval curve

LATENCY AND A LOCAL RESPONSE The cfiectiveness of stimuly
acting dunog the penod of subnormal exciabibty depends on thesr
ahility to produce an eflect which will eventually gve ongin to a propa
gated action potentral. It has not been possible s yet, to study the local
changes 1n eardize muscle 1n the immediate vicinity of the testing elec
trodes dunng situations when latency 1s mereased Howeser, inspection
of the data 1 Figure 19 pernuts certan conclusions The curves deprct
1ng time lapse between the test shock and arnval of the respons at each

of the two pairs of recording electrodes are almost parallel throughout
the entire cycle Ths d
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Time of response to stmuh ndicated by P (aunicle) and R (ventnicle) Test at 300
msec. shows latency of response after full recovery

78



A - W

FXCTIAGILITY CICLE OF THE HEART 81

stead of Just priot to the “break” of the test smalus as presumably would
be the case of threshold stumult

IRRESPONSIVENESS VERSUS WEFRACTORINESS AND
SUBNORMAL EXCITARIUTY

Consderanon of the sefrattonness of the heart to stunulstion and the
prolonged latency of response to stumul applisd dunng the toad refrac
tory penod has led o use of the term wrresponsive peniod Ip order to
produce a propagated response shmul apphed dynng thas penod of te-
f or wot i bty ereate a focal efiect which per
nsts vl the dium has d sufficiently to give ongm to
» normally conducted wave of exatation A mimular peniod of delayed
ar suspended tespanse 1 merve and skeletal muscle was demonstrated
by Lucas {1909) He onginally called this the “iresponsive penod ™
but after expanding his observation to the heart of amphibians he enta
erz-d aad discontinued the use of hus own nomenclature He pomnted out
that such a name 18 not savssfactory becanse it does not indicate the essen
tra} festure of the phenomenon which 18 a delay of response until a fixed
‘moment rather than a complete asiure of response to occur {Lucas, 1910)

When tne bepns to conmder what may sctually be happening in the

heart following imtation of 2 beat 1t Decomes appstent that mowt cur
rent 1 h a N

are terms have beent
used to descnibe the charactensties of that phase of the cycle subsequent

to the imuhation of an action potential {Drury 1936} The effective re
fractory peniod ” the “full recovery tume™ the premature response
terval  the “period of subnormal excitabiity and the “total refrac
wry period  have been employed and s penod mught alao be called
tphase of sa 1 cond 7™ & pertod of “suspended "
ar an advomatiopwe prriod  ele None of these 3s abao\u\c\y.cnnecc
10 the slrictest sense  they are destripve and pethaps correct within
Yumats but Litle 19 gawed by the endeaver to supplant older temminclo
with words which possess sumilar imotations It o certainly true \hga,t
:h I:f:sc!nry period or & phase of subnormal excatabibity occtrs Thus 18
n
o n:]:‘u‘;;-:::: :c:ad:moe & normally propagated response cannot
as recovered i excitability snd the capacity to
v::f:fn!e ® Tesponse 11 the pormal Fashion In terms of Joealized efzcu
‘m‘uer‘ m;:uh do create extitatory states which mmay constitule 1n some
oe% & local respanae end 1t 18 probably vrme that there 13 even some
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and ndicates that the increase 1n latency takes place before the ampule
has reached the recording electrodes nearest to the test site

There are two possthihities which mught explain the delayed arnval
of activty at the first recording pomnt when stmub fall 1 the relatve
refractory period First, the sumulus might create a persistent change
in the myocardum duning the relative refractory period which lasts
long enough to eheit a propagated action potential after excitabihity has
been completely restored Tlis wauld be an tncrease m true latency
Secondly, the test shock mught actually produce an ymmediate but sery
slowly conducted response during the relatwe refractory period Due
to this murked slowing in conduction, the myocardium somewhat dis
tant from the stumulating electrodes would reach a fuller degree of re
covery before achivation by the slowly traveling action potentis] Exent
uslly, the action potential would encounter fully excuiable tissue and the
conduction veloaity would return to normal The ncrease of latency m
this Iatter cace would be due to the well known slowed conduction 1
partially refractory tssue (Gasser and Erlanger, 1925, Rosenblueth,
1941)

Whether the observed latencies result from one or the other or a com
bimation of both these eflects cannot be stated at this time It 18 reason
ably certain, however, that stmult which have an eventual effect, even
when applied only a few rmlliseconds sfter the onset of activty, must
create some sort of a very long lasting state Immediate production of
an action potential early in the refractory pertod has not been demon
strated and 1n some instances latency lasts almost as long as the entire
electrical systole of the myocardium Other investigators have synlarly
di d that the y effects of long duration high ntensity
stunult can outlast the refractory pertod (Forbes, Ray and Gnfhith, 1922,
Moe, Harris and Wiggers, 1941) and even result an repehive finng
(Lueas, 1911, Katz, 1936, Rosenblueth, 1941, Oras et al, 1950)
Whether these long lasting effects result from tissue polanzation, transtent
myury, or some other effect, has not been determined

Stumult stronger than the threshold value for the particular mstant of
the refractory period under investigation tend tfo shorten the latency
of the propagated response This might be due to 1) a greater spread of
current and & stimulation of hssue neaver to recording leads, or 2) a
smore rapid reduction of the membrane potential to a level of msh}:ﬂll}'
thereby tending to start propagation of activity nearer the “make” 18
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refracto nod Sumub of long duration (10 wozec.) vsually
:thtﬂmou :.s;o:yhi dip and one o Tarely two earber ones. (ec Figure
16C £:d D) These & ¢an be desenbed 1n the man
et Sumeh pear maximal srength (30 ma) often produce a Tesponse
&ung 8 10 msec. nterval early i the cyele but fail to do 0 when placed
¢ few milleconds later the heart agamn becoming absolntely refractory
Tea to twenty mulhseconds stll later 1n the cycle manmal simuh may
be efective once more suggestng a <econd recovery of exciabibiy
Charactenshically there then follows a quick extentve Tecovery of ven
tnenlar exetabibty whach brmgs the fhreshold slmost to normal. A b
Seqent werease 1 threshold then ocoure lastng for 20 to 40 prec. be-
fore threshold d mdicate the t of full bl
charsctenistic of normal dia tole. The term “dip” 18 employed to desrg
nste the itervals of increased excuabibty this emphanis 1 made be
czuse of several other prop +d with the eoh 1
exctabilty The early or hugh ihreshold “dip” 15 demon.trable 1 the

majonty of expenments and the late low threthold “dip” 18 present al
most without exception

Under contant conditions of exotability tmali of different dura
oee revesl these dips at the same pounons 1 the cardizc cyele. How
ever strength mterval curves obtamed by means of very short duration
eummls do not show the early Togh threshold dip berause short polees
¢ not gble to sumulate sufforently early 1 the cycle. The major or
late dip however, can be revealed by all sumulns duranons from 01 to
130 meee

Aough 1nnumersble workers have stodied the relative refrartory
penod of cardiee musde they have failed to find or comment an these
esallations wn the course of recavery for three sygmBeant rea.oms. In
fttdies of one type stmuh of & fixed magnunde {usvally some maluple
of the threshold value) were employed this techruque obmioualy wonld
oot reveal the dips. In other anvestigations although the stumulos strength
¥ vened to determne thyesholds 2t different mtervals of the relative
refiactory period, the positiomng of the test stumalos 1n the cycle was exther
 raadom, or at a eelected mterval after the R wave undriven heants

where heart rate end duration of refractorigees Sikand
tom, 1952) In ether case the Precise locxlmhnm e nd N

os¢illationy lastin,
only 15 to 30 rusee. would be wobkely Finally m many cases such ahoft
simy wete employed that they faled to ekait any response dunng the
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spread or conduction of the locally produced changes before the standard
recording techniques detect the :mbtiation of a response Confusion ean
be avoided 1f by 1rresponsive pertod 1s meant that interval duning which
a normal propagated response will not take place, but without mplymng
that such a response will not eventually occur or that other reactons
are not imtiated Terms such as refractoriness and subnormahty are ke
wise useful particularly when the precise meammng intended s wdicated
by qualfying statements

Even the term normal excitability 1s not very specific when subject
to analysis “Normal” as employed here with appheation to the ext
ability of heart muscle implies the degree of excitallty charactenstic
of the normal myocardium at rest All evidence 1ndicates that excitability
during duastole 13 a remarkably stable condition s shown, for exsmple,
by the constant level at which threshold values are mamntained for long
intervals 1n the same preparations In most mstances a return to normal
excitability followmg each beat 15 accomplished by attmnment of the
fully polanzed state of the membrane Factors other than repolanization,
however, mav be mvolved 1n the recovery of normal excitsbibity For
example, i cooled hearts or portions thereof, the period of subnormal
excitability following a contraction considerably outlasts the repolariza
tion time In tissues such as netve which show after potentials normal
excitabihity 15 attamed only after termination of the positive after poten
nal It has not been established that there are after potemals an heart
cells, this question will be given further conuideration in Chapter V
which deals with the cardiac cell, but it should be powmnted out that 1n
heart cells behaving as pacemakers there 1s no period dunng which the
membrane potential 15 mantaned at a constant level In these pace
makers the mtial phases of the excitatory process appear to begin prac
tically as soon as repolanzation 1s completed It 1s not possible to 1dentify
or speak with assurance of normal excitability 1n such cases Neverthe
less, there 13 a range of vanability which can be conudered normal and
the concept of normal excitability should be retamed

‘DIP” PHENOMENA

It has already been pomted out that the recovery of normal excitablity
1 the heart following a resp 18 not a hly prog process

In strength nterval curves obtained by means of stmult of mtermediate
f in the threshold are observed dunng the

N
or long
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a fixed and predictable locas 1n the excitability re-
S::: 2;?};’2:““\:;\\:1: of all duruhuns and vary m 2 prtdmlab(!se ;:::5
wer 1f the entire curve 18 <hifted by slterations of cycle fength (Siel "l
etal 1951) Furthermore the posiion of the late dip 1s quite ;vsxgs ant
even, when many dufierent heants are coropared (Hofiman et ol, 1 ]
b) Dips van be hown by vanous types of :nmu\x tigh mtensity 1n
duchon thacks cond, and thy d and vanous dura
angular pulses
ﬂ“:)! ";;: eic:ct E‘:! vsry short duration shmuli of relatively low antensity
o not demon.trate dips 15 consistent with the 1dea that these Suctuations
a7e 2 pysictoueal phenomenen of secovery In eny event such strmul
fad to exaty except dunng diastole and the very fatest phaces of the re-
fragtory pemod
4) G of dips 13 ot dependent on the use of a certam shape
sze form or type of electrode They have been revealsd by platinum,

chionded miver sabne wick, punciate, loop sheped (3 mm 10 diametes)
tipolar and sugmatc polar el des and by el des mslang
hght contact with the surface or buned i the ventricnlar muscle wall
(Omas et sl  1950)

e) Dips are obtanatle when testing the ventneolar myocardium of
hearts dnven eathes through suncalar electrodes or by naturst S-A or
AV podal pacemakers This wdicates that * dips” are not created by the
dnviog pulse or by nteractions between dnving and testmg stunnh

f) Dips are present m exestabilty curves obtained erther from acutely
expoced hearts or from closed chest preparstions with chromeally wm
planted electrodes (Puikston et al. 1953) (see Chapter VI1)

It may be added hese that 1 experiments 1 which the standard ar
rangement of electrodes { ec Chapter 111} produced deinste dips cer
tam 2 of electrodes created cond: favorable for therr
demonstranon Even under thees mnfavorelle errcumstances however

sowe Rattening of the curves appeared n the dip aveas. It 29 felt that
s demomtzanon of pos itle unfavorshle electrode pPlacements does
not negate the conch th mih

at i holds for apphed st
do charactenstically ocenr dunng the relahve refractory ;‘r’wd :0::1:
et 8l 1950 see al.g Chapter V)

PHYSIOLOGICAL MEANING OF THE DIP PHENOMENOY An
analy 15 of the factors cavsng 1he 6b erved dip 1 the curve de et
the tmewcourse of the recovery of bty presents ‘many “p i :
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part of the cycle where the dips are located On the other hand, it =
teresting to note that af the data of certmn other investigators are plotted
with an interrupted line joming each threshold determmation 1n place
of the smoothed hine employed, 3n many ca es dips are revealed dunng
the relatve refractory peniod (turtle heart, Gilson, 1935, cat auncle,
Eccles and Hoff, 1934, Burgen and Terroux, 1953) Furthermore, 1
spesking of responses to stunuh placed early in the cycle, Lewis and
Master (1925) state that such a shmulus may yield a response while
another placed only shightly later in the cycle may not, this would ind:
cate that they too observed some fluctuation of the recovery of exaitability
to test shocks

When first recogmzed, st was thought that the “dips™ mught be artefacts
resulng from <ome particular aspect of the testing techmques employed
Consequently an extensive series of experiments was performed whick
allowed the following conclusions (Omas, et al, 1956)

TasLe 2~-Position of Dips tn Ventrieular Excaitability Cycle

End {Ab Ret Timoa dDunaton { Dy

f,"’ fi:f; o r-\;n of | Ped i(‘m o after Origi ot Cyels

? st Shock sfte Beat

P Tow Shos e s ‘:‘,,

b 480 13 % 5100 0
» 480 13 100 110120 1019
b 480 13 70 7080 100.140
e 460 3 120 120240
i 480 13 100 100110 130160
4 480 3 110 116120 1010
42 420 1B 6 110.120 13610
9 400 13 60 80120 160190
5 400 13 80 %0100 1210
& 400 13 8 90 100 120140
10 400 3 80 8090 16120
n 400 3 1o 10120 130160
& 400 13 85 %0110 130 160
o 450 3 140 160170
9 400 3 115 140160
135 400 3 130 130.140 160170

n Table 2, the dips are present at specaific ntervals of

&) As shown 1 o

the recovery period They sre posiiened with respect to the instan!
smtatson of the beat and the duration of the cycle Under umform con
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Ficerr 20 A—Strength-duration curves of suncle (top) and ventriele (bottom)
obtained 8t same interval dunng chastole when the heast was aruficully dnven
{t—=x} and when beatng spontaneously (o-—0) B—Auncolar and C—ven
tnicular strength interval curves ohtamed when the beart was artifieully dnven

(x—73) nd madnven (0——0) Rate apprommately constant throughout. Note
thight effect of direct dnve on duration of venmcular refrsctonness,
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because of the complexity of the tissue mvolved A strength mtetval curve
showing an early and late dip and a phase of supernormality suggests
the occurrence of a d d 1l P Tt

P Y process §)

. membrane potential have been observed in many tssues (skelotsl
muscle, Adnan and Gelfan, 1933, nerve, Cole, 1941, smooth muscle,
Eccles and Magladery, 1937, Bozler, 1942-43) and under a vanety of
conditions (polanization effects, Harns and Moe, 1942, Hodgkm, 191,

caleium lack, Brink, 1954, d with tonus changes, Bozler, 1943)
However, there 13 no evadence that the dips in the excitability curve are
d with any oscill h b 1 of cardisc

ges 1 p
muscle {see Chapter V} Although the dips are associated with 8 change
i sensitivity of the myocardium to anodal and cathodal current (see
below), 1t 1s Tikely that other phenomena of the recovery process are
related to their production At present there 13 no complete explanation
of the underlying cause of these transient persods of enhanced excitability
1o stimuli apphed during the relative refractory period Howeser, some
additional d of the dip pt will be found m subsequent
chapters dealing with the transmembrane potennals of cardiac muscle
and with volnersbihity of the heart 10 sepetitive finng and fibnilation

METHODS OF STIMULATION AND VARIATIONS IN RESPONSE

Yord i it

The results reported here were obtasmed with a P

of dnving and testing electrodes A set of three electrodes, a common
anode separated from individual driving and testing cathodes by & dus
tance of 57 mm , was apphed to the base of the right ventricle when the
ventricle was being driven directly A test anode and cathode alone were
placed on the venincle when the drving sumul were appled to the
auncle The strength duration and strength interval curves obtamed were
practically the same m bath cases, the only conustent difference betag
a shorter absolute refractory period under direct drwve (Figure 20 A and
C) Simlar results were obtained 1n the case of auricular muscle (Figure
20A and B) An additional senes of expensments was desygmed to de
termne to what degree electrode pl could nfl the resp

which have been described A single electrode, exther anode or cathode,
was placed on the surface of the ventricle The other electrode of the re-
quired pair was placed on the neck of the ammal In such cases the
excitability of the heart could be tested by means of o locahzed (sug
matic) anode or cathode pared with a diffuse cathode or anode, re
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apectiely Thus techmng of pol 1 pelded the follow
msstxﬁ;‘u‘hnozv WITH A STIGMATIC CATHODE When excitabihity
was studied by this techmque the thresholds dunng dia tole were symilar
to those tevealed by the usual bipolar stmulation However, as the test
pilse was posihoned progresavely euther 1n the elative refractory penod,
the threshold vose much more stecply than with bipolar electrodes and
the late dip was exther sbsent or revesled only at much higher stimulus
intenuties (Figure 21) Subsequently when the test pulse approached
the border of the absolate yefractory period the thresholds to “cathodal®
stantlation agawn approxumated those of the bipolar curve. The eatly dip
when revesled by one technique of stmulation was alto shown to be
preseat at sumtlar stmulus aotensives by the other

STIMULATION WITH A STIGMATIC ANODE Disstohic thresholds
to “anodal” sumulation were umformly much Migher than bipolar or
“eathodal values (Figure 21) When the stmulus was advanced earher
and earlier 1to the refractory pertod the ‘anodal’ thresholds rose very
dlowly dunng the late phates of refl in most exy
Thresholds remamed conundersbly below those of the “cathodal” shmn
lations but were quite sumilar 1o those cbtamed with bipolar electrodes.
Early 1 the refractory period, however the anodal thresholds rose pre-
cipitously and usually exceeded the cathodal” znd bipolar values at the
same antervals Finally 2 was found that the late or msjor dip was
often quite promnent 1 anodal® strengthinterval curves and some-

times the thresholds were actually lower than those of drastole “Anodal”
simulabion zevealed m certan

p an actual supe 1
dunsg the  refractory” period

¥

INTERPRETATION OF RESULTS OF APPLICATION OF Suck
STIMUL! The strength interval curve obtamned with bipolar stimulanon

duning & portion of the relatv refraciory verod they aze fawer than the

exther the cathodal or bipoler carves, C-Sundnh?unu obtaned lxv:‘ lm
veotngle. Note ahat the bipodsr ewrve {f——x) tends to follow the mast efectiv

portiony of the anodal (6——0) and cathods) {oe} emcees. DRpelax r:nr:
o1 2 expasded ume scale with mserts showang the electrogram complexes. ebume;
:;:’umg: ey and the povinon of the recording gnd tesung electrodes on the yen
o :hm :s:lex ‘: 13 that cbtaned when atmuli engmate ness the 1est cathode and
o “-:l‘;: wwode. Intil downward deflection 1n each electrogrem 1a the
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PHYSIOLOGICAL EXCITATION OF THE HEART In dealing wxbtl:
experiments on the extuiabihty of the heart, the fact must &lwnyds .
ept 1n mind that all testing shumidh apphied can hardly be consi Cl;;
phy 10logieal Although electrical shmuls are of the same npature as the
iptnnne stimulating process, 1t would certauly be unsale to conclude
\hat ol strengths of stmuh have the same ultmate effect on the heart.
Very strong stmuli which reduce the absolate Tefractory penod prac
neally to zero and whith may bave an eRect latting through eeversl
cyes probably act by producwg more than an easly Teversed Jocal

dification of b pol: But even if electnical sumuh
of exogenous ongin cannot be regarded as “physiologc” 1t 18 neverthe
Tess true that the prapagated reactions to such stmuh do conshtute a
physological process The nature of the stunulus does not determune the

nature of the respon.e because propagation of excrtahion 13 an wirmsie
protess.

The actual strength of the intnnsic excitstory process in @ pacemaker
which 1nihates propaganon of the achion potephal over the heart 1s not
known. For nerve the strength of the propagsting “stimulus” has been
caleulated to be of the order of three to ten tumes the normal threshold
valve {Bishop 195 Modgken 1937) Simular calculations have not been
made for the heast, slthough compansony between strength of minnne
and extrinnic stmol have been sttecapted (Junkwan 1925 Wite, 1938)
These mvestigators showed that an impulse ongmating 12 the suncle
will evoke contraction of a ventricle which has been suficiently depres ed
by drugs to require a donbling or quadrupling of the strength of apphed
threshold stimnl: At any rate, even of m the beart the stumualsting value
of wmtrinmc excitation were much higher than this st still would not be
sble 10 shmulate dunng the major portion of the penod of subnormal
excitability It con be concluded that for both mtmnme and extrinsic
excitation, there 15 a true eflective refractory penod. That this 3¢ actually
the case 15 shown by the familiar “compensatory pauses {ollowng extra
55 toles. Both wtninsic and exmmsically applied stmul are thonght ta
:::-by uuuau:.gch :n Lic:iued ?epolanx;mon which normally eventuates

Propag; P Once this has oceurred
restimulation mouet awat st Ieast partial recovery of the a)
1ed gtate (see Chapter V) Co 7 mormal polsr
comes Bt pter )d neequently after each beat the heart be
and nhn“‘;m;ioml“,“:o :Sﬂo‘uidy l’tfnc:aty, 20d then arvespomve
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(Frgure 21 C and D) appears to be a composte of the most eflective
portions of the sigmatic anodal and cathodal curves Thus, dunng the
mterval of the late or major dip, activity should ongmate 1 the m
mediate vieimty of the anodsl electrode but at certan other times, the
cathode should be mote effective Evidence of such a shift 1n the ste
of beat ongin has heen obtaned

When one vecording electrode was placed close to the cathode and
the other close to the anode, the direction of the 1mtial and msjor electro-
gram deflections was reversed when the test pulse was advanced from
diastole 1nto the termmnal portions of the relative refractory period snd
reverted to the original configuration as the boundary of the ahsolute
refractory period was approached (see Figure 21 D) Simlarly, when
two pairs of bipolar recording electrodes were employed, one pair near
the test cathode and the other near the test anode, measurements of the
time which elapsed between stimulation and armival of propagated sctvty
at each electrode pair revealed a defimte shift m the site of wmpulee
ongmn Dunng dinstole activity was first detected near the test cathode,
dunng the major dip 1t began 1 the anodal surround, and early m the
relatne refractory period the cathodal surround was agamn the Jocation
from which propagation began This ongin of the impulse near the anod:
rather than the cathode does not necessarily idicate an anodal “make
stimulation {Rosenblueth, 1941)

Stumulation on the * break” of current flaw 13 known to occut at the
anode under many conditions and has been observed 1n studues of smgle
myocardisl fibers (Chapter V) Turthermore 1t 13 known that anodal
current (current passmg 1n across the membrane will repolanize exelt
able tissues (Pfluger, 1859, Kahn, 1941) Indeed, propagated repolart
zation resulting from anodal current pulses of adequate strength has
been known for many vears (Biedermann, 1879) and has recently beett
supported by Weidmann, (1951) on the basis of the most direct form
of evadence It 1s thus quite bikely that the apparent preferential shmula
tion at the anode durmg the relative refractory period occurs because
during the flow of stmulus current repolanzabion under the anode 13
accelerated This repolarization lowers the threshold and as a result
anodal break snmulation eventuates when the current flow ceases This
mechanism may also explam the shghtly shorter latencies which are present
when the test pulse 1s applied at certain ntervals of the cardiac cycle
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PH1SIOLOGICAL EXCITATION OF THE HEART Tn dealing mbtl:
expenments on the excutsbility of the heart, the fact must nlwnyd! s
ept 1n mand that ol testing stmuh spphed can hardly be consy er';
phy wlogiesl Although electrical stimols are of the same pature as ;
ntnosic stuoulating process 1t would certanly be unsafe to conclude
that all strengths of stumuls have the same ultimate effect on the heart.
Very strong stunult which reduce the absolute refsactory penod prac
teally to zero and which may have an effect lastng throogh zeseral
cycles probably act by producing more than an eamly reversed locsl

difs of h pol But even 1f electneal stmuh
of exogenous ongum cannot be regarded as “physiclogc” 1 25 neverthe
Tess true that the propagated resctions to such shmuh do consbivte 2
physictogical process The nature of the stumulus does not determne the

nature of the respon_e becanse propagation of excitation 1% en intnane
process,

The sctual strength of the imtnnsic excitatory process 1 & pacemaker
which mitates propagation of the action potential aver the heart 1s not
known For nerve the strength of the propagating “stumulus” has been
caleulated to be of the order of three to ten times the normal threshold
value (Bushop 1951 Hodglon 1937) Similar calcolations have not been
made for the heart, although compansons between strength of intnnsic
and extinsic shmuli have been attempted (Junkman 1925 Wiz 1938)
These wnvestigators showed that an mmpulse ongmnating 1 the auncle
will evoke contraction of a ventnicle which has been sufficiently depressed
by drugs to require & doubling or quadrupling of the strength of apphed
threshold smul At any rate even if in the heast the sumulating value
of watnosic exctabion were much Tugher than this 1t shill would ot be
ablt to stumulate during the major poruon of the pened of subnormal

exctability 1 can be concluded that for both mtnmme and extnnsic
excitation, there 13 & true

effective refractory period That ths 18 actually
the case 11 shown by the farubar compensatory panses following extra
systales. Both intnae snd extnnsically apphed shmoh are thought to
8ct by imtiahng a Jocalized depolanzation which normally eventuates
18 a propagated changs 1n brane pol Orce thys hes occurred,
restumalabion must await at Jeast pariral recovery of the normal lar
ized state (see Chapter V) Consequently after earh beat the huftobe-
comes first 1rresponsive and absolutely refracto;

d
and relatively refractory to all excitatory mﬂu;ym;n then wmenponssre
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EXCITABILITY CYCLE AND ELECTRICAL EVENTS OF
THE CARDIAC CYCiE

A summary of the temporal relationship between the bility changes
and the electrical activity of the heart can be presented at this tme If
the electrical events as portrayed by the focal bipolar electrogram are

dered, the usual seg of occurrences 15 as follows Concurrently
with the mscription of the R wave, heart muscle becomes tefractory to
stmulation Just prior to the beginming of the T wave of the local electro
gram, the cardiac muscle agam b ble b bly steong
stmuh Subsequently, the recovery of excitability 1ncreases rapudly, the
first dip occurs, fast secovery continves until the recession following the
late or major dip, and then recovery proceeds mare slowly until the
resting Jevel 29 3 dent with compl of the T deflection
The 1rresponsive period 18 co extensive with the total pertod of subnormal

bihity (Burdon Sand , 1879) A phase of shght “supernormahity’
18 present 1n some hearts immedately sfter the mscription of the T wave
of the cardiac electrogram The temporal correlation between these eveats
and the standard electrocardiogram depends, of course, on the area of
ventricular myocardum studied
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EXCITARIUTY CYCLE OF THE AURICLE

When the excatability of the mammaben suncle 18 tested by m\“ﬂ“&Y
tumed stnols of controllable shape, duration and ntensity, essentally
\he same changes are found as have been descnbed for the venmc{e
(Brooks et al , 1950) When the level of resting excitability in the auncle
and ventricle of the same heart are compared by means of the same testing
electrodes the strength-durstion curves of both chambers are found to
be eppronimately supernimpossble (Figure 22) Strength unterval curves
depicting the time course of the recovery of exauability in suncle and
ventricle of a mgle heart unformly reveal a somewhat longer absolute
and total refractory period mn the latter chamber (see Figure 16) The
auncular curve shows the same arsegulanties or dips a8 have been de-
senibed for the ventricle, and although they occupy the same posiion
1n time duning the relative Tefractory pemod they tend to be samewhat
shallower and shorter 1n duraion As 13 the csse an the vepincle, the
termmnal boundary of the shsolute refractory penod 13 dependent on the
duration and strength of the test pulse employed

There 13 an 1responaive period dunng the vecovery of suncular exexnt
ability 1n terms of the ;mtiation of a normally propagated wmpulse just
as has been descnibed for ventncular muscle (Figure 18) When excit
abihity 15 tested by means of stigmatic anodal or cathodal electrodes the
results are again wimilar to those described for the ventnele both »
penod of enhanced susceptibility to anoda} shocks and the imtiation of
actinity in the area of the anodal electrode are found (Figure 21) ar
tertan wtervals of the eycle. The effect of dnving stimuh 18 of hitle 1
partance 1n determming exther the magmitude of the diastohe threshold
1o suraukt of various durations {Figure 20) or the overall confignrahon
of the auncular strength snterval curve. A post refractory period of shght
supernormably {Figure 17} 1s observed more frequently o the auricle
than 1 the ventncle (Brooks et al. 1950}

AR results obtamned from mente have been duced 1n
dogs vath chromeally wnplanted electrodes (Pinkston et al 1953) (soe
Chaptee V1) thye nding 15 m disagreement with the resylts of som,
workers (Sikand and Nahum 1952) Reasons for the discrepancy ;
have been duseussed 10 Chapter 111 and 10 an carber secnone:[ the o
chapter An additional factor will be menttoned at this fime !: E;l?ml
{‘uuguuon of the time-caarse of Tecovery m aupcular muscle the ex::;

muts of the absolute refractory period for stmub of limted strength
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EXCITABILITY CYCLE AND ELECTRICAL EVENTS OF
THE CARDIAC CYCLE

A summary of the temporal relationship bet the bility changes
and the electnica) achivaty of the heart can be presented at this tme If
the electrical events ag portrayed by the local bipolar electrogram are

dered, the usual seq of accurrences 1s as follows Concurtently

with the mscription of the R wave, heart muscle becomes refractory to

stimulation Just prior to the beginmng of the T wave of the loca eleetro

gram, the cardise muscle agan b table b; bly strong

sumuli Subsequently, the recovery of exctabibity increases rapdly, the
£l

first dip oceurs, fast recovery cont until the the
late or major dip, and then recovery proceeds more slowly until the
resting level 1s altmned dent with compl of the T deflect

The 1responsive period 13 co extensive with the tatal period of subnormal

bility (Burdon Sanderson, 1879) A phase of shight “supernormahty’
13 present 1 some hearts immediately after the mscription of the T wave
of the cardiac electrogram The temporal correlation between these eveats
and the standard electrocardiogram depends, of course, on the ares of
ventricular myocardium studred
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are not easily determined, for even short duration stimult above u cer
tmn strength give no response at all, a “nothing phenomenon™ (Onas,
et ol, 1950, sec Chapter VI) throughont a connderable proporhion of
the relative refractory perod Very easly in the cycle thresholds for extra
systales and this “nothing phenomenon™ are quite close together snd
small increments of shock must be employed to avoid jumping from &
subthreshold mtensity to z strength above that which will produce 2
extrasystole B of this compl g factor, the del

of the course of recovery 1n stricular muscle can be sccomplished only
if the vanious parameters of the test mtuation are held under the most
rigid control

SUMMARY

Modern electrophysiological techmiques were employed 1n studies of the
tability of the i auncle and ventrscle Older concepts of
the ¢ychcal occurring changes i bility were amplified, new phe-
nomena of consderable importance were discovered and described
Among other things, a more adequate picture of the phases of refrac
toriness, the relationshup between latency and the srresponswe peniod,
and the location and extent of the vulnerable period was pronided The
electrical events of the cycle were refated to the observed changes 1
excitabihty
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depolanzation of all fbers Sumlarly a decreass 1 maguitnde will also
:;d!tp‘;xom the Teturn to actinty of some of the fibers 1 the dcpo}lr:zt&
area under the wactive electrode, Farth changes
veloaty will give Tise to changes in the duration of the monophase po-
tential, even though there may have been no ¢chapge 1 the duration of
actity 1n any given area of membrane. Finolly, nnce the magminde of
the monophanc sction potental depends direcly on the degree of shunt
mng i the exernal mediam, the exsct determunation of the amplitude
of the sesting and setie merchrane potestial 1s difeult of nat imparsible
The need fot an sceurate techmque for mezsuning the noral mem
brane potential in heast cells and the tune course of depalenization and
tepolanization of heart mu_cle was met by the methods and experimentsl
procedures devised by Corzboenf and Werdmann (1949}, Draper and
Werdmann (1931) and Woodbury et al. (1951} Therr studies demon
strated that the potential difference across & humited area of muscle mem
brane of a smgle heart fiber could be fanhfully recorded by use of an
il lectrode of the type developed by Ling and Gerard
(1549) By means of thus technagque the exact tme course of depolanza
ton and repolanzation could be yecorded and accurate measurements of
the resting and active membrane potential could be made Informstion
thus ebtaned the tate of pol of the myucle mem
brane serves a3 a better bans for corzelation with studies of excitabibty

and Tefractoriness than the less drrect and more vansble measurements
obtamed wah surface electrodes

DIRECT RECORDING

MICROPUNCTURF TECHNIQUE Early studies of the transmembrane
potentials o} excutable tissues performed an the gant axon of the squd
by Cartis snd Cole (1930 1932) Hodglan and Huxley {1939 1945) and
Hodglon Huley and Faatz (1952), revealed many of the properties of
excitable membranes and provided & theoreteal explanation for the ob-
served restng and achon p s of nerve The appl of 2 smlar
techmique to other tiasues was made possible by the development of the
gla.s capillsry mcroelectrade by Ling end Geraxd A fine gass capillary
messunng one mitcron or less at the tig and fifed with wotonme hel wa;
mserted 1nto & ningle fher of the frog sartarius muscle and the potentisl
duifference across the restng membrane was determined under van y
condinons. Nastok apd Hodglan (1950) subsequently zefined (h‘:z




V  The Heart Cell~Transmembrane
Potentials of Cardiac Muscle

This Is a presentation of new facts ahout the basic processes
invol in the react of the ult unit of cardiac
activity, the cardiac cell and its membrane This Information,
obtained chiefly with the new technique of Intracellular re«
cording, represents the results of studies on the most banc
processes of heart function

INDIRECT RECORDING

THE DEMARCATION OR INJURY POTENTIAL The monophasie
action potential of the heart, recorded with one electrode on wjured or
depolanized and supposedly nactive tissue and the other electrode on ¢
tsve normal muscle, has been employed for many years to reveal the ime
couree of depolanzation and repolanzation of muscle membrane (Breder
mann, 1895, Burdon Sanderson, 1879) The moncphasic action potentral
18, of course, the change produced an the ensting potential difference re
corded between depolanized and normal tissues when a wave of actmty
depolarizes and even momentanly reverses the polanty of the normal

membrane In other words the constantly present mnjury or demarcation
P 11s a of the : potential of normal heart
muscle cells and the monophasic action potentsal reveals the changes
an this potential which oceur during activity Measurement of the mono
phasic action potenhal has been employed to correlate changes 1n the
state of the membrane with observed variations 1 exestabibity and with

the 1 cardiac electrogram or myogram Numerous references
1o stndies of thia type are cited by Schutz (1936) and Lepeschian (1951}
Ad dly, ¥ , use of the ph action potential has numet

s
ous dxsad:anlages and 1s ut best a record of the average tme course of
the membrane potential changes 1n many cells (Churney et s, 1948)
For example, to consder first the muscle under the active electrode, 2
d wm the magmtode of the ph action p 1 will re
sult from esther, 1) & decrease mn the total number of fibers depolanzed
by & given stmulus, 2) an alteration 1n the sequential change 1 mem

brane polanty of the fibers in this ares, or 3) a decrease 1n the degree
98
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The pa.sibility that penetration of & fiber by the up of the m‘f’”;
electrode mght wjure the membrane and thes dustort the tr‘dmﬂﬂ; ;:e
potennial seems obkely 1 view of the expesiments of Nastuk an[ ﬁagm::
{2030} and Draper and Werdmann (1851) These suvestigators faun N
when the resting potentisl of & gven fber was measured by one intrace
Yodar ehectrode, the mserbon of snother electrods 1nto the same fiber at
a distance of only fwo hundred mcrons produced bitle if any change
10 the recorded potential Stmlarly, shterstion of the resing potentisl by
s hquid unction potential between the 3 M RCL 1 the mucroelectrode
and the myoplasm of the fiber 13 uohkely on both theorenical and expers
ments] grounds (Nastuk and Hodgkin 1950 Draper and Werdmann
1651) Thus the techmgque described 3} he yesing mem
brane potertssd of exciteble cells Some <ight dustortion of the upstroke
of the action potential will occur 1f the time constant of the recording
spparatus 13 long, however 2t mo t this effect will produce only slhight
modifieations 1n the magaitnde and shape of vhe overshoot the slow
change 1 potential dunng repolsrization will be recorded faithfully In
summary then 1t can be suid that use of an intracellular microelectrode
fives a true picture of the time course of depolanzation and repolanza
100 3 2 sngle cardiac musele fiber and 1 addmon prow
ably accurate of the de of h P

VENTRICULAR TRANSMEMBRANE POTENTIALS The pormsl
transmembrane potentials of a single fiber of the spontaneously beating
dog ventricle recorded 1n st w the open chest preparation are similar
11 shope o the monophasic mjury potephial of the same tisue (Schiitz,
1936 H C.and €.7 Wiggers, 1935) A typical record of the action poten
el of & ningle ventriculas fbes 38 seen 1 Figure 234 1t shows 2 constant
rrsting potential dunng diastole an abrupt phase of depolanzation that
termunates 1 o pesked reversal of membrane polanty a plateau of long
durstson dunng which the membrage potetial 13 close to zero and &

fnal phase of slow repolamzation The nang phase of the action poten
tial ofa\u single ventricular fiber of the dogs heart lasts 12 m.ec., the
teversal 615 msee and the phase of repolanzation 100-150 msec
durstion of the platean van : o e

es with heart rate (see Chapter Vil but

des 2 remark
1

man and Suckhing 1952 2} amotnts to 8090 a
nd 1020 mv t
Sinee all possible Tecording artsfacts fend 1o decrease the ;;P:x:!?]:(

T PN AY |
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methods and used an electrode filled with 3 M KRCI to mummze the junc
tion potential between electrode and myopl The same technique was
successfully applied to the ventricle of the frog heart by Woodbury et al.
(1951) and to the isolated false tendon of the dog and kid heart by
Draper and Werdmann (1951)

g 59
+20 my == {l msec
O MY bl ettt 0, f
AP
[ € b
=100 MV wem
Ficune 23 D. ofa 1 action potentsal (¢ d €

from a single fiber of the dog sunicle Resting potential (b} and a zero poteatial
line & f

In practice, the measurement of the transmembrane potcnlxal 18 ac
complished m the following manner When both the microelectrode and
the ndufferent electrode are extracellular in posihon, no potentsal uffer
ence 15 recorded (Fig 23, hine a) However, when the tip of the micro
electrode pierces the membrane of a single fiber a sudden polcntml of
8090 mv 1 recorded with the mnside of the fiber negative to the indiffer
ent electrode, (Fig 23 hine b) This potential difference across the muscle
membrane 1s called the resting potential and remans at the same value
as long as the hissue 13 quiescent Following stimulation, however, !he}rle
1s a rapid change i the membrane potential of such a nature that the
intracellular microelectrode momentanly becomes positive with Tespect to
the indifferent electrode (Fig 23, line ¢ d) Thus at the peak of the action
potential the membrane 1s not only depolanized but actually exhibits 8
reversal of polarty or overshoot amounting to 1530 mv Immediately
after this reversal, repolarization of the membrane commences and the
resting potential 1s restored (Fig 23 line d-e) 1f the microelectrode !;
then withdrawn from the fiber the trace returns to the original line o
rero potential (Fig 23, e f)
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Cestain muor vanabons 1o the tme course of the acnon potentsa] ase
demonstrated at times by certan hearts Some prepassbious show & shallow
dup between the sprhe and the begnmng of the platesu the platesu 1t
alf may be curved or Hat, end ke sightly above o below the hine of zevo
potential. In sddition some fibers demonstrate & slow loss of membrane
patential dunng drastole that seemngly 13 not the result o} ajury swre
subsequent cyeles ging the same jmttal resting potertial, show Whe sarpe
slow depolarization preceding the vpstroke of the achion potential. This
sow disstohie depolanzation 18 prohably seisted to pacemzker achity
discussed subsequently

The temporal relstionship between the acton pelential of 2 mngle
Eber and the local ventricular electrogram of the mtact n sity heart 13
seen 1n Figure 24.C The upstroke of the achon polential commdes 23
expected, with 1be R wave of the electrogram  the plateau with the RT
segment, and the phase of repolanzation with the T wave

The transmembrane potentials of single Sbers of the ssolated papillary
wascle of the dog’s right ventnicle are m all respects mmilar to those
obtained from the surface cells of the intact heart {Hofiman and Suckhing
19232} Figure 23D E, T demonstrates typical records and their tem
poral el up to the | umpolar 2lectrog The average
walues for the resting potentiel and action potentisl of ungle fibers of the
papillary muscle are 85 90 mv and 105 115 mv respectively Thus prepara
non therefore may be employed as a vepresentative indicater of the
behavior of ventricular muscle 10 general and offers several advantages
over the antact heart for many types of experuments

AURICULAR TRANSMEMBRANE POTENTIALS The pormal trans.
merhrane potentials recorded from single fibers of the mtact suncle
by means of an intracellular microelectrode are shown in Figure 25 In
many respects they resemble achon potentials of ventricular muscle Ebers
and demonstrate a constant sesting membrane potential duning diastole
of 2090 mv and & rapd depolanzation on excitation resulting m a
membrane teversal of 1020 mv Following thus depalanzanon h:w
the auncular records show ap mmediate slow phate of repolm o
‘;:::1:1“1 '-hl; antervening plateat typseal of ventricalar muscle {;!P:E:: t:gu;

1,
b gak:i:)“:i: ::ape of the repolazization himb of the aurscular

different hearls and may be almost
show some npward or downward convemty (Figy% A, B? ;‘::S:’! .
Hon seems to depend primanily on the leel of fof

tamee <agel schvity (Hoff
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D EER B

Ficure 24 Ventricular transmembrane sction potentisls and electrograms See text
for descriptions A B C—recorded from cells 1 situ D E F—from 1solated papd
lary muscles Time marks n D sepresent 10 and 50 msec. intervals (Retouched to
show action potential upstrokes by dotted lines)

recorded potential (1 ¢ , anjury, movement, etc ) these values are probably
somewhat low In any heart the membrane potential records obtamed
from many different fibers are remarkably constant with respect to amplt
tude, shape and duration As seen mn Figure 24-B, many cycles of spon
taneous or mduced actwity can be recorded from a single fiber without
any change or dustortion mn the form or amplitude of the action potential
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urse of membrane potential Just s in the case of the
&::nac?x;la:‘ Egi;o many cycles of spontaneous ot evoked actnty CJ‘I\
be recorded without any apprecizble change 1 the configuration of the

tenteal (Fig 25C

“E;'?e ‘::anc:;:}'nérase palelmb of mingle fibers of 1solated preparations
of either nght or left atnum or auncular appendage are both quabta
tively and quantitatively sunslar to thoe recorded from fibers i the m’tacl
heart. The magnitode of the average resting and action potentials 1s 85 50
and 105110 my respectively and the duration of the action potential 13
usnally the same at equivalent rates 1n esther the 1ntact or 1solated prepara
uon (Fig 25D E)

“The relaonstup of the action potential of a single Sber of the 1solated
auncle to the local umpolar electrogram 1s shown 1o Figure 25 F (Hoff
man and Suckling 1922b) As 1n the ca e of ventricular muscle, the de.

k of the b des with the R wave of the electro-
gram and s repolanzation with the T, wave The repolanzation of
suncular muscle commencing as 1t does immedintely after the end of

depolanization explamns why only a small T wave 1s normally recorded
from mammalian auncle.

Studies of the transmembrane potentials of the eat auricle (Burgen
ezd Teroux 19538} have given results qualitatively mmilar to those
obtained from the dog heart. However the magmtude of the resting and
action potential reported for the cat 1s on the average 604 and 65.2 mv
respectively Since the absolute value of the transmembrane potential
varies greatly in different Ussues (see Table | Chapter 11), this difference
between dop and cat auncle 18 not surpnising However several known
factors may have contributed to the apparent discrepancy In the first
place the Tyrode solution employed for cat auricle contained more K
{56 mM) and less Ca* (19 m\) than was uced for the dog heart,
Secondly the smaller average diameter of cat suncular fibers makes
penetration without wnjury mech mose dfieult (Trautwemn and Zink,
192) Finally a low resung potential will of nmecessiy decrease the
magnitude of the sction potential because of the known effect of mem
::;:ilpmnhd on sodium current (Weidmann 19552 see discussion
lhTEXAASHElIBRAI\E POTENTIALS OF SPECIALIZED TISSUES O

‘o taree specishized tissues 1n the mammalian heart—the anc-atrial node
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men and Suckling, 19532) and to a lesser degree on the extracellular
concentrations of Ca** and K* (Hoffman and Suckling 1953b) Although
n a given heart some difference 1n shape of the action potential may be
recorded when different areas of the auricle and atrum are explored,
there appears to be no consistent relationship between location of the

Is Sece text for descriptions
ed portions of
polar

Ficure 25 A ! b action
A B C—rccorded from cells in sttu D E F—from cells mn 1solat
auricular tissue Time scale 1n B D and E shows 10 and 50 msec, intervals Unyj
electrogram 1n bottom trace of C and top trace of F(Retouched to show action

potential upstrokes by dotted Lines)
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dies of
employed by many mvesugators followmng the mbial stu :
lg::lahoc:t :nd Wyeldmann (1949) snd Draper snd Werdmann (19)1}),
To date the largest part of the mvailsble 1nfarmation concerning the
mernbrane behavior of cardiac muscle has been obtained from this prepara
ton {(Wedmenn 1951 1952, 10252 b Trautwen et al,, 1952 10543, b
Cosshoeuf et al. 1953a, b 1954) Indeed Purkunje fibers are almost
wdeally suited to mcroelectrode studies because of therr large diameter
and minimal contractihity, both of these factors favonng successful 1m
palement without danger of esther injury to the fiber or displacement of
the electrode tip

The resting transmembrane potential recorded from s single fiber of
the dog s Purkinje system amounts to 9026 mv and the action potential
1215 mv (Draper and Werdmann 1951) Values somewhat higher than
these are found 1 the false tendon of ungulates {resting potential = 98 mv.,
achion potential = 132 mv Weidmaon 10a5b) The tirne course of the
transmembrane ection potential of the dog Putknye fiber 19 shown m
Figure 26A, B) The maximum upstroke velocuty 18 51022140 volts/sec.
{Draper and Weidmann 1931} and the spiked reversal of membrane
pelanty at the peak of the action potentral 13 not only larger but also

of shorter daration than in ventricular or anncular fibers Furthermore
the duration of the plateau 1s derabl

longer at rates
than that of plamn ventricular muscle (Trautwewn et al 1954) Another
difference between the Porkinje fiber and non-specialized cardiac muscle
15 the time course of the membrane potential during dastole As seen 1n
Figure 26C, D many Purkanje fbers reveal a slow Joss of Testing poten

tul dunng duastole the highest value of restin,
tamed daatel

g potential 1s thus at

after rep and sub ly the b
potential falls slowly unul the next acion potential occurs This slow
diastolic depol 18 & d below under P k

Acuwnty”
The electnical properties of the Purkinge fiber have also been studied
by inserting two microelectrodes 1ta the same cell leading 1 current
through one electrode and recording potential by means of the other
(Wesdmann 1951 1952) The values thus obtained for the passive elec
trcal prop of the b are compared with simlar values 1n
zerve and muscle 1n Table 3 It 15 of mnterest at this time to note that
# large drop an membrane rest tance has been recorded in this tissye

uring the upstroke of the action potentual, as 13 the case 1n nerve and
skeletal muscle. However unlike these two hseues, 1n the Parlanye ﬁab';r
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Ficure 26 Transmembrane action potentials of single Purkinje fibers A and B sbow
Induced actvity 1 p S actinity recarded from 8
pacemaker area (C) and from a closely adjacent area (D)) E shows records obtained
from a fixed Jocus in the Purkinje fiber when activity arises at that focus and whea
duc to pacemaker shift, the activity 1s propagated 1o the recording site F shows
pacemaker actinty from an auncular Eber (Retouched to show action potentisl up-

strokea by dotted lines )

the atrio ventricular node and the ventrieular conducting system—only
the latter has been studied extensively by microelectrode techniques Stngle
Purkinje fibers m the false tendons of dog sheep, and kid hearts have
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of the memb 1n the case of Jian hssue 8t 38° C. the expres-
sion for the resting potesusd can be simplified to
(&

Restng Potential = 615 logsw —
4

1f the approxmmate R* conntentration of cardiae muscle 13 between 130
and 150 mM ymtracefilar water (Lowry 1943 Roberteon and Dumbne
1954} and the concentration of K+ 1 Tyrode solution 18 27 mM/1 then
the resting potentiat hould be about 205 my Obwiously the expenmental
values closely approximate that predrcted by the theory and the shight de
portures noted may quite posubly be explasned by the contnbations of
atber jons to the transmembrane potential

Stronger esidence for the dependence of the restng potential oo the
potassium concentration gradient 13 afforded by the demon traton that,
willun hmts the resting potential varies as a hnear function of \he log
of the outside K concentration {(Burgen and Tevtoux 1953z b) and
1 largely uninfioenced by changes i the extracellutar sodwm concentra
tion (Draper and Wedmann 1951} Experimental data thus strongly
1dicate that the resting transmembrane potential of cardize muscle results
prmandy from the partiion of h* 10ns by the fiber membrane

ACTION POTENTIAT It 1s also assumed that the upstroke of the 2c
tion potentzal results from a change m membsane remstance permitting
& sudden rapid inward sodium current {see Chapter 11} The demonstra
tion 10 monophame achion potentsls of he turtle heart {Cranefield et af
194t} and 10 Purkinye fbers (Draper and Werdmann 1051} that beth
the magnitade of the reversal and the manunum rate of rise of the sction
potential vary as predicted (Hodglun and Huxley 19522) when the extra
cellular sodiem concentration 18 decreased indicates thay the meckamsm

of depolanzation 1 esrdiac mnscle 13 aot differ
ent from that
exeitable ussues  other

REPOLARIZATION Bepolanzation of perve seerattigly results from
[ decxemg wward sodim cursent (due Vo decreased permeahility to
Da or to “mactinabion  Chapter 1) and s rie 1n potaxum permeatnl
‘Z m? (;“m“dl potassium current, In cardiac muscle howeser the na

ITe of e Ye)
ni mmm}]}:ﬂ a:xzalxcn Process remains uncertain Studies of the effect

potential on sodium permeability (W 3
tronply sugpest that the descending hmb of the u:uix !:‘t! a:?r:sziil)

veslts from w decresse wn gawerd sodwum current. The process:
es e
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TABLE 3—Electrical Constants of Excutable Tistues

Mm m el
ERT Yl IR ol Bohod bl Bl K
Pt u 1
Unats » mV em Qem' { pFcm*{ mec | fem
Squd
Axon 500 61 025 700 15 10 Y
Sepia,
Axon 200 62 06 12 000 11 130 Ly
Carcinus
Axon 30 82 02 6700 135 | 90 &
Frog
Muscle 135 86 024 4100 80 340 250
(Sartonius)
Parkanje
Fibers 75 20 J 19 1900 124 195 10>

Data obtained from Eccles 1952 and Weidmann 1952

the transmembrane resistance returns to a high value mmedately after
the spiked reversal and increases progressively all durng the platess
(Cranefield et al, 1951a, Werdmann, 1951) Furthermore, durmg the
phase of repolanization no appreciable change mn resistance has been

recorded
IONIC BASIS OF CARDIAC TRANSMEMBRANE POTENTIALS

The nature of excitability and of potential changes duning actwity has
been discussed at some length 1n Chapter II however, some consxderad
tion of the apphicability to cardiac muscle of the theories mentione
seems pertinent

RESTING POTENTIAL The 1onic theory of electrical actimty (Hodg
kin, 1951) postulates that the value of the resting potentsal, E, should

be approximated by the expression for a potassium concentration cell

RT XKL
Ee~ — log —
F X1,

where K and K, are the concentrations of potassum inside and onl!;d;
the fiber resp ly In edd 3t must be d that the permcafl

1ty of the fiber to other 1ons 1s low, and that the activity coeflicients fo¥
d to the trons and are equal on both sides

P €or



11
TRANSMEMBRANE POTENTIALS OF CARDIAC MUSELE

across the membrane of a single fiber dunng diestole. Equal mcn:lw:;
of currept gave mse to progressively preater Jepolanzations ‘:‘}:‘r "
transmemsbrane potennal wss lowered to & mhr,,a\ Tevel (the reshol
potential”) and 3 d

1w p
8 i
of the action potential resulted The ‘magmtude of this cnticel threshold

B8
400

0

RISE VELOCITY~ v/sec

€0 80 100 120
RESTING POTENTIAL—my

EEEERRE

e
05 see
Trorx 21 A, Sobthresheld responses and the ongm of a propagated response m 2
wogle Purkaje fiber
B Relanonship between nnng velocaty of the action potenvial and the level of the

yestng potential as deternuned by the voltsge<lamp techmque.
T, Responses to donng 2 and sub,

low depolar

favon of 2 wngle Purnge fber o e
D Determmation of “threshold potential” in « Paskinje Sber ot vanous ymervals
{allowng sctmty Numbers Indieats corrent strength required to elicit & propagsted
taponse st each interval, Nate relative esse of stumalstion dunug Janter phase of

Tepolarizaton aod Jate 1z duastole. Compare with figure 28, gures
masn § Fhymel, W51 1938) o A s from ed
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sponsible for the platean and subsequent repolarization, howeser, ctn
be discussed only m terms of possibilities

The high membrane remistance recorded dunng the platesu suggests
that the permeability of the membrane to both Na* and K* 1s low at
this ttime Thus the unchanging membrane potential 13 not surpnsing
However, even though tracer studies have shown that activity mn cardiac
musele 15 assocrated with a pertodic outflux of K* from withsn the fiber
(Wilde and O'Brien, 1953}, it has not been possible to relate this event,
tinme, to the phase of repolanization Furthermore, s mentioned previously,
studies of membrane resstance do not provide any evidence of & mse
1 conductance duning the repolarization himb of the achion potentisl

Even though 1t 18 possible that repolarization of cardise muscle does
result from an outward potassium current, a3 1s the case an nerve, concht
sne dala supporting this cancept are not avmlable Certamly the umqee
time course of recovery mn cardiac muscle suggests that addihonal d
not completely different mechanisms must be operatve Al that can be
smd at this time 1s that any change or senes of changes yesultmgn a
net outward current of posttive 1ons would produce the observed restora
tion of membrane potential

SUBTHRESHOLD RESPONSES AND THE THRESHOLD POTEN
TIAL The voltage clamp studies discussed in Chapter I{ have shown
that the permeability of a membrane to sodium 1ons 15 # funchon of the
level of the transmembrane potential (Hodghm and Huxley, 1952b) Ths
rel bip can be described in rather general terms as follows If the
membrane potential 1s decreased from 1ts normal value, sodwm perme:
ability mses ond the inward sodium current increases This transfer of
positive charge mnward across the membrane produces an additional de-
crease 1n membrane potential and therefore a further augmentation of
the sodmm current However, a lower membrane potential also results
m a Jarger than normal outward potassum current which tends to ¥e
polanze the membrane The threshold for a propagated achon potental
15 the level of membrane potential at which the tendency to depolarize
13 greater than the tendency fo repolanze

The concept of a threshold potential can be better understood by a cont
sideration of the subthreshold responses of a amgle Purkinje Sber
shown 1n Figure 27 A (Weidmann, 1951) In the expeniment demon

strated, long lasting gulsr pulses of cathodal current were apphed
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depolarizaion the achion potential began Stular enidence of slow d;«
polarzstion T pacemaker aress of the false tendon of the dog ventnicle
has subsequently been Tecorded by other anvestigators (Trautwen 1953
Coraboenf and Bostel, 1953 Hollmsn and Suckhng 1956)

A typreal action potential recorded from a pacemaker regron of an
1scfated Purkanye Sber 18 shown m Figure 26-C In addihon to the slow
depolanizahion mentioned sbove, such an 2ction potennal 13 hstingwished
by a show upward curvature preceding the rapid upstroke and also by
& decrease sn magmutude of the peak reversal of membrane polanty (Fig
26E see alto Wesdmenn 1955b Hoffman snd Suckhing 1956) The
Qifferences mentioned can be {ully appreciated when the pacemaker poten
tal 13 compared with actwity recarded from the identical area of the
fber dunmg actinty vaduced by 8 dustant pacemeker (Fig 26D, E)

The major defermunants of the tate at which & pacemaker fires can now
be diseussed These are {1} the rate at which the transmembrane potential
15 Jast, expressed by the slope of the slaw diastalic depolanzation and (2)
the level of wnstability or threshold potential at which regeneratve ac
tmfy ensues Thus & decrease 1 temperature slows spontaneons activity
by altering the siope of depolarzaion (Coraboeuf and Werdmann, 1954
Trautwern 1933} while changes i the eoncentration of extracellufar Ca*
Pproduce variations in the threshold poteptial (Weidmann 1955k) Other
possibilities of conrse exst, such as a decresse 15 the level of resting
poteatial attaned drately after reporal dd l &
of such phenomena will be found 1n sub<equent sections

The assumptson can be wade that normal pacemaker activity s both
the S-A and AV noda) hssue of mammalien hearts 15 smilar 1o that
demonsirated 1 Purlonye fibers Although records from these specialized
Ustues are not avadsble typical pacemsker actinity has been recorded
from dog sunenler fbess mmder certan conditions {Fig 26F) Also
tecords from the sinus venosus of the frog and turtle heart revesl pace
waket actmity resulting from slow duastolic depolanzation ke that ob.
!;gzedl\{x‘:l“ﬁbmdnf the mammehan Purkinge system (Brady snd Hech,

e ey o A A
B ! ely (W
a‘;l’z {;: :L 19151 Hoﬂ:u(m and S‘nckb;:i ;;ai:)deﬂgtmr %\e en:\mne
w2d 1 ectapie foot such as have been postulated rS he
1947 Prinzmetal et a). 1952} stall remams a dxm(ncct p;:::i;err&unva
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potential in Puthimnje fibers 1 approximately 6575 mv nude negatie
(Weidmann, 1955b) The threshold potential might be called the level
of membrane instabilty This level at which n regeneratie process will
begin can vary 1t 15 really an expression of the forces tending to mam
tain membrane polanzation rather than & quantitation of forces tending
to break 1t down

SPONTANEOUS RHYTHMICITY

The nature of spontaneous rhythmcity 1 cardiac muscle has for many
years heen subject to only indirect investigation Althongh the rate and
regvlanty of spontaneous impulse formation had been determined and the
presence of single or multiple y kers postulated (Ryjlant, 1932,
Eccles and Hofl, 1934), the underlying nature of the intrmsic exaitstory
mechamem remained uncertmn That this process was not nseparable
from the property of refractoniness was apparent from the following ob-
servation Cardiac muscle normally fals to beat until some tme after
full excstabality has been restored Attempts to record some ndication
of the nature of the processes operating 1n pacemaker areas revealed two
major and somewhat sumlar types of activity In some cases oscillatory
changes 1n potential were recorded (Bozler, 1942-43) In others, slowly
nismng P propagated resp after g a certamn
magmtude (Rylant, 1932, Bozler, 1943) These results suggested that
some smooth or oscillatory collapse of the normal polanzation of pace
maker hissue fires a propagated action potential when a certam level of
depolarization has been attained

A direct demonstration of the membrane potential changes m pace
maker hissues was recently provided by the microelecirode studies of
Draper and Werdmann (1951) performed on the 1solated Putkinge fibers
of the dog ventricle This work revealed a constant difference between the

b P ded from p ker areas and thowe Te
corded from areas dniven by the pacemaker In the Ialter case, the resting
membrane potential remamed at a constant value until the area of mem
brane under myestigation was abruptly depolarized by a propsgated acton
potentinl When the recording was obtained from a pacemaker ares, o1
the other hand, the Testing potential began to decrease immediately after
the end of the repolarization and contnued to fall untl the level of
stability was reached (“threshold potential”) at which time & more rapd

1 hated o
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to attem s particalar potential a change s the threshold
::::;dxeqmnmenl mnypmu\l from severs) difievent $actors These will
be discussed briefly
») Changes 1n testing potential 1§ the yestmg potentsal 33 90 mv and
the threshold potestis) 33 65 mv., then & shoulns enrrent sufficient to
lower the membrane potentisl by 25 mv st be applied 1 order
stumate, 1f on the ofher band, the restng potestiad 13 only 80 me., e
stimulus must produce a Grop 1 potential of only 15 mv to reach the
threshold potenisl Thus relabonship {shown m Fig 23A, B} cen be
stated 1n general terms as Jollows at restmg potentials grester than the
threshold potentisl, for & given value of membrane yemstance the current
requred to sumulate 23 durectly related to the resting potential  Thus

hugher resung potentials result 1n an ancreas and fower Testng poten
tials 1n a decreass of threshold current 3} hi

q Thas hap has
been studied 1 detasl by oiher anvesigators (Jenenck and Geraxd 1953}

b} Changes in threshld potential It s guits obvious that any change
1 the magnitede of the threshold potential wall change the threshold eur
xent seq by the mech & d thove A higher threshold
potential, therefore, 18 sssociated with an inctesse 1n excitabibity and wice
rerss {Fig 28-A)

¢} Other changes There ste obmausly a number of ather vanables
wlud‘\ will influence the threshold of an excitable tisue Among these
3 of

It p pecially tn cases when
the stimulus duratton 1s Jong Also important are the uncertata fsctors
which control the rélavonship hetwoen potenttsl snd membrane pec

2

mesbility {see Chapter 3I) An und ding of the

between resting potentisl, threshold, snd threshold poteatial 15 of can
aderable vaiue 1n conmdenng the changes 1n excitabality that take place
dunng repolarization of the excitsble membrape.

THE NATURE OF REFRACTORINESS The duscussion of the re.
fractory penods of the mammahian ventncle 1 the preceding chapter
has aindicated that the zecovery of excitability following actinity 14 a cim
Hlex process perhaps even mare #o than 1s the sumilar case 1n perve or

theletsl muscle Although ktde 1s known of the basic
are \

A3,

1

echi
Dy for the ph of “: e wt\:.i
s phyncal and chemacal changes 1 the membrane th
;l;\hq ohu;nd &unsng the sefractory period can b: t::r’:fy“e:ﬂ:::i
o of the zel \,
todm current, P betwesn > potentil and
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TRANSMEMBRANE POTENTIALS AND EXCITABILITY

Study of the rel hip b the tr h I: 1 and ex
bahity 1s an I'4 of the work summanzed m the pre
ceding chapter A series of inveshgations of this type, based on the re
ding of t action p Is, has been summenzed by Schutz

(1936) The use of an ntracellular microelectrode to directly record the
transmembrane potential of a smgle fiber, however, provides a more 1¢
fined and direct andication of the changes in potential that take place

across a [imited area of \; Results obtamed with this techmg
therefore, are subject to more accurate interpretation than would otherwise
be possible

CHANGES IN THRESHOLD As has been stated previously, the thresh
old potential of n myocardial fiber 1s that value of the transmembrane
potential at which a regeneratwe depolanzation takes place If, as 15
customary, the “threshold” of a tissue 13 measured m terms of current

20-
A 100_msec A

4 -
mv Q-

20-

502

60- THRESHOLD_ POTENTIAL

80:_ﬁ Isi  \ resting_poTenTiAL

100>

20~ 8
mv'_*_'o: o

20~

40~

60- THRESHOLO_ _POTENTIAL,

80- . RESTING POTENTIAL

Ficvne 28 Disgrammahic representation of the changes in threshold of veatricular
cells to applied stimuly resulting from changes in testing potentsal. S sad 5; represest
the magnitudes of the threshold stimalk.
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as follaws Under restng condhtions, the stimulus mtensity yost adequate
to gve nise to a propagated response 13 one which depolanzes the fiber
smembrane 10 a entical level, This level, termed the Tevel of ipatabibty or
threshold potental 1s the transmembrane potential st which the resulting
mward sodim current 13 adequate to complete depolanzation. Dunng
secovery from acumty however the threshold potential at which an ade-
quate sodiam eurrent will eventuste 1s markedly changed and therefore
the stuufus required 1o Teach the entical or threshold potential 1y greatly
merea.ed
TEMPORAL RELATIONSHIPS BETWEEN MEVBRANE POTE)

TIALS AND EXCITABH ITY When the excitabihity of ventricular moscle
18 stadied by deterrumng the stimtlus 1ntensity required to ehait a propa
gated response duning end after the repolanizaton process of a single

fiber 1t 1s found that the sbsolute refractory penod lasts from the onset
of actinty ontl repol 3}

P . pleted (Fig 29)
20— A s
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Werdmann (1955a) has employed the voltage clamp techmque (Hodg
kin and Huxley, 1952b) discussed in Chapter 1 to study the effect of
transmembrane potential on the abihty of Purlanje fibers to undergo an

n sodium permealnlty Tn this work he employed the manimum
rate of rise of the action potennal as an mndicator of the snward sodium
current The results obtained demonstrate that there 1s an s shaped rela
tionstup between a steady level of b P 1 and the
rate of rise of the action potential resulting from stimulation (Fig 27B)
Thus, while at resting potentials greater than 90 mv the rate of nse 1
maximal, at a membrane potential of 70 mv 1t has fallen to one half
and at a potential of approximately 50 mv 1t 18 less than 10 per cent
of maximal These changes 1n rate of nise follow changes in the membrane
potential with a time constant of less than 20 msec

Tius relationship 18 seemingly responsible for the iabihty of the fiber
to respond to stmulation durimg the absolute refractory period, since
if there 18 no mward sodum current, there can be no action potential
Furthermore, the same property of the membrane can explan an poart
the elevated thresholds ohserved during the relatwe refractory Peﬂ"f
Duning repolarization, when the transmembrane potential 13 low (6070
mv ), a shmulus of normal threshold intensity results in a small depolant
zation, this depolarization, however, causes only a neghgble change 12
sodium current and an action potentia} fmls to appear Sty mueh
stronger than this, on the other hand produce far greater depolanization
of the membrane, this marked lowening of the membrane pulcnl\!l en
sures that the maxunum sodium current of which the fiber is capable
under the existing conditions will occur When, due to the Jerel of mem
brane potental, thi mnward sodium current 13 adequate, a me“E“]
achion potential 13 formed As repolanzation proceeds towards comple:

tion, progressively smaller depolanzations by the stimulus will t?“‘;
an adequate sodwm carrent and thus & propagated achon potentid
1 3 current

19 also possible that there is an aug
during repolanization as has been demonstrate
(Hodghin and Keynes, 1954) H this s the case, then part of the require
ment for mcreased stmulus intensity during the relative refractary per
13 due to this factor, since the repolarizing effect of the outward R cur
rent opposes the depolanzing action of the stimulus and of any resulting
inward sodium current

The preceding discussion can be su

po
d i certmn nerve fibers

mmarized 1 rather general terms
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s Fig 271 where 1t can be seen (hat the timecourse of repolanzation

d sub t slow dsastolie depol gwves nise to the following
3&::5!: su current strength xeqn:nd fo stmulate Towards the end of
1 when the b potential 13 only shghtly greater

than the threshold potential, the shmulus ptensity 18 mmmal. Subse-
quently s the membrane poteatial attams hagher values the carrent
strength equired to stimulate 1ncreases Finally, when the Sber begins to
depolanize once more, the stimulus requirement 13 again duminished In
terms of the shmulus mtepsity required throughout diastole the mbal
low value can be teferred to ss supernormabty A conmdershon of the
relagonstap between resung membrane potential and threshold dis-
cussed ehave provides sn edequate explanation for these observations.

DIPS AND REPOLARIZATION OF SINGLE FIBERS

The gresence of wregalanties or dips i the course of the recovery
of exctability of the heart has been descnbed 1 Chapter 1V and the
associstion between these dips and both an echanced vulnerabibity to
fibritl and also an d eft of anoda) ) hes
been noted (Opas et al 1950} Do wzeguianty 13 Tecorded sn the yee
covery hmb (repolarization) of the single fiber action potentia} at 2
comparable anterval 1 time (Fig 24, 25} Farthermore m the papillary
muscle under normal conditions there 1s no clearly defined anterval dur
smg repolanzation when test sumuls will prodace repetitive firng How
eser when the dogs papiflary muscle has been treated wath veratrme
(Mstsuda £t 2l 1923} ar when acstylcholine has been gdded to prepara
Gons of auncular muscle (Hoffman and Suckhing 1953-a) 1t 13 possible
to eheit multiple extrasystoles and yuns of rapid, spontaneous activity
by mmeans of suprathreshold stumuls applied at one mterval dunng the
wepolanzation bmb of the recorded action potential This occurs despite
the absence of any detactable uregulanty or sign of such a penod 1

the recorded transmembrane ac
toa potential. Upder these conds
moresver even stronger stumuh g o o

pphed at other inte
sungle extrasystoles Thas a persod ‘? . )Cbl":‘;:‘:ll;: p m‘n‘nly
:;e :: ;:ude:cmn of multple finng by a single stunuluy pu!ser:an ble
ustrated ey e
m;‘um Ph g:‘,: r;sn ted preparations of heart muscle at a cnhical
%13 possible that the dips and assocrated wuln
erability (s
VI vent from some process octmrring 1a each fber :yr ;;emc;m:;e;
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Ficure 30 Change n shape and
action potentials at various times during and after repolanization Time of apphcation
of stimuls indicated by artefacts on baselme Stimulation duning late diastele (A)
late relative refractory phase (B) early relanve refractory phase (C) and at the
border of the absolute refractory period (D) Compare with figure 27C (Retouched
to show action potential upstrokes by dotted Lines )

effective strimuli produce an action potential which not only nses slowly
but also 1s decreased m both duration and magmtude (Fig 27 C, 304, D)
Achon potentials elicited progresawvely later dunng the recovery process
are of increased voltage and duration until, when the transmembrane
potential 1s fully restored, the actron potential 15 of normal magmitude
Even at this tume, however, the duration 13 less than would be expected,
this accelerated repolarization of premature action potentrals 12 discussed
n Chapter VIII

SUPERNORMALITY 1In the preceding chapter a brief period of st
pernormality (1e, excitability somewhat greater than the resting level)
was reported to occur in the auncle and ventricle of some heatis A
similar period has not been found 1n studies of 1solated papillary muscle
However, n single fibers of the Purkinje system Weidmann (19552) has
demonstrated a short nterval of supernormal excitability durng the
termnal phases of the repolanization process His results are reproduced
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Frraz 31 A~Shows meffectiveness of all wtensities of cathodal sumoh of loug
duration 30 the pastually depolanzed yenmcalar el

B €, D—oshaw tepolaration donng long anedal stmal wath ongen of & response
wn the bresk of the anodal current Note that the wagnitade of the repense 13
proporuens) to the degree of hyperpolanzstion wduced v the text pubse. (Re-
touched to show action potential upstrokes by Bofted hnesy

eSert of anodal cument on 2 single fiber of the dog s Purkanye system and
the sitiation of break exestation

Ou the basis of thewe findiogs 1 can be postolated thet the late or
major &p 1 the strength interval curve of the intact heant ocenrs i the
following manner Dunng duastale exeatation takes place under the cathode
because 18 18 normally the effective tmulns and becanse although anodal
bresk sxentation can occur 1 diastole xouch hugher current trengths
would be required As the test surmulue 13 adsagced progresenely earher
suto the relatse refractory penod stronger cathodal currents are te
quired because of the changes 1n sodium current and threshold potentsal
disenssed above. At ths tume, when the mewbrane 1 panly depolanzed
the current flow mnder the anode will cause & Jocal repolarization and thes
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particular anterrelationships between several or many fibers Any at
tempted explanation of the nature of the vulnerable penod and of the
major dip 1 the excitability curve of the ntact heart must include 2

consideration of the followmng ph that are ly telated to
this phase of the recovery process 1) the temporary lowenng of threth
olds duning the dips which rep an actual Yy ancrease 1

excitability to test stimuli, 2) the ongin of propagated excitaton frem
the immedsate vietmty of the anode durtng this nterval 3 the demon
strated increase 1n susceptibility to anodal stimulation during a part of
the repolarnization process, and 4) the obeervation that vulnerabibty to
multiple finng and fibnllation resides n this anterval of the recovery
process Theee several phenomena may or may not be nterrelated, it 13
most hikely, howeser, that all have their origin 1n & common aspect of the
recovery pracess

LOW THRESHOLD DIP Records obtained from single fibers by means
of intraceflular microelectrodes have provided some evidence that can be
brought to bear on this problem, and a possible explanation of the tem
porary lowering of thresholds duning the major, or Jow threshold dip cat
be pted This expl depends on the known effects of anodal
current on the cell membrane

It has been demonstrated 1n numerous evpersments that snodal break
excitation can occur (see Chapter 1T} However, 1t does not often oceur
under normal resting conditions and always requires a greater current
fiow than does the corresponding cathodal sthmulus Furthermore, numer
ous experiments on single fibers of cardiac muscle hae shown that
anodal current repolarizes the membrane under a wide vanety of con
ditions (Weadmann, 1951, Coraboenf, et al, 1954, Hoffman and Suckling,
1955) In addithon Weidmann has shown quite clearly (1951} that anodal
polanzation of the membrane, applied even during the upstroke of the
achion potentia], can result 1n ether of two phenomena depending e:\ the
current wtensity employed Weak the tr
potential during the current flow and ehat graded spikes of depalanza
ion on the break Stronger currents in excess of a certamn definte value,
produce a complete repolarization that persists even after the current
flow ceases and 15 propagated along the membrane at a fimite veloaty
Earher workers have sumlarly demonstrated propagated repolarzation re:
sulting from strong anodal current n the hearts of frogs and turtles
(Schufi, 1850, Biedermann, 1895} Figure 31 4, D shows the repolanzing
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{racto! nod, tle changs 1
pxogtes.uviely mbﬁ,,‘:v:k:\;‘;g? 2‘; C, D;’ Iymuﬁcmon of a propa
:;‘:e?’n:h:: :i:::hal by means of a sngle electrode, however, 13 not
always rehable. it has been fousd by Grundfest et sl (194} that
when a gnt symd axon 13 stmulated dunng peniods of "hmm’:ﬁ
a response showing an actual overshoot but wh:ch'ls not propagated
occur  Al-or nothmng prop 13 not o y i
Tence of a apike Iike response near the 1
this observation that 1 mdividual heart cells latency of response at var
1ous wmtervals of the refractory penod rTemams about the same nnless
strength and duration of strault are changed, suggests that the ancrexse
1n atency noted 1n stodies of the antact heart 1s due prmanly to a slow
1ng of conducting when the action potentual 1s imtiated n partially re-
corered tissue. This certamly 15 the case 1f conmderation 15 humted to
suruh of & reasonable range of wtensiies On the cther hand, 2s men
toned previously very strong test pulses may creats a local hissue polan
2ation which perssts for some time and then stumulates sfter the recovery
of exatability has been completed. In such csses the very long latency
nated 1s raerely a measure of the tune requared for recovery of excitability
to reach resting fevels

The observation that suprathreshold pulses whether apphed dunng
diastale or late m the yelatwe refractory penod, cause a decrease in
latency 18 also expimned by the nature of the local response and the action
potential. A shmulus of just threshold intenuty produces a partial de-

L of the fber membrane This depol

P causes an ncrease
i sodiwm permeability and a fusther depolanzaton, snd this se-called

Tegenerahive reaction proceeds wath an ancreasing veloity until the rapid
apstske of the action porential 3s formed 1, on the other hand a supra
threshold stimulns 15 eraployed the transmembrane potential 1s lowered
almost 1n tantaneously to » very low valte, manumum sodium permeshil

1ty results almost wamediately and the latency between application of
the test shock and &

ppearance of the achon potential 1 therchy decressed

The decreased latency assocated with the action Ppotentials onginsting
w the anodal surround when test pulses are apphed duning certain parts
of the relative refractory periad probably vesults from the fact that the
local repolanzanion mmduced by the anoda! current imcreases excitabiy
25d also from the fact that thas mereased excutability ancreases th 7
duchion veloezty to normal values, .o

d by oceur
rverthel
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8 restoration of excitability If eathodal current 13 not able to stmulste
readily this repolanzation effect 15 able to cconr Subsequently, on the
break of current flow excitation may oceur sn the anodal surround Severs!
findings sre at least compatible wath this hypothesis, these are 1) the
apparent onset of activity close to the anode duning the major dip, 2}
the change m latency usually associated with test shocks apphed ot this
wmterval of the cycle, and 3) the observation that very short pulses fai
fo stmulate dunng the interval when the major dip 1¢ found In addt
tion, the sssociation between the dip and valnerabality to fibrllation mght
well result from the Iocal inhomog of the my frum, with respect
ta bath conduction velocity and level of excatability, that results from the
repolanzing effect of anodal current flow In regard to thi, it has been
shown that anodal current 13 more eff than cathodal 1 prod
fibniliation (Harns and Moe, 1912)

The shape of the typical strength interval curve suggests that perhaps
two different modes of mtiation of sctivity are operative dunng the re
covery process Early durng the relative refractory peniod the curtent

trengil quired to late are often one hundred or more tmes
greater than the resting or diastohic threshold Furthermore, the transiion
fram these extremely high thresholds to the fow intensities needed during
the major dip 13 qunte abrupt It 13 thus possible that activity 1n response
1o early, very strong shmul occurs becanse these pulses create a focs!
polanzation of the hswue which persists until recovery has been almost
completed (Harns and Moe, 1942) The apparent mabslity of the anode to
couse repolanzahion and break excitation at this time might well sesult
from the production, at these huigh current strengths, of propagated re
polarization oripnating m the onodal surround A simlar explanation
may cause the “nothing” phenomenon that has been discussed i Chapters
IV and VI However, the expenimental evidence presently available 15 not
adequate to test either of the above possibilities

LATENCY AND THE LOCAL RESPONSE The statement has been
made 1 the preceding chapter that the most adequate method of measur
1ng true latency 19 to record from the same area of membrane through
which the shmulus current 1s passed as well as from more distant Jeads
This method of recording near the stumulating electrode hos becen em
ployed mn studies of the single fiber actnaty 1n the Purkinje system (Weid
mann, 1955 a, b} When an ntracellular mmcroelectrode 18 used to e
cord the response of the membrane fo stmul apphed during drastole and
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TFrcene 32 Relanonship between the tranumembrane achon petential and the wm

polse electrogram. A snd B show the effect of heart rate C 20d D thow the efiect of
extrasystoles. See text for discussion.

13 assoctated with an wcrease and slow yepolamzstion with a decrease
1n the voltzge of the T These two types of change i the repolarization
precess—early os late imniation and slow or rapid time course—may vary
10 the same or opposite direchion In either case the appropnate T wave
change 18 recorded This 15 clearly shown 1 Figure 32 C which portrays
the Brst two action potentials recorded on smtation of achvity from &
single fiber of a previously quicseeat papillary muscle The first action
potental 1eveals a long platean and rapid repolanzation and the sunnl
taneous electrogram T wave 1s late and large. The plateau of the next
action potential 13 shovter and repolanization more gradual the mmul
tancous T deflection 1 early and shallow A sumlar relationship batween
the iming and magnitude of the muncular T wave 2ad the treneaembsane
potentals of the suncle 13 seen 3 Figure 25

These records demonstrate that the position and magntude of the T
defleston of A umiphe eecropxam are durectly infiuenced by the course
u:Y membrage sepolarization, These smple relationships do not exclude the
effect of other factors such as the temporal dispersal of actmity 1o the
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RELATIONSHIPS BETWEEN CARDIAC MEMBRANE POTENTIALS
AND THE UNIPOLAR ELECTROGRAM

It 15 not within the scope of this work to discuss mn any detal the
vanous theories which attempt 10 explain the genesis of exher the cardiae
electrogram or electrocardiogram However, since these records are most
frequently employed to study the propagated responses of heart muscle,
it 13 pertinent to comment upon certamn relationships between cardisc
membrane potentials and the local untpolar electrogram which bave been
demonstrated by recording the electnical actinity of single fibers (Hoff
man and Suckbng, 1953a, 1954)

The temporal relationship between the R wave of the unipolar elec
trogram and depolanzation of the muscle membrane and between the
T deflection and repolanzation has been mentioned i previous sections
(see F1g 24) ond npphes equally well in the case of both aunculsr and
ventnicular muscle As shown in Figure 32 A when the local umpoler
electrogram 1s recorded from the surface of the muscle immediately od
jacent to the site of the Hul, lectrode the ke of the
transmembrane potential record and the vapid positive negative intridac
deflection of the electrogram R wave are inseribed simultaneously When,
on the other hand, these two electrodes are more widely separated, the
minnsic deflection exnher precedes or follows the evidence of depolanization
recorded by the intracellular electrode These records thus offer conclusse
evidence 1n support of the concept {Lewns, 1925, Wilson et al, 1933, Mac
Leod, 1938) that the mtrinsic deflection of the semudirect umpolar electeo-
gram egnals the occurrence of depolanzation 1n the muscle directly sub
jacent to the shigmatic elecirode

It has been possible to further evaluate the causal rel hup between
depolarization and repolanzation of the exciable membrane and the
electrogram defl by ding ch produced i the latter record

when the fime course of membrane activity 13 varied

When only the duration of the ventncular achon potential 1s altered
{as by changes 1n hesrt rate) and the time course of depolartzation and
repolanzation remains the same, the only change produced i the sl
taneous local umpolar electrogram 1s 1n the durshion of the RT interval
The earher recovery of membrane polanty seen at fast rates 18 associsted
with an earher, simultancous T deflection (Fig 32 A, B) When, how
ever, the rate of repolanzation of the cell membrane changes, the amph
tude of the T wave 13 altered As seen 1n Fagure 32 C, rapid repolanzation
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polanzation snd the herght of the threshold potental are mmong the fac
tors mvolved.

The ek hp between hihty and the b action
potential hay been determuned. Dunng the refractory peniod much stronger
currents are peeded 10 1nduce an 1nward sodinm current adequate to excite
the cell by Teversing the polannng processes underway Absolute refracton
ness persists following achvity unh) repolanzation 13 sppronmately half
corapleted

A wriod of supernormality occurs duning the termnz} phase of the
transmembrane action potential This 18 clearly idestified by tran.mem
brane recording

Stadies of the effects of applied anodal and cathodal current on traps.
membrane potestial have shown that anodal current aids an repelanza
won of the membrane and may shorten the peniod of relative refracten
nesy Cathodal current has only a depolannng effect,

The relationship of cardiac membrane p s to the umpelar electro-
gram 15 described and information denved from studies of the trans-
membrane athon potential g the dip ph tnerabil

to Ebriflation snd latency of vesponse 1s discuseed
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muscle, which also nfluence the form of the T deflection They do, how
ever, mdicate the degree to which the unipolar electrogram reveals the
tume course of depolanzation and repolanization 1 cardsac muscle

SUMMARY

The superionity of the direct mucropuncture techmque to the mdect
or surface recording methods for measuring transmembrane potentials
becomes obvious when the two techmques are compared The action po-
tentials recorded by means of intracellular el des are hat df
ferent 1n ventnicular and auncular fibers of the dog heart The ventncular
cell potential shows a long lasting plateau phase which s resporsible
for the slower rate of repolarization Simultaneous recardings of transmen
brane action potentials and the cardac electrogram show that the nung
phase and overshoot of the cellular potential corresponds to the R ware
whale the fast terminal phase of membrane repolanzation carncides with
the T wave of the electrogram

Recording of tr brane p Is from sp
the Purkinje fibers gives information concerning pacemaker actiity The
microelectrodes record the spontaneous depolarization which begins &
soon as repolanization 18 attamed following actvity A propagated action
potential 1s imtiated when this local depolarization reaches & entical level
This patential of mstability 19 referred 1o as the threshold potential be
cause when this degree of depolarization 13 attained a regenerative process
1 touched off which brings about further depolanization snd a reversal of
potental

Theories adanced to explamn the reshng and action potentials and
rmembrane repolanization on the basis of 1on fux provide an adequate
explanation of most ph observed 1n the heart cell The magmtude
of the reversal and the rate of nse of the action potential vary as pre
dicted when ¢ lular sodium won 18 changed Although 1€
polanzation probably involves an outward flux of potassium the umique
tume course of recovery m cardiac muscle suggests that addstional, of not

pletely different meck must be operating than those thought
10 bring about repolarization and restore a normal restng potentsal 10

Jized tissues <uch a3

nerve ; me
Spontaneous rhythmicity appears to ongmate i the nstabality o
membrane of pacemsker tissue Varous mnfluences are found to affect

the rate at which a pacemaker fires Changes in rate of spontaneous de-
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V1 The Production and
Nature of Fibrillation

Current theorles of fibrillation and the clrcumstances h;lorA
ing and pr this type of yth re

new r.nncyep! of c:usxhve factors is considerad Vulnerability
1o fibeillation and the location of the vulnerable period in the
cycle Ronftation threshalds defbailatan the “nothing-phev

nomena™ snd other matters pertaining o abnormal responses
of the heart are destribed

NORVAL FUNCTION OF THE HEART depends tpon coordimated rhythmic
action of all yts parts Effcient integration of the contraction of heart
muscle elements 13 necessary to develop the requred tenmons and to
mamntain a sequence of events which will enable the heart to operate as
a pump The energy for the maintenance of artenal blood pressure and
flow comes directly from thus organ ‘The ejection force establishes the
required pressure gradient and the concomitant cardiac output supphes
the tissues with needed matenals Cessation of effective heart function

may result from anatomicel defects, fafure of venous retumn of blood,
falure of rhythmie 1

Toss of or breakdown of the
! g factors g €oop actity of heart elements
A Lites of Bty of cond

and of the wtnnsie exeta
tory processes of heart cells can gave ongin to the latter types of func
tional 1mp A d of cardiac arrhyth and

to sll;;nlﬂalnr wfuences 18 thecefore pertunent to the theme of this ‘mone
grap

MAINTENANCE OF NORMAL CARDIAC RHYTHMS

THE ROLE OF THE PACEMARER The heart 1s actually comprised
of many potentially autonomous umts Not only can 1ts coraponent cham
bers beat independently but also all cardine cells
contract rhythmically Any portion of the heart can be excited mtrinaicall;
;7: extm:;xcg!ly by applied stumul and an smpulse thus imitated can unve’l
bn;ngey! ‘t;?:::l ::oc:d;udnc cells are interconnected by protoplasmic

o Gt ated :mvx‘Y ls‘leun!ed by pacemakers so lo-

1
); ¥ th
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ode
ste of tnitial pegatnity roved about wathin the sinoauricular n
:ﬁ:it:g‘ some lack nfg absolute dommance there but for the mo‘s! ‘p.:{t
the heat onigmstes in the mid portian of thus structure {Prinzmetal ¢
1052) Vananons i thythm of beat ongin aXe somrlimes $O ﬁr‘:s 18
to be spparent o the tasal ohserves sinus arthythm:a 19 2 wel mu:l
phenomenon (Antep et ol 1936 Lepeschlan 1951) Even m the dl:xos
regulatly beatng heatts there are fuctuations of a few md‘h»sccon m
cycle length ble by exact and the regulanty of the
thythmne actmty of pacemakers 1s sibject to modificaion by neural,
chemical and physical ynfioences {Chapters V11 VHI X} Substaotial
vananons in sives thythm are posuble without excape of other pacemakers

THE ORIGIN OF ARRRYTHMIAS The term erhythmua 19 applied
to a constderable number of sbnormal occurrences The well kmown facts
can be stated briefly as follows. Permanent or long fating domunance
of the heart by other then the norwal sinoaunculsr pacemaker produces
an abnormal sequence of electrical and mechameal evets This may be
due exther to a d g X

P rate to
ation by the normal X

of smpulee gener

of impulse for
mnation 1 an ectopic focus o the former case the heart yate will be

slower and 1n the datter faster than normal. The atypteal rhythm established
may be quie regalar Theorencally beats can onginate 1n any part of
the suncle ot ventnele but there 13 a haerarchy of potential pacemakers
m the beart and Wt can be predicted that if the S A node 15 destroyed
the AV node wll sssome the pacemeker yole The AV bundle serves
s a conduction pathway between aurcle and ventncle and when 1t 18
severed these two chambers beat independently The tisues which con
shtute the speuial conducting system of the heart have a grealer sntnnsic
thythm than the primandy contractide fissve and when the smozuncular
node and the A V node are 1nactivated the ventricalar beat tends to ong

mate i the A V bundle or sn some lower segment of thus spectalized con
ducting system.

or to enhanced

There exe exceptions 4o s general rale and the normsl h;
Beat can be intermpted b ; T of the

5 extrasystoles which may ongmste 1n prac
tically any portion of esther the aurele ar ventescle. :

If the extr

sceurs emtly 1 the ecle, espectally 1 a slowly beating heast, n: )‘":“:‘:
polated beat results becau_e the myecardium recovers noymal excitabihiy

agun befate the next systole 15 due Such mnterpolated beats cause m};
readily perceptible snterference with the hearts mechanical fanctions 1t
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the various compoanents of the organ nto action 1 an appropriste
sequence

There can be no doubt that the beat of the heart 1n vertebrates 1s of
myogenic ongin (Lovatt Evans p 549, 1952) After each beat the heast
pases through @ regular senes of recovery phases attamning normal
excitability Each new cycle of electrical and mechameal events results
froni a wave of excitaion which sweeps over the heart from its site of
ongn m the pacemaker stumulating all cells before intnnsic finng ocours

Intracellular recording by means of microelectrodes has shown (Draper
and Werdmann, 1951, Brady and Hecht, 1954, Hutter and Trautwen
1955) that in cells serving a pacemaker function, depolarization does ber
gIn &s <0on as repolarization 15 completed When this local evestatory
process (slow spontaneous diastohe depolarization) has resulted i 3
entical level, a propagated impulee 15 mihated which gues mice to the
next heart beat It 15 not known whether the excitatory process 1s merely
a gradunlly developing mstability of the polanized state of the membrane
brought about by the decay of polanzing forces, or whether 1t 15 a new
set of metabolic phenomena which stand 1n opposition to the processes
warking toward the production and maintenance of membrane polariza
non (Chapter 11 and V) It 1s known, however, that when a heart cell
33 depolarized before 1ts 1ntrinmic excitatory process has attaned an effec
tne wtensity, the buld up of thus process must start agam from the
amtial level Heart cells are thus dommnated and driven by pacemalers
poscessing a higher intrinsic frequency

The rhythm of events in the mammalian heart 1s normally established
by a pacemaker located wathin the sinosurscular node (Eyster and Meeh,
1921) Rylant (1928) and others (McWilham 1888 a, Erlanger, 1913
Geraudel, 1935} have described presinus sites of beat ongmn but st has
been demonstrated beyond a doubt that the excitalory provess occurs
i or near this specialized structure even when 1t 18 transplanted o 8
different mte 1n the auncle (Rylant 1927) This pacemaker 13 the cardiac
hssue which normally possesses the highest rhythmiaity st onginated
waves of excitabon which pass through the heart activty of
21l other heart cells before therr mtrnsic processes would normally base
caused them to contract

The heart bests with 8 regulanty and at a shythm determned by
processes within sts pacemaker The regularity of the thythm of pace:
maker tsue varies somewhat. Eccles and Hoff (19342 and b} obeerved
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A DESCRIPTION OF FiBRILLATION AND ITS RELATION
70 OTHER ARRHYTHMIAS

Fibsillaton 15 u state of rapid and dusorgamized actinty of the ele
ments compnsing the myocardinma It 13 an arbythmta whach demon
strates the ulhmate disorganization attamable

AURICULAR FIBRILLATION AND FLUTTER Very fast regolar
atrial thythms of 350 to over 500 beats/mun cen be sustained for long
peniods of tume. Under these conditions because of the humted poss
biliwes for conduchon 1o the AV bundle not sl of the auncular beats
are followed by ventricular tesponses The very vapd sction mparted
1o the suncles 2t such rates was called atnal or zuncular flutter by
McWilliam (18385} Ratchie 1 1903 vsing venous pulse tracings showed
that an atnal futter sumlat to thet produced expensmentally 1o dogs oc
curs climeally When these ramd aurcular rhythms become somewhat
wrregolar the descrptive term applied may be exher “unpure’ or “irreg
ular flutter” or even “coarse fibnllation™ depending upon the extent of
arregulanty of the electncal events recorded m the electrocardiogram

Aunculer fibnilation 1s a state 1 which disorganization of activaty 1s
30 grest that the auncles lose their abibty 1o formbly eyect blood 1nto the
ventnicles They becorne distended not from lo s of activity of the muscular
elements 1 their walls but because the muscular elements are not acting
m gmson The auncular fibers mdivtdually considered, dusplay & very
{ast regular or wrregular rhythm of contraction unrelated to that of any
other fibers Occasionslly 2 suffcient pumber of these mdependently act
g elements best 11 phase to give electnical and mechanical waves which
fravel for short distances over the atna) surface but these are never effec
ve enough to produce an ejection of blood or a relief of the venous con
gestion In auneular fbnllation as 1 auncular flatter the ventnicle can
ot {olow the very fast bombardment of 1mpulses comung from the auricles
Because of corabined effzcts of AV bundle and ventricular refractonness
the tentricle s action becomes grossly rxeguiar

The dentity of avcicular fhnlk first prodeced Ty b
Vulpien an 1874 vath the choocal condition termed delirum cm‘du‘ way,
demonstrated by Rothberger and Wintesberg (191416) and by e
(1618) Protection of the ventricle from thus bomb: e Y
from the Bbsllat b ombardment of ampulses
airable and 15 8 leg\:sr:u:x n}; Ez;:ﬂmg e degree of AV Hock » de-
wnded the auncular fbrillation mnsfu !:: t‘:r:x!n“:l‘:d‘(salm 152k, pro-
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an extra beat otcurs ate 1o a oycle, however, the zefractormess induced
thereby does nterfere with normal beat ongn {auncular extrasystole)
or conduction (ventricular extrasystole) and there 18 a “compensatory
pause” until another best can onginate m the pacemaker Thus latter oo
currence does impaur the regularity of the hesrt’s pumping action Extra
ystoles con be thought of as ongmating from comp pacemab
and of this p persists, multple extra unpulses are created Sus
tamed action of the ectopie pacemaker can canse 5 very rapid heat
rate as occurs mn parovysmal tachycardia and probably also m )
flutter (Wiggers, 1949, Prinzmetal et al, 1952, Hecht et al, 1953)
Multsple extrasystoles onginating exther from a single focus or several
forr may so nterfere with normal pacemsker domsnance that serious
disorganization of heart action tesults

For purposes of & B Cony t grad; of abnormalities can
be made starting with sinus tachycardsa, theough parazysmal tachycardss,
suricular flutter, impure or 1reguisy futter to auncular fibnilavon Sinus
tachycardia follows release of the S A node from vagal shibitien or may
be induced by aceeleratory nerse sbmulation or the direct action of drugs
on this pacemaker hssue (Wiggers, 1949) Paroxysmal tachycardis of
atrial ongin 13 differentiated from sinus tachycardia by sts more rapd
anset and cessation and greater regularity The rates sttamed are higher
than the S A nodal rhythms ns though sn irntative process actng else-
where than 1n the sinus nduces such a rapid ongin of beat thet s
region suddenly takes over the pacemaker function from the more lowly
acing 5 A node 1t has also been suggested that competing distinet pace
makers might, between them, double the rate of heart beat. Para arthyth
msas do occur an the heart {Rsufmann and Rothberger, 1920} but the
couphing of beats to produce 1achycardia can also be explamed on the
baus of reentry Very ramd multiple firng can onigwate from either 8
persisting sk or local extitatory processes of varnious types (Chapter
1T}, and one need not evoke ether multsple foct or crecus mavement
hypotheses to explam paroxysms of rapud beat omgin unless evidence
of such occurrence 1¢ found {Hecht et sl, 1953) It can be sard, how
ever, that these arshythmias which vary from simple mterruptions of
normal thythm by occasionsl extra beats to complete d\sutgumfauan o]f
the myocardisl activity, are due either to it of extrinsic
stes which interfere with the normat conduction of wmpulses or create

ectopre focs of exartaton
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thus particular state of actwty 1n the auncle Fibnllaton 1 the’ ventncle
s 1n the suncle 15 B0 dwated type of P ne
wseful beats The ventricles dilate and groups of muscle fibers appear to
contract mdependently of adjacent segments of the myocardium ympart
1ng & vermicular movement to the chamber walls (Wiggers and Wegna
1940) Thus arthythmia at its ineeption s pot &n all or none state The
incoordination may first wvolve comparatively large sechions of the
myocardium and then progress by a fractionstion of activity wto smaller
and smaller mdependently acting areas, Fibnll may thus develop
out of a scries of multiple exirasystoles and a temporary state of futter
Iike actnity

1n attamung the true Sbnllatory state there 13 a progressive multplt
cation of the fragmentation and the elements beating 1n wmson become
fewer and fewer but even m the ultumate stages of fibnllation 1t 13 doubt
ful that all fibers are beating wndependently small fiber groups are con
tracting out of phase with other groups and there 13 often a wave bke
motion imparted to the surface of the ventricle (Wiggers 1940) Re-
cording of the achivity of single elements i the myocardum of fibrllat
g hearts by ntracellular electrode leads shows that these elements may
wiher be contrathng st very fast regolar rales as mdicated by achion
potentials of a umform amphtude and spacing or thew acumty may be
vaned m that achion potentials are not regularly spaced nor of umform
size and durshion (Hoffman and Suckling 1955) (Figure 33)

A great deal has been wnitten concerning the ehology and the pature
of flutter and fibnllation and the numerous theortes held have often been
discussed and reviewed (Lews 1925 Wiggers 1940 Scherf etal 1953
Hecht et sl 1953) One certamty 1s that n these conditions no single
pacemakes dominates the beaxt =t aff fumes by mating a rhythm of
actmty which all other elements can and do follow Further duseussion
‘:&f the cause and nature of fbrillation 2nd allied arthythmias will be
P:'::’:i;.nm the resilts of varous new expermental studies have been

VULNERABIUTY OF THE HEART TO FIBRILLATION

The exsstence of a  vulnerable
period dunng which
are Lkely to produce fibnllation of the heart has be:n arigxl;md xzsedumf‘:)l:
‘a Z:mh" of years DeBoer (192021) showed that 2 proci.; sumlar
o fibnllstion 1 mammabian hearts could be mduced m the frop s ventnicle
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VENTRICULAR FIBRILLATION Ventricular fibrillation was firet “
described by Erichsen 1n 1842 and Hofla and Ludwig in 1850 but Vulpian |
n 1874 first used the name fibrillation (mouvement fibnllare) to descnbe

Ficure 33 Single fiber activity durmg fibnillation

A and B Spontancous repetitive activity mn = Puxk.m;c fiber Arrow indicates
ongin of action potentral Note rep during recovery

C Auricular tissue showing normal action potentials and irregular actvity dunog
fibnllation induced by stimalation (arrows) Lower tracing is the electrogram-

D Actiity of smgle ventneular fibers dunng fibnillation induced by moxu.

E Slugle vemncular ﬁber activity duning fibnllk produced by
& shown 1n upper tracing
F Cellulur action Is during fibnill d by KCL.

Records A, B from 1solated tissze C D E, F obtamed from 1ntact hearts 1o siti
Time marks at 50 msec 1n A and F
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Hofiman ¢t 21, 1951 1955) There sppears to be no question that vulner
ability 13 sasociated with the vecovery of excitabality and the yepolanzs
tion of heart cells following a propagated beat. The guestion remaining
15, during what terval ot ntervals of thus recovery pened 1 the heant
vulnerable to fibnllaton

Techmques employed to study the state of excitability throughout the
cycle are appheable to the locohustion of phaves of the cycle dunng
whch the heart mught be vulnersble to the prod of &bnll by
electrical stmoh  Stmul of varying suprathreshald intensity and dif
ferent durshons can he apphed at sll intervals of the cyde to determine
the state of the hearts vulnerabilty (Oras et al. 1950-a, Brooks et a
1951) If at any peniod fibnllation results the heart can be defbrillated

by countershock and the testing continved Such studies have been con
ducted and the results are as follows
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by aingle mduction shocks applied near the end of mechancal systole
He thought that this tesponse was pecubasr to the hypodynamic state
of the heart at that period Andrus, Carter and Wheeler (1930} found
also that & seingle snduction shock could cause fbnllation of normal
auricles of dogs More defimte staternents concermng the posibibty of
producing fibnllation by single shocks of short duration were made by
King (1934) and Ferns et al (1936), who reported that shocks of
003 second duration were effechive 1n fibnillating the ventnicle They also
pointed out that to accomphish this the shock had to be applied durmg
the eccurrence of the T wave of the electrocardiogram, an event which
they nssociated with the relative refractory period Wiggers and Wegna
(1940) greatly expanded this observation and demonstrated 1) that &
considerable portion of late systole constitutes a vulnerable period duing
which stmuli (single mduction shocks or condenser discharges) are
effective 1 inducing ventricular fibnilation, 2) that vulnerabihity 1 10
herent in normal hearts and 3) that the elicstation of fibnilation dunng
this period does not require the passage of current through all portons
of the myocardiuth Later they found (Wegna and Wiggers, 1940) that
weak wnduction shocks apphed dunng the vulnerable period ehented only
early premature contrachon but if shocks were increased 1 strength,
fibnillation resulted Such shocks apphed durning diastole never produced
fibnillation Subsequent work by Wigger s group {Wegta, Moe and Wig
gers, 1941) gave addibonal support to the concept of the emstence of
thus vaulrereble period and also located 1t an the latter part of systole, &
time during which some fibers are 1 and others have passed ont of 8
refractory state (Wiggers, 1949, text p 573)

Despate this evidence that the vulnerable peniod 1 » phenomenon of
late systole and the terminal phases of the refractory penod, there sult
remain 1n current textbooks statements to the effect that when o shock falls
yust outside the absolute refractory pemod of the auncle ot ventncle
these tissues are hikely to fibnllate (Lovatt Evans 1952) This secmung

trad between local of the vulnerable period early or late
in the relstive refractory period can be resolved but statements to the
offect that fibnilation may be amitiated most readily by weak electncal
stimulation at the point an the cycle when the heart tissue 15 least refrac
tory (Soderman, 1950 p 83}, as though the peniod of vulnersbility comn
cides with the phase of supernormal excitability, are not supported by
recent evidence (Omas et al, 1949, 1950 a and b, Brooks et al, 1951,

4
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s the ted response (Hoffman et al, 1951) Figure 34.B shows &
‘csmh:]xgcbemm? the dip wres of the sall mammalien aunicle and
the penod during which multiple suricular extrasystoles can be ehated
An explanation of the fact that dunng the vilnerable penod a shmelus
as 1ts strength increases can produce varions effects namely a single
extrasystole multiple extrasystoles fibnilation or at very hugh mtensity
1o response at all will be offered later

}ENTRICULAR ¥ULNERABILITY The exstence of & period of

nerabul fibrll d d first 1n studies of the ventncle

to was
Inasmuch as the recovery process lasts longer 1n the ventncle than in
the aundle often shawing two well defined dips this provides oppor
tumty to study wn some detml the refanonships between these 1rregu
fantes 1 the Tecovery corve and vulnerabibty to fibnilstion This will
be done i the following paragraphs on the baus of the work of Hoffman
etal {19511945)

1 Dog Heart The dog s ventncle 1y readily fibnilated by the applica
tion of & single test shack when this falls within the major dip area of
the recovery curve (Figure 35 A through € see also Table 4) Pror 1o
and followmng the dip aress, esen shocks of maximal duration (1S meec.)
and hugh intensity (20-30 ma.) can be apphed wath ipuruty Spaontanecus

Taziz 4 ~Relanonshup between Vulnerability and the Mayor Dip {n the Dog Ventnele

o et 1651 AN KL‘:"'
1N Leagh, Pertod
e, v o
P @B 5 L Lation :::‘::I:
6/24/53 &0 FIESERY 11512 12> 120
12/22/53 20 115139 120125 122 120 :?;
78753 300 100115 1015 105119 15 120
TS 250 90205 8595 oo 0 120
16143 W0 100115 100179 05 e 130
6026/53 R 110180 15130 12 125 160
4/21/53 300 120160 125150 1350 150 180
10/53 30 130150 135158 18 s 1
5/15/53 a0 10140 105020 130 115 150
10113/53 250 12>140 12530 3 10 1%
578/53 300 140160 12514 150 130 160
2/2/5% 300 110230 9118 120 110115 140

*In all cases the Tange of vulnersh
stmulie (13 maec o 7 s that d

d with 5 shorrd,
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ation by stimali varying »n dursbion between 01 to 150 meec and from
011to 350 ma in intensity It can be shown, however, that the auncle
1 vulnerable to fibullation only dunng a certan phase of the relaime
refractory periad (Orias et al, 1950, Brooks et al, 1951) If the strength
of the stimulus acting st these partscular intervals of the cycle 13 gradu
ally mereased mn intensity, single extrasystoles, muluiple responses and
brief periods of flutter or fibnliaton occur The duration of the runs
of extrasystoles vary somewhat with the duration and <trength of the
testing shock but once imbated fibnllation lasts at least several seconds
regardless of stimulus strength and frequently persists until terminated
by massive stmulation (countershack} or some other pracedure On the
other hand, very strong shocks may produce no response at sll whea
apphed duning the vulnerable perod but shns phenomenon wil be dis
cussed later

As shown in Figure 34-A, the vulnerable perod cowmeides with the
major dip of the strength wterval cune of the dog suncle (Bronks et al,
1951) Long duration test shocks (13 15 meec) gve a less precise de
hmatation of the yulnerable period than do stimub of 13 msec i dura
tion, nevertheless all stimuh show vulnerability to exist durng this same
period of the cycle Pulses of very short duration do not stimufate the
heart early enough m the cycle to reveal the dips (the vulnerable pertod)
and the briefest stmuli which do show the presence of dips ate nat effec
tive enough 1 some 1nstances to provoke fibnllaton The thresholds for
fibnillation and the produchion of multple exirasystoles are never o8
constant as are those for single exirasystoles Repested stmulation &t
the threshold strength for fibnllation may at tmes give only multiple
extrasystoles The fact that both types of response can he evoked from
the same persod of the cycle suggests that the production of repetitv®
finng and fibnllation onginate sn the same basic processes (Harns and
Moe, 142}

1t may be added here that 1t 13 diffienit to produce fibnilation of long
duration an the small dog auricle and almost 1mpossible to produce it 18
the even smaller cat auricle by means of single shocks of 01 to 130 msec
duration and of 025 ma n mtensity Both the cat and dog auricle show
dips m the curve depicting the recovery of excitability however, and can
be fibrillated by tetanizing currents of low ntensity or by single shacks
when the tissue 18 cooled Single shocks of high mtensmty praduce 10
the cot auncle only muluple extrasystoles at a time when vuinerabuiits
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Jefhnllaton raxely cocurs in the dogs ventncle however, and defibnl
Tatson by means of 3 countershock 1s thus pecessary Of the atudy 18 1o
contunee (sce Chagter TX)

Test shocks of long duration frequently show en carly and a fate dip
duning the relate refractory penod as well as & long lastimg tuper
normality after recovery from refractonness In such cases it 13 some
tunes possible to demonstrate two periods of vulnershility (Hofiman et al.
1955) one during the late or major dip and another charactenzed by
» connderably hugher threshold at the earhier 1nterval of the recovery
process where the first dip occurs Vulperability 1s normally greatest dur
Ing the late or major dip under conditions mamntamng 1n these expert
ments However 1t has zecently been reported that 1n the cooled heart
vulnerahility to fbnillaton 15 grestest danng the phase of the cycle
showng the first or early dip (Hegnaver and Covine 1925}

2 Cat and Turtle Heart Cats and turtles were ongnally used almost
excluavely m ths wvestigation hecanse the smaller hearts of these ammals
catld be defibrillated more eanly than the ventnicle of the dog (Hoffman
et al, 1951} In the turtle ventnicle only a single dip late 1n the relative
refractory penod 13 to be found (Figure 36-A) Suprathreshold stimuks
apphed dunng the interval of the dip tend to elicit brief runs of extra
systales and/or fibnllation 1n the turtle ventnicle, Figure 36-B shows the
type of response conndered to be mulnple Brzng and the sequence of
events called fibrllation. Reactions of the turtle heart such as these can
not be elicited during other perzods of the cardiac cycle. In the cat ventncle
single shocks applied dunng duastole and most phases of the refractory
penod will not produce multiple extrasystoles or fibnillation. As . the
dog however an easly and 2 late or major dip are found Although there
15 much vanation 1 this species 1 susceptibibty to fhrilation, 1t 18 pos
uble to ascertain that both danng the carly and Iate or major dip aress
1n contrast o other mtervals of the cycle the heart tends to tespond by
Tepeliive extrasystoles and/or fibnllation to shocks of suprathreshold
miensity At least one dip or vulnerable penod 1s always obtained i test

Frorxe 35. Strength mterval curver (a—a) showen
g location of wulnerah)
l:.lhe dog {A B C) and cat (D) vemtncle Volnerable enod 18 -h::n‘;,p::‘:z
mt;h‘eg ares L‘;‘c :h: v;!nenb!c Ee:x:d 18 outlined by stmal of 1 wwee. {o——p)
msec. xJ duration trength mt
e iy (5 i o) A s e 2 1 2
aeparates the two viloerable perdy Fosse B ¢ )
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ed than
se ongin to propagated responses ¢an more easy be vreal
ﬂi\f: and iler 1n the cycle. Strong suprathreshold stumths upyh:](lll 1]:
these 'dip penods create effects whith eventuste 10 eithes E g‘
extrasystoles of fibrilfanon The presence of an eatly and late vulnesable
penod 1n 3t least some ventnicles tested resolves the contradictory claims
that the heaet 18 vulnershle immediately after the absolute refractory
peniod on one hand (Lovatt Evans, 1952) and the statement that vul
nerabiity 15 associated with the termnal phases of repolanzstion (Wig
s 1949)

ge'l’he possible meanng of the relationship between tendency to fbrillaton
and penods of meomplete and unsustamned recovery of exttability wall
be analyzed later on after an evaluation has been made of the current
2dens concerming the mechaniam and nature of Gbnllation

THE “NO RESPONSE PHENOMENON

¥ the strength of smudi appled dunng this vulnerable pened 3 ¢,
ot (e tune of the dips in the strength uterval curve depicting secovery

of excitabulty 1s stll further wncreased above that level mecessary to
produce fibnifation the stimul dly become letel ffect

and produce no response which can be detected electroc

ardiographically

or by nisual examination of the heart s action This 1s termed the ‘noth

mg ar ponse” ph Following of the high
d of stimulus h

Pprog gths again elictts but
1 reverse order, the types of response which wer

¢ seen as the intenuity
was stepwixe mereased e, Ebnllation, muluiple and single extrasystoles

e egain snduced by shmulus strengths within the premiously ohserved
threshold ranges (Brooks et al, 1931) This *no tespunse” phenomenon
has been observed 1 bath the auncle and ventniele of all species studied
but 13 most yeadhly obtamed from the aurcle The peniods dunng which

st can be elicited precede and overlie the phases of vulnerability (Figure
3%+A and B 35D 36A) With the

Bire
A : e fnith of stimult wlnd: could be
W3 never obtaned at other penods of the cycle

Phenomena somewhat somlar to ths fadure of very strong sumdh to
produce & propagated teaction #t 2 ume when ussues are capable of
bemg exeited by weaker stinuls have been observed by othets Blar
and Erlanger (1933) found that of an excessisely powerful test shmulus
13 used to measure recovery of excitabibty, a losger TeCovery imterval

¥
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ng the excitability of the ventricle In cases giving an early and a lste
or major dip, vulnershility 1s not always detectable 1 both dip areas—
1t occurs exther at one or the other hut in approvmately fifty per cent
of the etpeniments on cat ventnicle giving clear double dips, there are
two vulnerable persods (F'sgure 35 D) The greatest vulnerability generally
oceurs within the major dip but occasionally falls slightly later 1 the
cycle It never occurs durmg the supernormal persod esther 1n these spectes
or 1 the dog

In conclusion 1t can be smd that 1 both the auricle and ventricle there
are phases of ity i bility 1n the relative sefractary

pertod Durng these phases local excitatory processes, which will eventy
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Litad nng within the myocard {Proz
v,::;: o:g:;l)-w:a }Jyr ns)'nchro:nns contrachions of munute muscle seg
acton of the heart 1t 18 thought
ments and a fadure of the pumpmg vmologaal
to origwale as a CONKUENCE of relative dafierences 1 the physiology
atates of &ifferent parts of the myocardm (Garrey 1929)

In the hierature pertamung to the etology and nature of flutter and
ghrflabon the vanous theories presented tend to emphanze ope or

other singfe causal mechansm.

\/u’nm are two competing 1deas 1) the orems moremens concept
(Garrey, 1914) somewhat oversimphfied by Lews (1918) and apphed
by Wiggers (1940) which postulates the wrregular reentry of wnpulses
and 2) the ectopic focal sumulation toncept which assumes » mechanism
whereby repetitive and duorganuzed sumulation snses either from 2
sigle focus (Rothberger and Winterberg 1914, Scherf and Terranove
1949 Prnzmetal et al 1952) or from muluple foca {Engelmann, 1896
Rasch 1950) One 15 thus led to wfer that fibnllaton and flutter are
due to the one or the other mechamsm.

In fiytter there 12 abnormal rapidity of contractions but regulanty of
athion 15 meptawed a3 though e organ or chamber were sull under
the control of an organited pacemeker or & gyoup of pacemakers with
wdentical chythme In wreguler futter and Sbnllahon zetivty 15 even
more contipuous but 1 this mstance an irregulamty of action of heaxt
elements 15 percesved. It 15 duffienlt to conceve of regulanity without 2
domvant pacemsker and confined pathways of transmission It 23 also
difficult to think of yrregulanty 12 terms of multiple pacemakers with
fixed loes or 10 terms of a movement of exeitation wmiform enough to
permit use of the term circwt. Obviously numercus phenomena must be
dealt with by sny explanstion of fibnllation and Butter whick 1s advanced

e gutens movement and reentry theory has many supporters despte
Tecent sirong attecks upon 1t (Priozmetsd et al. 1952) and no definste
chorce of any one mechanism of flutter and &brllation has as yet been
unversally accepted (Hecht, hatr, et al 1953} The present situahion
may be summanzed much gs follows

‘y;];RCUS MOVEMENT THEORY Circus movernent gould be of o

1} A regdlar cremt of travel by the excitato:
Ty impulse wath
Secimnng 8 parrowly confined specific path B e Y

way As the wave of ex
fitetion journeys i s carewt, mpulses emanste from 3t sn & regular
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18 ndicated than if less strong currents are used Fatzhugh (1954) has
also observed that above an optimal intensity test stmuh axe less able
to simulate a nerve early 1n 1ts recovery phase—the stronger stmuh
have no effect at a time when weaker stimult will nduce & propagated
Tesponse

Ind g the “no response” ph two problems must be
considered 1) why strong stinub produce no effect when wesker sup-
rathreshold ones will do so at the same intervals of the eycle and 2} why
there 15 2 drap n threshold for this ph at the “djp” area of
the cycle Hypotheses which can be offered 1n explanation of these two
observations are as follows It seems reasonable to assume that the nise
of the current to high antensiies must acteally stop normal reactrors
which start as the current 13 nising 1o the hagh value, eitber locally or i
some areas a htle removed from the electrode

Tt 15 well known that anodal polarization at one electrode can be made
strong enough to block propagation of an mmpulse down & nerie from
the region of the cathode (Fick, 1863, Lorente de No, 1947) Bieder
mann (1885) long ago reported the production mn heart muscle of &
propagated xelaxation traveling from the anode following application
of strong current flow Weidmann (1951) has shown a sumlar phe
nomenon—propagated repolanzation m the 1olated Purkime fiber It
13 concervable that when the “no response” phenomen 18 eheited the
heart, the anodal current flow may actually have a predommating action
and not only repolanze but actually hyperpalanze the cells momentarily
causing an anodal block to all excitatory effects from the cathode Such
strong stmuli do not have an awrreversible acthion and appear not 1o be
njurious

It 12 known that fhis “no response’ phenomenon can be elicited m
wsolated srrtable tissues of the heart but 1t has not been produced in
fully repolanzed non refractory muscles of the heart The phenomenon
15 therefore dependent upon conditions prevaling m heart cells at a
particular phase of the cardiac cycle Further study of this phenomen 18

certamly required

THE NATURE OF FIBRILLATION AND EXPLANATIONS
OF ITS ORIGINS

coordmated actwty of the myocardum It

Fibrillation 1s a state of o
18 3, £iod Al q g ‘L 11, by ‘he P Of
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d Prinz
vanous amplitad pnshiog witbn the my {
‘;?\3 ‘)15953) and b; asvnchronous contractions of minnte mmc&: :ei‘
ments and s falure of the pumpmg action of the heart, “““ A
of relotive diff i the

to ongnate &3 & g
states of dufferent parts of the myocarditm (Garrey 1929)

In the htersture pertaming to the etrology and nature of Butter and
fbnllatien the vanoos theones presented tend to emphasze one ot

nother single causal mechamsm.

f There are two competing 1deas 1) the cwrus movemens concept
{Garrey 1914} somewhat oversmphfied by Lewns (1918) and apphed
by Wiggers {1940} which postulates the wregular eentry of 1mpulees
and 2) the ectopie focal shmulation toncept which assumes & mechsssm
whertby repenitve and disorgamard stmulstion enses either from a
wngle focus (Rothberger and Wintesherg 1914, Scherf and Terranava
1919 Prinametal et ol 1952) o from monltple foct (Engelmann 18946,
hasch 1950} Qne 1s thus Ted to 1wfer that fibnllaticn and futter are
due to the one or the ather mechanism

In flutter there 13 sbnormal yapidaty of contractions but regulanty of
action 18 mantamed aa though the organ or chamber were still under
the control of an orgamzed pacemaker or a group of pacemakers with
destical rhythms In arregnler futter and fbnllation achvity 13 even
more contintous but in this wmstance an irregulanity of achon of heart
elements 18 perceived 1t 15 dufficnt to conceive of regulamty without a
dommant pacemaker and confined pathways of transmusion It s also
Aiicult to sk of mregulanty m terms of muluple pacemakers with
fixed locy or 1n terms of 2 movement of exmtation umform envugh to
permt use of the term cirewit. Dbvigusly, sumesous phenomena must be
dealt wath by any explanation of fbnllation snd futter which 3¢ advanced

The carcus movement and reentry theary has many supporters despite
vecent strong attacks upon 1t (Prinzmetsl of al, 1952) and no defimte
choice of any onr mechamem of flutter and fbrllation bas as yet been
universally accepted (Hecht, Ratz, et al, 1953) The Ppresent situation
may be summanzed much as follows

CIRCUS MOVEMENT THEORY Cureus movement could be of two
fHipes
1) A regular azewt of travel by the excutato

Ty 1mpulse with reent
ocsurnng 1n & narsowly confined epecific pathway As the save of g
¢station Journeys 1n fhuy errcurt, impulses emanate from 1t 1 a regular
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sequence Such a concept requires that this primary pathway be pr
tected from all ininnsic excitatory impingements other than that of @
one travehng wmpulse

This theory had origmn 1 the observation of Mayer (1908) that af
wave 1s started i only one direction in the ring of muscular tissue 1n th
mantle of a )ellyfish, 1t travels for & relatnely long time Mines {1913
snd Garrey (1914) found that the same phenomenon would oceur unde
certam conditions 1n nings of atrial and ventncular muscle of the heas
and used this observation as a basis for explaiming the continuous actrsit
of flutter and fibrllation Thomas Lewss (1918} carried this 1dea a ste
further and suggested that 1 suncular flutter a circus moyement 18 %
up which travels continuously round n ring of auncular tissve, namel!
& ning of auricular tissue surrounding the Junctions of the nfenor an
superior vende cavae (se¢ also Rosenblueth, 1053) As the ware travel
about this Tng the excitatory process sprcads out to actiyate other part
of the auncle

A favorable anatomic situation such as a shorter path or more for
twitously arranged bundles of parallel fibers could permut & confined and
faster circmt of transmission n certmn areas of the heart A Iater
spread of 1mpulses could occur but these would be confined a) by th
following refractoriness an the prumary circwt channel, b) by the activity
from an earher excrescence of activity and c) by the fact that the faster
traveling 1mpulse 1n the primary circuit would always start other laterall
moving 1mpulses ahesd of earler ones Thus there would be confined
channels of spread and movement but also an appearance of wave
motion (Figure 37 A) Thus scheme of things would give regulantys
would pernit a wave hke movement and would protect the ortgnsl
aireus channel

2} Circus movement could be random and not confined to any an2
tormical or physiclogically determined pathway It might be a more

dering type of t reflected from refractory tissue and turn

ing always m the direction of responsive tissue 1t would eventually
resnvade or reenter hissue it had excited before Such a wave front could
dvide repeatedly as the heart action became progresavely more and more
disorgamzed It has been observed that when the tissue mass 19 small ﬂd
tinctron 18 likely 1o occur and spontaneous recovery results This coulk
be the reason why smaller hearts cannot be easly caused to fibnillate
while larger hearts fibnllate readily and rarely recoser It would also
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Fioone 37 Dhagram of curcus movement showisg majer curcuat (1) the ongin of
sutadiary nrcutts (2, 3 4) and posmbility of rerntry

B Dugiams of postesutabies zecovery of the wuncle 3nd the mechamom whesehy
stmali of vanous strengths Tught prodace extrasystoles, Shnllauon or 1he no-

m test, { with from the

T*sponse
Amer ] Physol, 1950 167 219)

explamn the frequent cbservation that any influence which dimimishes
conduchion velouty and the duration of the refractory penod tends to
et up arzhythmas

Stowly condutted waves of a repenuve nature have been chserved n
sunicular flutter (Rosenblueth and Gareis Rameor 19472 end b Waener
and Rowsbloeth 1936) and electrical recordings have confirmed the
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presence of circus sctivity (Cabrera and Sodi Pallares, 1947} In sc
counting for the phases of fibnllation the early undulatory stages have
been explamed on the bass of slow waves spreading out over the total
surface and reentering near the focus of stmulation These break up mto
smaller and smaller curcunts as » state of grester sncoordmahon 1
reachied and finally there are sble groups of contracting fihers
whose action can hardly be described an terms of arcmts {Wiggers
1940 Fig 2, p 406) Even when direct ding by means of

punctate electrodes, 1 mm or less spart, ss used, 2t 29 found that during
fibnlation there 15 no fixed sequence of events even withm the very
localized ares under these electrodes This indicates that the fragmentation
38 very great

THE ECTOPIC FOCUS THEORY There are also vanations of this
concept

1) The theory of a sngle ectopc focus The produchion of rapd
surtculsy arrhythmias by circumsenbed applications of certan drugs
{Scherf, 1917} and the possibihty of arresting the arrhythmas {st least
of tachysystole and flutter) by removal or coobing of the mbating foous
has prompted the revival of the theory of focal origin of flatter and
fibrllation Furthermore, recent high speed cunematoptaphic studses
(2000 frames per minute} have been interpreted {Prinzmetal, 1953) a3
showing no ndication of eircus movement m aunicular snd ventrioular
flutter and fibnlistion Moderately urregular contrachons at a ate of
400 600 per minute, and faster, smaller, more srregular contrachons (800-
1600 per mmute)}, are seen to occur i muscular elements duning these
condittons Those adhering to this concept beheve that “fibnllation ong
mates from and 13 perpetuated by a single ectopic focus™ giving an over
rapid ongmn of beat (Prinametal et a1, 1952)

2} Other cardiologists (ser hatz and Pick, 1953} beheve that i
fibnllation multiple ectopic foct of beat ongn anse and fragment the
heart 1nto numerous small wndependently acting vuts It 15 true that 1o
the observer of ventricular snd auncular fibnliation an andependence of

ction of muscular elements st certam stages 13 more apparemt than
eiceus movement Furthermore since each fiber of the heart 1 potentially
an autonomous pacemsker or at least possesses the ability to devez;;}"
an intrmsic thythmoity of action unless dominated by a mote H»P; Y
firing tissue, 1t seoms reasonable to assume that mulbple ectome foor

of beat ongin could develop
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To consider that mvltiple mdependently acnag pacemakers could have
2 sufficiently umform wtnosnc hytbm to produce slower regular ;:
Fhythmmas mght call for 2 atsetch of the wmagination but certawly lh’
theory presents less difficulties when one endeavors to account for the
fragmentary and srregular schmty of fibrilabon

3) There are other vanonts of this wiew The concept of mulbple

Ahsustamned tole (Wenckebaeh axd Wastesberg 1927) s fre
quently moentoned ¢ 18 slso thought that repetive fnng may result
from 3 single “sink” or area of depolanzshion created by wjury o Jocal
apphestion of a drug A local excitatory state created by a single stmulos
will produre fibrillation o multiple systoles after a luteney 1if the shmulus
18 apphed dunng the viloersble penod {Brooks et sl, 1951, Hoffman
eal 191}

These seversl theotses have received strong support but no umsnimty
of opunion prevails Tn view of this dusagreement and the fact that current
theones do mot tske mto accoust certain factors of major importance,
an additional concept 18 offered

4 CONCEPT OF THE ROLE OF ELECTROTONIC CURRENT FLOW
IN THE PRODUCTION AND MAINTENANCE OF FIBRILI ATION
The ongn of fibnliation 1s most readily explaned by the assumption
that the provocative agent creates an imequal effect on the tssves of
the heart. Local appheation of cold creates an assymametry 1n that sthnty
1s taibated 1n normal and cooled tusne. Local apphication of drugs Tocal
mpury or localized snowa creates s mmilar situahon The application
of electnc current dunng the relative refractory penod also produces a
degree of assymmetry m that under the anode repolanzation and under
the cathode depolanzation 15 effected. This aggravates the
uneven recovery and a dffe 1 effect of the
of fibnllstion Lkewise requires an

posubilaty of
1

prop of
All of the known Ebrillation producing agents which have been deseribed
et whally by produciag some Jocsl & Y 1t some aspret of
excitability The mayor problem s haw thu nsymmetry becomes general
1zed. This hly might be explatned by uneven of nc
\m’z resuling 10 Teentey and dusorganization, ’

Y active area of depol d regon of cel b
electrotomie currents because of thg; nnk sm?n:e nlauonslg:: :‘r:!:i
(Chapter 1) Thuy current spreads through all adjacent conducus
medis and of suficienty concestrated wall excile tissnes throngh wh:ﬁ
W passes This 19 the normal process of Propagation of an lmpgulse
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It can be presumed that because of anatomical and other reasons the

cells in any area are not equally exposed to such ts M A
under conditions where heterog states of bility s
during recovery of bility, the posubility of & non umf of

response 13 exaggeraled Thus certain cells will respond to a nearby focus
of activaty before neighboring cells which may be eloser to the already
depolanized “sink™ area These sensitise cells will fire and stimulate their
neighbors Thus a type of “saltatory conduchion” may transpott excita
tron from one point of sensitivity ar greater instability to another, mbst
g new foci of activity 1n a progressive but random fashion Because
of their carher activation these mually excrted cells will also recover
sooner than will their neighbors which were [ater sroused to sctwity
Sal d of excitation could produce achwity m cells with
substantially different phase relationships 1n an area which would be
come greater and greater Any specific area could be mvaded and re
ded from any ad) but not Wly guous area of the

myocardium Any mpairment of conduction would of necessity accen
tuate phase diferences 1n actvity and favor a saltatory progression of
the excitatory process along anatomical pathways

The only difference between this concept and that of the normal pro-
gression of a depolarization wavefront 13 the achion of & saltatory conduc
tion mechamsm, the steps of which are determined by the preence o
scattered sensiive points which can be readily touched off by spreading
electrotome current flow Any buildup of ntrinsic excitation or jnstabibity
would make cells susceptible to the eddy currents emanating from actvity
elsewhere and would trigger their depolanization prematurely This salta
tory conduction would depend upon variations 1n the state of assbibty
and the ympulse would jump from one local point to another by a pattern
determined entirely by rates of recovery from previous exatalion and
by proximity fo activity in adjacent tissue

It 15 difficult to comprehend how such a mechanism as this could be
1 g from deration It s also difficult to see how such &
phenomenon could be proved to occur but st 13 known that electrotome
cusrents do excite, that they do accelerate actvity mn pacemakers (Me
William, 1688a) and that on the anodal side they ad repolanization
{Weidmann, 1951) Electrotonic currents spread out from every depolar
1zed area of hving hssue, they promote conduction and cause
they can affect distant tissues and cause Iransmission across an inachive




PRODUCTION AND NATURE OF FIFRILLATION 183

bormer 1t 13 xeasonsble 1o assume they could touch off actmty m s el
somewhat distant Trom the border of a Mshonary or 30 edvanaing sk
1n summary, ticos movement snd the conveohionsl fype of reentry
ater to seooust for mny of the observed phenomena in & quiite ade
quate fashion Moreover ndependently acting ectoptc pacemakers are
kriown to develop 1n the heart. On the other hand it1s difficult to explam
all phenomens by a mumple ercus movement theory Tt 18 alro dhfficult
to accept the sdea that a senes of completely idependent p k
each dommatiog s quota of fbers without bewg affected by actaty in
edjscent tissue, can produce all the phenomena observed to occur 1
studies of flutter and fibnil In fibnilation p larly 1t seems most
Teasonable to think that an mdindual cell may escape from domunation
sad erther mded or unmded mitrate a localized exatation snd also that
such a cell may be excuted by one pacemaker 2t one hune and by a spread
of sctinty from & different pacemaker ot another tume The posubihity

af clectrotonic current effect and saltatory spread of actinty from pownt
to pornt should not be disregarded ')

PRODUCTION AND NATURE OF FRRILLATION

The pature of fibnllation and the vulnerability of the heast to the
production ot fibrillation by electrical stimubi have been discussed but
hitle hos thus far bren smd concerning possible cavses of volaerability
or the develops of these at \ states of cardiac achwaty
Fibnllation €an be produced by so many weans that one immediately
Queshone the existence of one common causal circumstance More will
be said about this as the sction of drugs 10ns temperature changes, etc.,
on the exeiability of the heart are discussed but Brst it muast be teco
ruzed that thoee tather distinct problems mmst be dealy with They are
1) conditions wubisting Hbrillation 2) the cause of valaerablity to
:ibnlh:on a pamcu)air peniods of the cycle and 3) the Tequirement
ot certain stren of shmula,

o certan “‘n::!;my hor to mtiste fibnllaton during these

1t should also be recognied that fbnll develops 10 a
manner Tt begins from a local disturbance buy " nvel
whale surcle ot veatndde 1t ongmates fmm‘:v::::l‘zl!::tt;p’hme
Which at first have the appesrance o almost normal extras sf \! ™
explanstion of the multple firing 15 thus re e

ed
bon of the progression to dusorgenzed ,cg::; 23 well a3 an explana
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CONDITIONS AT ONSET OF FIBRILLATION TIn preliminary
analyss 1t can be said that fibrillation basscally 13 & disorganized activity
of the components of cardiac muscle No sngle predisposing factor 1
mvansbly associated with origin of this type of arrhythra Far example

1) An acceleration of the heart rate beyond the ability of all elements
to follow can disorgamize the heart action and eause fibnllation

2) A locahized excitation or arousal of ectopie pacemakers can dis
organize the normal sequence of events and cause the heart to escape
from any specific pacemaker domnance and thus fibrillate

3) Failure of or abnormal slowness of conduction may permut poten
tial subsidiary pacemskers to escape from dominance or may permit
locally acting excutatory conditions to hecome effective and thus disorgan
1ze heart action A localized slowing of conduction 1n a caoled or par
tally depressed ares will permut reentry of sn 1mpulse into surrounding
areas (Hoff and Stansfield, 1949)

4) Disproportionate changes 1n
accomphish the same end Accel d mtrnsc may permt
escape even though conduction from the mormal pacemaker remmins
nermal

5) Esther nbnormal shortening or lengthening of the refractory ;!emd
can result wn fibnllation, especially if these changes are disproportionate
in the various cardiac cells

6) Differential changes i the excitability of cells can cause fibrillation

A somewhat different analysis of the condittons or factors causing the
onset of fibnllation 1s the following An imtiating force or condition may
act extr Ny or ntr lly Extnnue sumul of a mechanicah
thermal, chemical or electneal nature may mtate fibrllation, pumcularl)'
»f favored by ntrinsic conditions causing reentrant smpulses, disorgamzed

a and regional blocks Enh of depolanzation by toxic
focally acting drugs {acomte} or by an infarct and/or enhancement of
excitation by electrotonic currents may mtiate disorgamzed actinty

The prod of multiple extrasystoles by a strong shock can b:
explamed on the hasis of multiple discharges from a long lasting ok
or depolanzed area of the membrane (Chapter 2) Simlarly, Tocal aress
of mmjury and areas which are differently polanized due to action of drugs,
current flow, cooling, etc, do set up a current of myury Ths current
flow could be responmble for repetitive firing trom such a locus if the
adjacent membrane 1s sensitive and also possesses an ability to repolar

tion and ker action may

P
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andary of the persisung mjury or depolanzed aress. Pro-

’g:czir::;hf:b&:’ﬂmmy slxonI:dccmul shocks does 1volve the v:tea!hlm
of Joual areas of exctation Thus 1 indscated by the long latency oA dr;
sponse to stumuh epplied danng the subnormal phase of the cycle ‘;‘
tional endence that a long lasung Yocal exciatory state can he creat
by sn apphed shrulus 15 that an testing cardiac excitability, constant
thresholds are found only when test sumuh are epphed at well spaced
iotervals The effects of a teshng shmvulus do not completely disappear
for two or more cycles (Chapter 111} and furthermore, the after-effects
of such a sturfus may summate with setiwity of a pacemaker enabling
1t 10 excape from an 1mpated thythm (Ornas et al., 1950a)

Thus sny area of myury or persisting depolanization not only acts as
a block to conduchion but can also serve 2s an imhator of repettne
excilation since 1t gives ongu to a constant flow of current which may
have an efective extitatory sction. It has been shown that when “polar
sred states ave created 1n the ventrcle by contiauous cathodal and anodal
current the repehtive activity resuling does not have one exact locus of
ongn (Harns and Moe 1932) Tinally the progressive shorlemng of
refractory periods s the rate of extrasystole production increases also
concervably contributes to the development of disorgamzed activity and
fbnllaton

THE NATURE OF VULNERABILITY The vulnersble penod 1
assottated with the relative refractory penod and greatest vulnersbility 13
comncident with the “dip 1o the excutelaity vecovery curse The nsture
and ongin of this dip has been discussed (Chapter V) The period of the
dip 13 8 tme durng which the beart 13 more susceptible to stumulation
than 1t 18 ju.t before and just after 1t 1s a pemod dunng which multiple
ex!xkugslela, fibnilation apd the  po-response® phenomenon can be
eyoke:

Dunng the refactory penod the locel excitatory state created 1n the
Temon contiguony fo the testing electrode does nat tmmediately produce
£ nonnaﬂylpropugalci;mponu The +ddy eurrents emanating from the
pemsisting localized sk may ereate an asymmel i

reentry because of an asynch e gon tnd

recovery of ding fibers asso.
ciated with & continued electestome cwrrent fow due to o

eventustes from 8 series of extrasystoles
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Another contnibutory factor 15 that the action potential produced by
this stinulus, because of the incomplete repolanization, will be of small

plitude and quently will propogate slowly and with a lower
safety factor The decreased stimulating efficacy of this small action po
tential might exaggerate any normally present asynehrony of the repolan
zation process Thus excitation would occur later 1n some cells than m
others because they had lagged shghtly behind 1n thewr repolanzation A
wave of excitation 13 thus visualized as passimg down certarn fibers per
mithing others to fire later by a process of reentry This development of
asymmetry of response 13 concewvably favored by the anodal and cathodal
effects of the shmulus mentioned previously The crucial requirement for
fibnllation resulting from exther of these causes 15 the possibility that some
fibers are nble to conduct at a time when others are not

Comeidence of vulnerability with the dip may occur because 1} long
lasting excitatory stntes are more easily created in the dip penod than
later 1n the cycle and 2} umform progression and termunation of actvity
15 anterfered with by the regression of excatability that follows the dip
This effect concesvably results n repetiive or fragmentary discharges
and fibrillation

It 13 generally stated that the vulnerability to Abriilation occurnng
toward the end of the refractory penod 1s due to the fact that certam
fibers have recovered normal excitability before others For evample, 3t
has been suggested that the dip and presumably vulnerability of the
ventnicle 13 due to temporal separation of the recovery process m muscle
and Purkinje tissue (Moe et al, 1955) This 1s a possibility but one
might expect, on the basis of such an kypothess, to fiad the heart yul
nerable until well after completion of recovery sm the ventrcular muscle
because repolanzation of the Putkinge fiber 1s very slow (<ce Chapter V)
This supposiion does not explain the localization of vulnerabibity eatly
1n the relatsve refractory penod or the dip and vulnerable peniod m the
sunicles Fmally, ancther possible factor i the production of fibnilla
tion at these phases i the cycle 13 this Exira beats occurnng smmedately
after repolarization show a very swiit repolarization and a very brief
refractory or irresponsive period This would favor rapid repetitive finng
from & persisting localized sink or exaatory process and could concery
ably contnbute to the estabhishment of ectopic pacemakers or o the
disorgamization of normal rthythmic responses to a pacemaker dnve

RELATION OF THE STRENGTI OF STIMULATION TO THE
PRODUCTION OF FIBRILLATION Graded strengths of stunuls when
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apphed Gunng‘h\\le“vulnenb\e” pc:‘«:in z::l:‘: 1) extresystales, 2) Gbrll
3) the “no-respoun
an:_:eu::w )oi epone ,‘:my be sssumed to depend upon the cuudx;m‘:i
of exeitabilty of the fibers onder and 3o the yamediate ooty o ey
Alectrodes end upon the extension of the potentael feld created at ;
stte of sumilation when the shock 1a debvered 1 n shock 18 apphe
Qunng the sbsolute vefrastory pened, there vall be no tesponse within
The usus irengihs of shnuh employed {Figure 37 A, Onas ek”al 1950-8),
wndicsting that any Jocal excitatory state or persisting “ank created by
{ne samulus 18 1m such cee unehle ta outhve the refractory penod of
the muscle Wath respect to the relatne refractory peniod a sumulus ap-
phed dusing this phese of the excitabilty eycle wll mmbate a response
A 1t cregtes an excitatory process which can persist until repolarization
hes been completed snd propagation can oceur Following coraplete ye
cavery of norms! excitability stinuh of any suprathreshold strengths
produce only extrasy toles (Figure 37 C) Dunng the vulnerable persod
however three types of response are obtamshle. The assumption can be
made that the process of rerovery starting at the place where actvation
13 frst produced progresses as a wave requinng a certaln ume to reach
the more remote pants of the aurscular or ventneular muscle. In Figure
37 B the white area 1n the center represents the fibers that have recovered
some excitability the shaded arca represents fibers which are sull com
pletely refractory and the srregular boundary between them represents
the progress of the wave of tecavery at a particular mstant. This progress
15 represented by an wrregular hne 1y accordance wuth the thes:s that re
covery ateelt does not proceed at preciscly sdentical rates mn all sube
diimons of the myocardum 1t 15 reasonable to assume that the Sbers
whach have ataned a degree of relauve yefractonmess are also not m
sdentical states of zecovery
A samulus which 13 1elatvely weak, but 1s nevertheless strong enough
ta produce an extrasystole may be sammed to do ¢o because 1t creates
ooly m the reguon ol recovery a potennal 64 of sulicient sttength to
iitiate an impulse (Biguce 378 circle 37 There sesults 2 Propagated
‘l;‘ne of emn;:nnd which ;weepx aver the myocardium 1 the wake of
e setreating border of absolute
- :nusyslg\c oltte refractonness and ths 19 yeeorded as
A stronger stmulns 15 ase
which nowg extends 1 eff "y ulyot;: ::e;ﬂ;‘m:““ _:b o h;g" field
(Figure 378 curcle 2), thereby overlap ¥ of secovery
PIng adjacent strps of vasue,
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some of which have recovered and others of which are stll refractory
In this circumstance certain fibers are shimulated and certamn others are
not and 1t might appear that several 1solated foc of beat ongin are thus
created which might give mse to reentry and disorganization of mye-
cardial elements thereby leading to fibnllation

With 2 sull stronger stimulus, the effective field would extend to com
pletely refractory areas (Figure 37B, Circle 1) and would therefore
produce no propagated resp Tt s d in this latter case that
those areas of the myocardinm which have recovered some ability to re-
spond are activated but produce no electrical or mechameal event record
able by the means employed The “nothing” phenomenon, therefore, 15
due to the fact that a very strong shmulus redepolarizes the total d
area or polatizes 1t 1 such a manner as to permit no extrasystole to
propagate It seems more probable, howeyver, that the very strong stionulus
aself creates a hyperpolarization or some condition which blocks propa

gatton

T_  DISCUSSION AND SUMMARY

In concluding this discusston of fibnllation, certamn concepts should
be grien special emphasis

1 The heart 13 comprised of potentially autonomous elements which
contract 1n a uniform sequence because their activity s dommated by
the excitatory action of a pacemaker, the sinoauricular node, which 2
that portion of the heart tissue possessing the highest intrnsic thythmieity
of action Abnormal occurrences or states may interfere with this domt
nance thereby permitting ongin of excitation 1n one or more ectopic foct

2 Normally the excitatory process spreads outward from this pace
maker over hzed and specialized d tissues 1n such a
fashion as to evoke a sequence of events favorable to the pumptng achion
of the heart. Conduction can occur, however, 1n practically all directions
within the heart due to the syncytial nature of cardiac muscle Conee
quently excitation originating n ectoprc foer may evoke an abnormal
sequence of esents or so mterfere with the spread of impulses from the
normal pacemaker that activity of the heart becomes disorganized This
property of multidirectional conductivity provides & second potentrality
contributory to disor of cardiac pumping action

3 Fibrillation 1s a state of disorganized actity of cardiac muscle
clements It usually develops progressively rather than 1nstantaneously
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{rom the action of disorg g snf) or " fcavl'lh;\:s‘:d:hs
progresaive {ragmentation of actnty may requre only & . o

4 QOnee duorganzation bas occurred the polential autorns c“y},d,
cardiae muscle umts and the syncynal natore of the myocardium, wha
enables 3t to serve as & homogeneous conductor permts eentry of ¢
tinty and crestes such & constancy of excitation and yesponse that no
pacemaker can tegan dommante

$ Cions movement, sctimity of ectopic foct, and the excitatory action
of electrotome current flow can and m ol probabibty do contnbute to
the ongin and mawtenance of Sbnilshon Both the disorgamunng action
of reentry, and the ongn of actinty at ectopic sites from a combination
of mtnnsic and 1roposed excitatory forces can be smd to mamtain the
fibnilatary state ‘The mass of tnsue avalable to sustam this continucus

sctinity 18 & factor also smeller hearts being mare readily domunated by
a pacemaker

6 Fibnllahon can enginate from many pnmary causes. a) A non
umformty of sefractoriness and recovery from actmity can establish

an 1 condition leading to & of actimity and
fibnitation  For example a prog and tach &

does not produce Sbrtlstion untl some vlements ot areas of the muscle
are unsble to folls
1

ow the dnving zate Thue to s longer ar 2 less rapdly
y penod they y are not able to respond to
and are secondanly achvated out of phase with the
other elements This out of phase actwity provides a means of reentry
and disorgamration of heart action b) Asymmetry of conduchion can
alsa lead to duorgamzation, Potassium ehlonde certmin fibmiiatory drogs
cooling and artificral black sct yn prod fib by f

the 1mtyal stimulus

™

g 3
with conduction ¢) Excitability changes and changes 1 mtrinaic exenta
tory processes can lead to dworganzestion Electrotome current flow
ongwmabng fror localized arens of mjury ar the locahzed excitatory
acton of & drug ke aconttine can by mdng wn the establishment of
ectopic foes of umpulse ongin produce Abullation

7 1t 1s not the direction of ¢hany

ge which leads to disorganizaty
the fact that changes 1 ref; d and totabity ‘;::
0 umlorm or wversal within heart elements The direction of the
change 1 relstively wmmy

portant becanse factors which prolong refrac
(‘unnus can produce fibrilation while athes factors which ahgom-n re
factonioess can lead 10 the same end result. Acceleration of conduetion
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as well as slowing will cause fibnilation 1f the change 13 not vmforn
theoughout the heart Locally acting excitatory and locally acting de
pressor nfluences will both lead 1o fibullaton Thus at 1 not the chanee
n tself bat the relative change 1} n various parts of the myocardium or
2) 1 various parameters of myocardial properties which lead to fibnlla
tion In this Jalter case changes m the intrnsic exertatory process, re-
covery from refractoniness, and conduction which are in opposite direc
tions or which occur to degrees which are not eqmvalent, promote
disorgamzation

8 The heart 1s vulnerable to fibrillation by electrical shock only dur
1ng 1ts relative refractory pertod It 13 most vulnerable at certan particn
lar intervals of this period However, fibnllahon does not ongmate i
the refractory period nor directly from the apphed shock which leads
1o the establishment of Ys arrhythma During the refractory pencd
the heart tissues undergo a phase of rapid change and are n a less
umform state Imposed shocks tend to aggravate this dissumalanty, for
example, by delayed exatatory action on some fibers and not on others
Propernes of refractoriness, abihity to conduct excitation, and to onginate
and respond to excitation are least similar 1 different cardiac elements
duning the refractory or irresponsive period

9 ‘The greatest vulnerability occurs 1n the “dip” ateas of the refrac
tory period because 1t 1a then that thresholds are lower and because 1t
appears that events within the heart are not progressing 1n as vniform
a fashion as at other intervals of the refractory period There 15 thus 2
greater possibility not only of a stimulus having an effect but slso that
fibers of the heart may be affected to dissimlar degrees The vulnerable
periods (dip sreas) are intervals duning which anodal current flow 13
more effective and the action of such current spparently 1s that of ading
the repolarization proress This conceivably would increase dissymulanity
of states 1 the myocardium, some elements adyacent to the anode bemg
restored to normal excitabbity while adjacent cells remamn partially de-
polanzed The potentiabity for disorpamzation of sctnty under such
conditions 1s obvious

10 Disorgamzation once having resulted in fibrillation, action of the
heart as a pump ceases This situation can be terminated only by bl:;';‘lg
ing cells into step agamn and under the dommation of a pacemaker This
will occur, 1f due to a hmited mass of mvocardium available, fibnillatory
actwity 13 self terminating, or if the persodicity of actvity of cells can
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be accomplished by
be forcibly brought mto phase agais Thus Tatter can
\!:: nehlm\y of m\g& 161 and comtershock all of which stop all actimaty
for @ suuent pened to permat the pacemsker to assert 1ts more rapid
Intrinsic procesees of excitation and once more assumt W8 domnsting
sole (sce Chapter 1X)
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Vil Cardiac Reactions to
Heat and Cold

& discussion of the reactions of the heart which sre
In‘::ll::i; in the compensateTy Tesponses resulting from ex
posure of the body to heat and cold It deafs also with the
effects of heating wnd cooling the heart itself or its com-
ponent Listves on exctablity conduction, recovery from
refractormess the transmembrane potentisl and the cone
tractde process,

EXPOSURE OF MAN AND OTHER MAMMALS fo extremes of temperature has
snasked effects upon the heart lang before the heart temperature or the
temperature of the body #s a whole 1s modified to & perceptible degree.
It 15 well known that shivering and the wcreased museular and metabolic
activity required to maxntain hody temperatnte on exposore 1o 261 mpose:
a considerable angmentstion of work losd en the heart. A sumilar

crease 1n cardisc achty 18 also requred 10 maintain sufficient heat loss
from body surfaces dunng exposure to igh environmental temperatures

It has heen found that as & result of such demands mdinduals with a
degree of congestive heart faalre have o fow tolerance for temperstore
change There 15 & hugher waidence of death from cardsac cause dunng
heat waves or 1n a hot, mowst chmate (Shattuck and llerty, 1933 New

burgh 1349 Berenson and Burch 1952 Ferrer 1952 Heyer et al. 1953)
The miterest of physiolomsts and physicrans however has not been con
fined to the of 1

q y d ruld degrees of stress
The ute of hypothermia and hypertherma 1

medical treatment has
ad 315 vogue and at present there 15 renewed mterest 1n hiypothermia as

an adjunct to cardisc surgery {Balsy et &l 1954 Swan and Zeawwm,
193%) Miltary operations during the last decade have also necessitated
8 study of cold mjury and the tolerance of the body for extremes of

femperature

An adequate conniderstion af the effects of temperature on cardiac
2ctinty involves a stody of the changes produced by neural and humoral
egents which regulate eardiac actnity and the tonsequences of coolin,
and heating the heart stself These yndyrect and direct actions of hugt

168
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and cold on excitability and responses of the heart will be revieved 1
this chapter

INDIRECT EFFECTS OF HEAT AND COLD ON HEART ACTION

There have been numercus summanes of the body reactions whih
mamntzin a constancy of the internal environment despite the stresses
mmposed by fluctuating external environmentsl circumstances (Canuon,
1932, Selye, 1950, Horvath, 1951) The compensatory adjustments are
of two types 1) those which provide immediate but somewhat temporary
compensation and 2) those which are of the nature of long term adjust
ments essentral to the establishment of new equiltbria The latter type of
response 18 an adaptation or 1n the case of adjustment to environmental
temperature changes an acchmatization  Changes cardiac actvity are
frequently d ded b pensatory reactions and often are of con
siderable magnitude On sudden exposure to the low oxygen pressure of
high altitudes cardiac output rises This 15 an ammediate compensatory
renction but the heart 13 also wmvolved 1n permanent adaptation in that
1t mamtains a hugh output m those mdwviduals who hve permanently
at high alttudes and may even show some enlargement (Dull, 1938,
Monge, 1948, Van Liere, 1942) In the case of stress created by tempera
ture change the cardiac reactions evoked are of the first category only
an that they are diate but d h as adap 1o heat and cold
occur There 1s no evidence that man hiving 1n the far north has a perme
nently higher metabolism, cardiac output or a larger heatt size than
normal It 1s well known that exposure to cold sets up a very comphcated
series of mterrelated renctions which preserve the normal body temper2
ture by increasing heat production and conserving that which 1s produced
These P 1 are imbally hed off by afferent 1mpulses
the end bulbs of Kraus, which are
second {Hardy

Y

from receptor organs in the skn,
stimulated by a temperature fall of 0 004° per sec for one
and Oppel, 1938, Scott and Bazett, 1941 Gramt, 1955) If cooled blood
reaches the hypothalamus there 1s a reinf of these reactions but
this mechanism of achvating the compensatory responses 13 less sensitive
and a fall of at least 02° to 05° C 1 blood temperature 13 necessary to
evoke this reaction The postersor hypothal regions are nal fo
the mtegration of effective body responses to cold (DuBers, 1948, Fulton,
1955, Gillilan, 1954)

Sumlarly, exposure to heat lates heat

(Ruffins
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sian These sensory elements requure a ternperature change
::a:;:!:?;:\,in%\:h 0001° C. per second for at Jeast 3 sceconds for their
activation External temperatures must be at Jeast 45° C or over to
create the required heat gradient 1n body surfaces &t pormal body tempera
tures (DuBois 1948 Gramt, 1955) These endings adapt very quickly
avd for {his reason refiex responses to heat tend to be of short duration.
Chemoreceptars withim the carond and aortic hodies are also affected by
hyperthermua and cause a reflex accelerahon of the heart {Avado and
Schmdt, 1955) Warmmng of the bleod Sowing to the head of an enumal
Iikewise causes compensatory responses which favor beat loss even thongh
skin temperatures are normal. In this ca.e the antersor hypothalamus and
preoptic areas of the bramn are responsible for the miegration o} com
pensatory adjustments {(Magoun et of 1938 Brocks 1948 Fulton 1949)
There are species differences m the dependence on central and peripheral
receptor mechatusms (Brooks, 1948) Even though their body tempers
tures are normsl, dogs can be caused to pant by warming small areas
of their shon bt burds are more dependenmt upon blood temp
changes. Man and most mammals depend upon both types of sumuh.

The heart 15 affected both by the body reactions which favor heat diss
pation and by those which produce and conserve more heat. These cardiac
responses are wutizted by reflexes by the zction of bumorally transported
agents and by the direct action of heat and cold on the beart as warm
or cold blood reaches that organ. In many condinons of extreme stress
the action of the heart 13 deterruned by directly as well as sodirectly
acting influences and this must be kept 1 mund when enslynog the te-
sponses to heat and cold,

CARDIAC REACTIONS RESULTING FROM EXPOSURE OF THE
BODY TG HIGH TEMPERATURES The stresws wnposed on man and
;lhet esxumals 22 & bot climate are amply descnbed by Dill {1938) end

ewbtrgh and his sssociate (1949) The physological adaptations re.
qured for surnival are slso well known (Walsm, p 3, Hemngton, p 262,
see Newbusgh 1919) 1t bas been cstunated. (Adolph, 1938) that 25
litets of blood per momute must be exrenlated through the shin to duam
pae the heat produced by walling 1n the desert. Another somewhat
buarte estimetion of thiy increase has been the finding that ot 40 €.

ten per cent of the cardiac output of an African monkey goes thr
h
‘l:e lm{ (Hongo and Lack, 193} This 15 about 60 per ceft nse n;‘;ie
volume flow 2 norma) Yemperatures. This increased Blood faw through
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dilated penipheral vessels requires an increase 1n cardiac output. Heatt
rate and cardiac output do rise when the body 1s exposed to heat (Scott
et al, 1910) The imcrease 1n cardiac output at rest produced by hest
(40° C) 15 13 liters, or an increase of 31 per cent above the bastl
output at thermal neutrality which 1n the instance quoted was 42 hiters
During hard work under cool conditions cardiac output nises to 189
hters but 1n a hot environment there 15 an additional nse of 11 per cent
or 17 hiters when the same work 15 undertaken

Much greater percentage changes oceur 1n heart rate due to heat stress
This increase 1n rate 13 progressive {Clark, 1927) and appears to be
graded 1n proportion to the stress (Herrmgton, 1949) It has been found
that the average pulse rate for reclining men at normal temperature 18
74 beats per minute (Schneider, 1941) After exposure to a temperature
0f 41° C for a few hours the average rate 1s 120 although body tempera
ture does not nise sigmificantly If subjects merely sit upnight instead of
rechine, the average pulse rate 1s 140 at 41° C When man carries on mild
exercise 1 the heat, the average heart rate 13 180 beats per mmute and this
represents the approximate upper hmit of tolerance Voluntary tolerance
of work under hot conditions 13 related to the degree of acceleration of
the heart {Craig et a], 1954) When body temperature begmns to nse,
a further acceleration occurs Haldane (1905) claimed that the mcresse
m heart rate 15 about 20 beats per 1° F or 36 beats per 1° C nse 1
body temperature More recently (Tanner, 1951) has stated that there 18
an appr ly linear rel hap b body temperature and heart
rate and that there 18 a rise of 11 to 12 beats per 1° F nise 1n oral temperz
ture 1 fever

The response of the heart to exercise n heat has been employed as an
index of physical fitness (Noltie, 1954) One of the most characterstic
signs of fmlure of heat tolerance and the beginmng of collapse 1s & marke
acceleration of the heart (Wiggers and Oras, 1932, Adolph, 1938, New
burgh, 1949, Kanter, 1955) Famlure of compensation results in 2 de-
crease 1n venous return, a drop in auricular pressure, a reduction in
cardiac output despite cardiac acceleration, an eventual precipitous fug
1 blood pressure, | ation, a red 1n blood volume ar
an prregular heart rate (Wiggers and Orias, 1932 Daily and Harrson,
1948, Prec et al, 1919)

The cardiac responses described are due mmtully to autonomic reﬂlc
tions meduated by control centers in the cerebral cortex (Pinkston et al,
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hypothalsmus (Magoun et al, 1938) and reflex centers m
t;,’?,z.t;ﬁ. ac decsease 1 Bood pressure Wioth m&:{\: mutl; (m:\:
penpheral dilataion presumably dimns. hes ‘dxlsch"ge(':h 1:":1 lfm“l
ceptors with puent ved of vagal of the heart, &
tontously an angmented tome activity of aceelerator nerves 13 pemmt‘;d
(Heymans 1950) There 1s also endence of direct reflex action on the

d las system from penpheral skun recept (Bazett, 1949, G
Wsn 1953) and when the temperature of the blood begpns Yo nse s
afforts the thythm of the pacemaker darectly (Eyster and Meek, 1921,
Seott and Reed 1951)

CARDIAC REACTIGNS FOLLOWING EXPOSURE OF THE BODY
TO COLD A change 1 cardiac activity canpot be connidered either a
heat producing or a heat conserving response but 1t 13 an essential com
ponent of body adjustrent, The wmcrease 1n general body actmty and the
shivering whch do produce more heat Tequire that muscles must recene
more Blood {Newburgh 1949} The imcreae m metabolsm observed
when man asd other zmmals are exposed to Jow ltmperatures wndicates
that more axyges end more encrgy Vielding matenaly must be traneported
by the blood (Ring 1938 Spealman 1949 hrog et ol 1955}

This response of the heart appears to be msured by st least three
mechamsms {t 13 claumed that reflex responses of the heart can be evoked
directly from peripheral receptors When the skin 1s cooled there 1s an
smmedate cardiac seceleration {Frank et Al 1954 Stewnhans 1%33)
Tt s certanly well yecogmuzed that muscular schmity 13 accompaned by
a reflex excitation of the heart and & cardiag acceleration 1s one of the
responses evoked by the hypothalame imtegration of somate apd su
tonomic reactions which preserve a normabty of body temperature.
Even the denervated beart 1s cav.ed 1o scceletate when the surface of
the body 13 cooled or when & heat debt 15 established by dnntng see
water This 18 due to relesse of epmephnne from the adrenal medulla
(Cannon  1932)

Cardiac output rises on e3posure of the body to moderately low tem
peratures which do not change the temperatare of the hear atself {New
burgh 199 Hegnaver and D Amate 1954} The 10CTease N Tale asso-
ciated with an augmented venows return resulting from actinty 15 respons
1ble for this rather than a direct action of pold on the organ which as
will be shawn later, actually reduces cardiac outpul. As stated previcusly
the effects on the heart of cold are deternuned by a mixture of nﬂex‘
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actions and direct effect of temperature on the heart (Hegnauer et dl,
1950)

TOLERANCE OF EXTREMES OF TEMPERATURE AND ACCL
MATIZATION Man’s tolerance for extremes of heat and cold 1s very
great when these are expressed n terms of environmental temperatures
at which man can survive He can Iie in the polar regions and m say
other part of the globe 1f properly protected Men can survive continnous
flow of dry aur at 201° F (94° C) for a few hours, clothed men can with
stand quiet axr temperatures of 123° F (505° C) for over an hour and
137° F (583° C.) for 30 munutes There are lumits, however, and st
wet bulb temperatures of 94° F (344° C) individuals can tolerate m!d
work for less than an hour, after which body temperature nises to 103° F
or higher and symptoms of collapse appear {DuBos, 1948) Smlastly,
few men were able during the last war to survive immerston 1n the waters
of the North Sea (4° C) for more than 20 to 30 rmnutes

When tolerance 1s expressed in terms of body temperature Lumts are
much more circumscribed The hmit for overheating 15 -+6° C sbove
normal body temperature and that for cooling 15 —12° C Nothing much
can be done to increase the upper lmit of survival but by using arficiel
respiration, blood oxygenators and perfusion pumps and proper techmguc!
of rewarming, hibernating amimals will recover from coolmng to 0 C.
(Crismon and Elliott, 1947) and dogs, cats and man can be reived
after reduction of their body temperatures to 18° or 20° C and 1 spectal
cases dogs have recovered after cooling to 4° C (Gollan, 1954) Adapts
tion does not mmprove tolerance of the extremely high and the extremel)f'
low body temperatures just mentioned but there 1s defimte evidence ©

limatization or the develop of resistence to environmental heat
and cold

Acchimatization to heat 1s manly accomplished 1n a week to fourteen
days It consists primanily of a blood dilution and an increase m circulst
g blood volume This relieves the heart of some stran and after ﬂlc
chimatization individuals can perform work at & rate which was 1mpossib ;
before without great cardiac acceleration, a r1se in body temperature an
excesswve fatigue Other compensatory adjustments which protect aB""‘l"
overheating also occur, such as increased sweating, but these have h:; e
reference to the theme of this monograph and they have been wellklv8 )ﬂ
scribed 1n articles on acchmatization by Dill (1938), DuBais (1948),
Newburgh (1919), Selle (1952), Hertzman (1955), and many others
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Accimebzaton 10 cold has shio been much stodsed (Spealman, I1949.
Lk, 1951 Selle 1952 Carlson et al, 1953 Carlson, 194 n::u:‘g
and Rrog 1955) Better enidence of this mereased abnlity to wil “:
cold 13 avaulable from studies of ammals than from studhes of man B z:;
18 less hssue wjury and longer exposure o eevere cold can be endur
by sechmabized laborstory anumals than by amumals not previously ex
posed fo cold This adaptation requires 3 to 5 weeks to develop and 1t
persists for a week or more after semoval to a normally warm environ
fment, In men accustomed to hife 1n the arctic, Blood flow 1n the extremities
and gemersl Tewstance 1o eold myury seems to be improved The capability
of the body to produce heat 13 also greater {Meehan 1955) 1t must be
adrmutied that the participation of the heart 10 ymmediate and fong lasting
adjustment to cold 1s entirely secondary A degree of cardiac stress 33
mvolved m compensation for cold a8 well a3 in compensation for excess
heat. Cardiac failure 18 & factor n the termunal phases of the collapse

of resistance to heat and cold but suficient has been sa1d concermng this
for the present.

THE EFFECTS OF HEATING AND COOLING THE HEART

The temperstuze of the beart has been changed by duthermy (Wiggers
aud Orias 1932 Prec et al, 1949a) by ummersion of animals 15 hot or
eold water (Hegnaner et al 1950 1951b, hao et al 19,5 Krog 1955}
by coocling the surrounding mr (Hamilton et al 1937), by covering
the hody with specaal pads throngh which cooled fuids were circulated
(Talbot, 1951 Lewis and Taufic 1953}, by perfusing asolated bearts
with cooled or heated fluids (hnowlton and Starling 1912, Juvenelle et al.

1959) or by pving warm er cold blood transtusions to ratact animals
{Golian, 1952 1923) The results observed have been much the same
with sll methods employed although there have been some differences
caused by expoyure of the heart and by the means enployed for measur

ing cardiac temperatures and recording cardise tesponses The tolerance
of the unexposed heart 15 much greater and 1t has also been tound that

the uea of cardiae catheters 2y Ykely to provoke arshythmras 1n the cooled
heart which otherwise mught not ouwur and

moch lower t
ar?r attamed (Hegnauer et al 1951a) Frperatnres
o {actors appear to be important 1 mfiuenain,
5 the eflects of t
Perature on the beart, These are the rapidity of temperature change ::‘d
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the production of temperature gradients within the heart created by the
processes of heating and cooling that organ

LOCALIZED HEATING AND COOLING OF THE HEART The
currence of arrhythmias and actual fibnllation of the aurcle and esen
the ventricle 13 an all too common consequence of cooling and/or re
warming a subject or of cooling and warming the heart atself It ha
already been pointed out (Chapter VI) that locahized heating or cooling
may produce arrhythmias or actual fibnilaton Heating of any portics
of the myocardium so accelerates processes oceurnng there that ectop
beats may onginate 1n the heated area (Eyster and Meek, 1921, Heller
stemn and Liebow, 1950, Scott and Reed, 1951) Locahized heatng gl
also cause such a shortening of refractory phase and such an accelerated
conduction that 2 disorgamzation of the entire myocardum would resul
but this rarely occurs possibly because 1t 13 difficult to set up much of &
gradient 1n the normal warm heart Cooling 15 more likely 20 estabhish
a potential gradient capable of creating an ectopic focus of beat ongi
and this has proved to be the case (Scherf et al, 1953) Pounag warm
sahine on an exposed fibrillating heart may actually result an 2 defibnils
tion but cold fluds thus apphed actually tend to prevent defibrillation b
electric shocks (DiPalma, 1952) Localized warmimng of the chilled heart
evidently can be performed 1n some species with 1mpunity (Crismon &od
Ellzott, 1947), but 1n most cases fibrillation would be 2 Tikely consequence
of such a procedure

It has been generally accepted that even under normal cond
portions of the heart are not at a umform temperature The intrinec
gradients may be exaggerated by the inrush of cold blood from the
peniphery during immersion produced hypotherma or when 1n attempt
ing testorative measures supercooled blood trapped 1n the periphery by

15 suddenly released to refurn to cool the heart stll

more (Ferrer, 1951, 1953) Also the sudden return of warmed blood to
the cooled heart frequently appears to result n periodic arrhythmias of
even fibrillation (Hegnauver 1952) It 1s certainly true that when ther
mocouples are placed within the night auncular chamber on the surfaces
of auncle and ventricle and within the left ventneular wall (Pinkston
et al, 1955) very marked gradients develop during cooling and rewarm
mg but such studies have not been carried far enough to justily state-
ments other than that marked gradients are present when the heart 19
fibnllation or 18 difficult to defibnllate

1tons all

susceptible to
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Hol d Staaspeld (1949) found tht locabzed cookog establshed an
“injury current” between the normal :nd the cosled sres. Tt s
recoguized that such curcents establ hed by sharp temp et
may 1mbate propagated sctiwty 18 tissues Local coohng does smiiate

¥ othy and Ebnil and g of such current flow wmay be
the eause hut there are uthex factors to con dexr Conduction withun cooled
aceas 1 slow and thus provides opportumty for reentry Stmult applied
3o or near a cooled area will frequently snitiate fibnllation if the local
cocling does not numedratsly do so Repardiess of whether seeniry or the
establishrment of ectopic focs of beat ongn 19 respanuble for fibnilation,
3t certanly 1 true that localized cooling of a warm heart or Jocal warming
of a cooled heart 13 to be avorded in employment of hypothermta unless
fibnllation 1 dessred

THE EFFECTS OF GENERALIZED COOLING OF THE HEART Fol
lowing an mihal icrease 1n rate there 1s 2 progresnive fall as the heart
1 cooled Tn most studies 3 direct relationstup was found between rate
and heart temperatures vathin cestain enticel ranges but outsde these
Lints this hoeanty was lost and the expres-ion of the total relationship
was curvilinear (knowlton and Starking 1912 Badeer, 1951 Hegnaver,
1952 hao et al. 1955) The heart stops beatng regularly at & tempera
ture of about 13 € bt continues 1o best sporadically down to 8° C.
When rewarmed to 20° the heart beat starts agam and at sbout 30° €.
the heart can again replace the pump-oxyg which must be employed
i expenments wmvolnng cooling below 13 C. {Gollan 1934} At
15°17 C, pulse rates fall to shont 20 per munute and ssystole or fbnlia
ton frequently eventuate but falure may even occur at 20° 25° C. in
some mstances Spontaneous arhythmias are 4 common consequence of
such coching (Talbott, 1941 Alexander 1936 Hegnaver 1952 19o5)
but they are more Lkely to oceur as & result of shnormal stmulation by
catheters ot other mampulations (Hegnaver 1951a)
%ncg'ex“;nﬂuences ar:L minwal or sbsent at heart temperatures below
sorme eﬂxtg:::" et el 1920} bt the vagun s aull capable of exerting

epnephning will still cause acceleration though Fbnlla

ton 15 most Tikely 1o ocenr {Scott and Heed 1951 Betne 1054h)
There appears to be no doubs

cardune output nises probab)

i thet 1w the bl stages of coohng
7 due to shivening and ewtonsmme tom

m;:y Actinty (Pres et ol, 194b Hegnsuer and 1 Amato 1952) ,P!e::!
2t low temperatares the outpus drops For example at 20° C. heart tem
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the production of temperatute gradients within the heart created by the
processes of heating and cooling that organ
LOCALIZED HEATING AND COOLING OF THE HEART The oo
currence of arrhythmas and actoal fibrllation of the auncle and eren
the ventricle 13 an all too common consequence of cooling and/or e
warming a subject or of coolng and warming the heart atself It has
already been pomnted out (Chapter VI) that localized heating or cooling
may produce archythmas or actual fibnllation Heating of any portion
of the myocardium so accelerates processes occurring there that ectopic
beats may orimnate m the heated area (Eyster and Meek, 1921, Heffer
stein and Lichow, 1950, Scott and Reed, 1951) Localized heating might
also cause such a shorfening of refractory phase and such an accelerated
duction that a disorg; on of the enfire myocardium would result
but this rarely occurs possibly because 1t 15 difficult to set up much of £
gradient i the normal warm heart Cooling 15 more likely to estsblish
a potential gradient capable of creating an ectopic focus of beat ong
and this has proved to be the case (Scherf et al, 1953) Pouring warm
saline on an exposed fibrillating heart may actually result 1n a defibralls
tion but cold fluids thus apphed sctually tend to prevent defibrillation by
electric shocks (DiPalma, 1952) Localized warming of the chilled heart
evidently can be performed in some species with impumty (Cnismon and
Elhott, 1947), but 1n most cases fibnllatton would be a hikely consequence
of such a procedure
It has heen generally accepted that even under normal conditions alt
portions of the heart are not at a umform temperature The intunse
gradients may be exaggerated by the nrush of cold blood from the
periphery during 1mmersion produced hypotherma or when mn atterupt

ing Testorative measures supercooled blood trapped 1n the periphery by
1 ddenly released to return to cool the heart stil

18
more (Ferrer, 1951, 1953) Also the sudden return of warmed blood 10
the cooled heart frequently appears to result in periodic arrhythnuas of
even fibnllation (Hegnauer, 1952) It 1s certanly true that when ther
mocouples are placed within the night auricular chamber, on the surfaces
of auricle and ventnicle and within the left ventricular wall {Pankston
et al, 1955) very marked gradients develop during cooling and rewarm
1ng but such studies have not been carried far enough to jusily state
ments other than that morked gradients are present when the heart s
suscephible to fibnllation or 13 difficult to defibnilate
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ontput 1s only 10-14 pex cent of normal 1 the dog {Bigelow
}:r:\.ml?;); &;}:gnau:r nznl D Amato 1954) Recent wark by hao et a:“
(1955) shows thet cardiac ourput 1 the 25 t0 30 [b dog does ot §
rach between heart temperstutes of 38° 28° C. It remains at approx
mately 15 1o 123 bters per munute but helaw this lempern::xc range
1t begans to fall. AV 27° C.otas 0.8 ters per mpute and at 235 €. only
D65 hiters per mmute. Stroke velume tends to Tise a4 tate drops on
cosling At 390° 28 166 ml. per beat and at 278° C. 39.8 mi, per beat.
When oxygen consomphion 3 yelated to cardise output 1t 1s found that
2t Jow temperstures the 1ahio of cardizc output ta oxygen tonsumption
1s ugher This nducates that &t low temperatures the heart reslly pumps
more blood 1n Telation 1o oxygen consumption of the body which 1 the
reverse of what octars an exeraise {Kao and Ray, 1954) and this faver
able ttnation persists untl the occurvence of archythmuas, asystole ot
vesparatory mlure.

Coohing tbe heart 1tself leads to & dumumshed coronary flow (Anvep
and Haudler 1929 Betme, 1934b) but the reduction in metsbohem 20
comparable sud there 13 no endence of oxygen lack. The heart can exteact
adequate G, from blood despite the movement of the dussocation carve
1o the feft snd despste a lessened cotonary Bow (Penrod 1951 Bemne
1954a) §t 15 even stated by Biglow et al, (1950a) that st a tempershve
of 20° €. the keart can be excluded from the exreulanon for 15 minutes
withont suffersng permanert wjury and Gollsn (1953) was able to xemve

 dog hears held 21 40° €. wathout Blood supply for one hiour The oxygen
8t such low

g P 19 mimmal and ecoronary blood
fiow generally exceeds A oxygen diff »
n:'mal and there 15 no evidence of an otygen debt after rewarming
{ 1952 19x4) E of my dial function by pulse
contour analyms Teveals no dig) gt lTow

(Berne 1904s) There 13 @ marked prolon ¥
Berme 1008 A ed pro t:ngahon of systole and of the

24 L3 13

with 1f the heart 33 permitted to mamtan a slow xhythm.nl? \}lfek:::rl::
beart 1 dnven at 2 rate much above that which 1t naturally assum
coronary flow decreases carduac filing 25 menficient because of ah -
diastole wnd cardiae eotpst and arienal pressure 340} {Berne 1921h) o

On cooling there 14 sn ncresse 1n the hematocnt, a raed bloed v,
cosity and u probable decresse 1n Blood volume but st levels of cool! o
tsually attaned these changes do not embarzass e o

heart action There 1a
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2 metebolie acdons at low temperatures (Heguauer and Covino 1955
o ct ol 1955) and this may affect the responses of th‘c heart but the
role of pi change in the d tion of cardiac ty snd vulner
ability to fibnilation has not been awertained.

Dhastohie thresholds for the prod of ystoles of the dog heart
a6 not consutently afiected {Pinkston et 2l 1055} As gn example 1
ane expenment ventnedas thresholds were 013 ma. at 394° C. end
Q17 me ot 262° € while 1n the suricle they were 019 ma at »7°C
and 018 ms at 267° C. All changes observed 1n the 30 snimals studied
were usually 1n hundredths of a mibampere

The refractory period on the other hand 18 markedly affected by cool
1ng the heart. The lengthening of the total refractory period of the vemncle
1# due slmost estirely to a prolongation of the phase of absclute refrac
tonness, This lengthemog shows & hinear selationship with change
temperature, The relative refeactory penod, howeser 13 not consistently
changed (Fig 38) At extremely low temperatuses the rate of prolonga
won of refractonness falls off and the relstne refractory period 1s shghily
lengthened (Brooks et al 1952, Pinkston et al, 1953 1955) This 28
evidence that the processes wnvolved 1n the termunal phaces of recovery
from are less ble to modify than are the eather
occurnng physicochemical changes These same conclusions hold for the
sunicle but the effects observed are vanable

Figure 39 shows that strength interval curves shuft an position as the
heart ts cooled. There 13 no conmstent change m smphtude or durstion
of the dips, The heart 18 most vulnerable dunng the ntervsls of the dips
{Hegnauer and Covop 1955) but the effects of cooling on Sbrllation

%xa};olds and duration of volnerable periods have not been determned
e fact 13 clear however the coled hestt 3

uon and aunculay fibnil - WMCN:HG :‘: fl}?““ﬂ
develop

of less fi )
h quently
y 1 both hetized and h
shermic man and other animals

d hypo-

Ficost 33 The efiect of temperuture oo 1he excitad
il d
A‘i’:; suncle and ventncle a8 ndicazed by mmphlm\mr:l :n:ﬁs.:::d»;;md: o
A‘ckmnA“::;clly Smpi;;l:l ;:le:tmde’s (Aa l-nd B) 14 in scute prepurations (C lx:l\ I‘)I;’
e 8 € (0mmemm,
lé 1::3:1: i&; c 2-—-) A C (u—--w-z; 2::; g‘(‘x~_“’x)7
Clrs) 30 € o ~ZZ
D Yemnde 400 C o) 375 C (o—-——:{ :z: g }?”“3



A
3

STRENGTH OF STINULUS—M

o w0 00
INTERVAL OF GYCLE—MSEC

A
3

S

e

STRENGTH OF STIMULUS—M.
-

3 00 T00 300
INTERVAL 13 GYCLE—MSEC

Figure 39 (See legend

EXCITABILITY OF THE HEART

5 5338

MA
3

-_o
PSR

3|

STRENGTH OF STIMULUS—

3
©

23 0
INTERVAL OF gYCLE~ MSEC

facing page)



19
CARDIAC REACTIONS TO HEAT AKD COLD

44° C. {Wiggens and Onas, 1932} Knowlton and Starhng (19122 ;;:l!::d‘
that srregutanites of thythm began in the beart lunis preparation e
but the beast continued to beat even at 46° C, In vecent work on sols!
trasues such high temperatures were not found companble with pro-

actied "
hr%fdarmmg z: heart iereases covonary fow (Aprep and Hausler,
1929} Oxygen consumptian of the heart nises by well over 60 per cent
between 38° and 42° C. In expenments by Prec at al {15493) the arterto-
senous oxygen difference was 61 vol. per cent at 38° €. and 113 vc];
per cent at 42° C. Cardiac output remamns sbout the same between 33
‘and 40° € but at both extremes vutput begins to fall Thus faddure 1s due
ta decreased venous retum resultng from perpheral dilatation of the
vascular bed and an nability of curculatory volume to icresse to a
commensurale d gree Sumdar pheervations concermng cardiac output
thanges have been made by Scott, Bazelt and Mackie {1910)

When attempts were made to determune the effects of high heart tem-
perstures on gardtac exetabibty conduction, refractory perods, and
latency of response (Brooks et al, 1952 Pinkston et al. 1953 1955) only
minor efects were mamifest until heart temperatures shove 39° C. were
ataned. Diastolre threshold was not chianged markedly bwt refractory
penods were shortened as were conduction times and latencies, The QT

mterval was reduced and duration of the QRS com
1 3

plex was shorter
The all to0 § )

w the 1 with
sespect to the degree of change m electrical or mechameal responses of

e heant, when 3t 13 heated or cooled to vanous extents are Aficult to
explan It should be powated out however that terapesature change affects
many different paremeters of function and modifies 1o difierent degrees
the numerous processes mvolved 1n production of oll the phenomena and

seactions recorded Conditions ymposed wpon the heart vary enotmausly
The xate of heating and cooling

and the means empioyed i establishuy,
fhe desired degree of temperature chany Semed that amtormn

ge are all 10 vaned that umformt
of result could not be expected. The most refined studres of !cmyemuz

elects have been carried out on xdmdual cardiac fbery b
y means of
sntracelloler recosding techarques and these results will be cozndered next.

THE REACTIONS OF CARDIAC CELLS AT VARIOUS TEMPERATURES
The method of witedutng o microcs;
pillary electrode rmy
element of 2 multifiber prepatation has made 3t Posslbhetommnza:u:emtg;:
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1

Conduction times and 1 of resp are leng d by cooling
the heart The QRS complex 1s prolonged as 1 the QT mterval AV ds
sociation occurs i hibernating Is and 1n hibernating «pecies
21 or 3 1 block often occurs at low temperatures There 1s evidence that
yunctional hssue ts most susceptible to cooling One of the most strking
features 1s that refractoriness appears to be prolonged out of proporhon
to the lengtheming of the QT interval (Schutz, 1936) This tends to sup-
port the conclusion, to be discussed later, that repolarization of the mem
brane 1n the coaled heart appears to be completed before recovery of
normal excitabihity

The slowed conduction and the minor change m excitability, the diw
proportionate changes 1n various cardiac tissues, and the possibihty of
augmented temperature gradients 1n the heart give some clue as to why
during cooling and rewarmung both auricular and ventnicular fibnilation
are prone to develop Other observations have also been made which m
dicate that 1n the cold a fractionation of sctivity within the myocardum
occurs, which gives the appearance of a loss of latency (DiPalma, 1955)

Numerous suggestrons have been offered as to the cause of death 1n
hypothermia Respiratory fmlure may be a primary or contributory cause
If artificial respiration s given the heart can continue an adequate {une
tion It appears that asystole and fibrillation are the usual causes of death
1n such circumstances While defibrillation of the cold heart 1s not f
ficult (Pinkston et al, 1955), dnving the asystolic heart even 8t slow
rhythms 13 often practically impossible These effects of cooling even to
10° C or 4° C are reversable on rewarming 1f long continued fibnillation
can be prevented

THE EFFECTS OF INCREASED CARDIAC TEMPERATURE h
contrast with studies of the effects of cold very few attempts have beea
made to assay the results of cardiac hyperthernua The usual discussion
has been carnied on as to whether or not there 1s a hnear of curvilzesr
relationship between the nise in heart rate and body or heart tempeéﬂ
ture (Clark, 1927, Tanner, 1951} This nise mn rate 13 relatively slow ber
tween 374° C (155 beats/min) and 42° C (200 beats/mm ) m the
dog but then accelerates and at 435° C the heart rate 1s 345 beafssnu,;
It 1s approximately at this temperature that collapse begms and BJ:d
occurs as heart temperatures of approximately 445° C are attawn .
Antenial blood pressure remamns relatively constant from 37° € to ‘1112'
(145/105), nses to 250/100 at 436° C and then falls precipitously &
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447 C (Wiggers and Onss 1932) haovwlton 2nd Starhing (1912) :0‘7:”&3
that srregulanties of thythm Tegan n the heart Yung prepsrasion ab -
but the heart continued to beat even 21 46° C. I secent work on asolst
tstes such hugh temperatates wese not found compatible wath pro-
! actvy

mﬁé«'?mng gm heart mcreases coronary fow (Anrep and Hausler,
1929} Ozygen consumption of the heart nses by well over 60 per vent
between 38 and 42° C. In expenzments by Prec at sl {2949s) the artenio-
venous oxygen difference was 61 vol per cent at 38° €. and 113 vol.
per cent st 42° £ Carduzc output remans ebout the ssme betmeen 33°
and 40 C but st both extremes output begins to fall Ths faiture 18 due
ta decreased venous return resuling from peripheral dilatation of the
vascalar bed and an mabshly of aurculatory volume to smcreae to a
commensurate degree Sumslar observations concerming cardiac output
changes have been made by Scott, Bazett and Mackie (1940)

When aitempts were made to deterune the effects of kugh heast tem
perstures on catdise excitabibity conduchon refractory pemods and
latency of vesponse (Brooks et al. 1932 Punkston et el 1953, 1955) only
minor effects wete mamiest until heart temperatures abave 39° C. were
attained Diastohic threshold was not changed markedly but refractory
peniods were shortened a8 were conduction times and latencies The QT

interval was reduced end durstion of the QRS complex was shorter
The 8l 100 trequent) d d

y 10 the Nterature with
Tespect to the degree of change 1 electneal or mechanical responses of

the heart, when @ 18 heated or cocled to various extents are diffcult to
explam 1 should be powted ovt however that temperatare change affects
many different parameters of funchion and modifies to different degrees
the numerous processes mnvolsed 11 production of all the phenomena and
xeactions yecorded. Condihions 1mposed upon the heart vaty enormously
The rate of heatng and cooling and the means employed 1n establishing
the desired degree of temperature change are all so vared that anformty
of vesult could pot be expected. The most refined studies of teraperatuse
effects have been carried out on ndmdual cardiac fibers by means of
wiracelislar recording techniques and these resalts will be connidered next.

THE REACTIONS QF CARDIAC CEMS AY VARIOUS TEMPERATURES
The wethod of ratroducing 2 microcs;
pillary electrode 1nty
element of a multifher preparstion bas made 1t posnible to moea:u:nf\}:
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absolute value of the cardiae membrane potential and to obtam & fathful
record of the potential changes during sctwity Quantitative messure
ments of temperature effects on the individual fibers of the hearls of
various species have been made by a number of workers Temperature
produced changes n frog ventricle (Woodbury, Hecht and Chnstopher
son, 1951), 1n cat aunicle (Burgen and Terroux, 1953), m dog Purkinje
fibers (Trautwein et al, 1953), 1n “false tendons” of calf and sheep hearts
(Coraboeuf and Weidmann, 1954) and m papillary muscle of cats and
dogs (Hoffman and Suckling, 1956) have been studied

The temperatures to which these 1solated tissues were exposed rarged
from 50° to 4° C and i some nstances the actual hssue temperatures
were measured by means of r ther (Standard telephones
type F2311/300) placed only a few mm from the tip of the recordwng
mcroelectrode (Coraboeuf and Weidmann, 1954) or by other adequitt
recording devices 1n contact with the tissue strips The results of Corsboenf
and Werdmann (1954) provide a good basis for describing the effects
generally observed when the temperature of heart cells 13 rawsed aboie
or Jowered below normal ranges of vaniahhty

At 38° C the “false tendons” of the sheep and calf hearts beat at 2
proximately 48 beats/min Lowering of the temperature results i a <lo¥
g of this thythm and a of spont activity at temperatures
of 25°15° C When recording electrodes are in pacemaker tissue and
record the typical prepotential (the upward concawity 1 the voltage me
curve starting some 50 to 100 msec before upstroke of the pmpﬂga“d
action potential) 1t can be seen that a fall m temperature slows the po-
tential ime course 1n all its phases but does not have any appRC"’M"
effect on the threshold potential for spontaneous finng (60 mv over 8
temperature range of 40° 25° C) nor on the shape of the action poten
tial until the greatest extremes of temperature are reached Hypertherma
shortens the potential time course imtially but the highest temperatuzes
mmpair the responses {Coraboeuf and Weidmann, 1954) In the Purkinge
pacemaker, within the temperature range specified, the rate of the slov:
diastolic depolanization has a Q0 of 5 (a change of 500 per cent for 10
change n temperature) and 1s consequently much more suscep!:blc fo
temperature change than are other chang ived m the p t2on
of the action potential (Trautwen, 1953)

The value of the resting transmembrane potential (94 mv at 38° C)
and the reversal potential or “overshoot” (35 mv at 38° C) do not change
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o o

apprectably at temperatures within the range of 40 R aad }2‘5 ‘C. d(::::::t
these himits both the resting potential and the ‘over hoo

(Coraboeuf and Werdmann 1924) Trantwen (1923} found thet the Qun
of both the tratsmembrane resting 8ad action potential of Parkinje fibers
of the dog heart 15 1 0 between 25° and 40° C A lowenng of the ternpers
ture from 25° o 16° C. produces s much greater change and the smpls

tude of the action potential falls from 320 mv to 40ty while membrane
potentisl s deteruned by means of ntracellnlar recording falls from
90 my to 55 mv In the frog ventricle over a range of 02 to 30° no effect
on resting membrane potential could be ohserved (Woodbury et al

1951} In thus work vamability between Sbers was euch that the suthors
felt changes might be ma ked but 3t 13 to be expected that smphiban
tissue mught have charactenistic properties of 1ta own (Coraboeuf and
Werdmana 1933}

The depolarzation of heart tells which coeurs ot low temperstutes 15
reversable Purkine fibers can be kept at 4° € for 24 hours or Jonger
and then on rewarming wll polanze again aod not only establi h normal
tran membrare potentsals but will also begn shythaue actiaty Cold can
block fiber acvity 1 both a depolanzed and polanzed state A enyeal
Ievels of cooling the plateau will continue almost indefimtely on rewarm
g the termmsl steps of repolanzation otcur This andicates that cold
can block both depol and repol. P and reports
of tudies on the mtact heant tend to confirm s conclusion

The durations of the various phases of the transmerohrane action po
tental are affected to different degrees The Qy value for the upstroke
of the potential 13 17 for the descending hmb of the smnal spike (the
reversel potentiel) 19 for the platean 4§ and for the final phase of re
polanzation 26 The difference between the temperature coefficients of
the plateau and the fina) phaze of repolanization 1 1n agreement with 1ts
different <en 1ty of the absolute and refative refractory penod to cool
g The Qu for the slow duastalic depolarization of pacemaker Wnsge was
62 1n Coraborut and Weidmann s (1934) studes The drop m contracthion
trequency contributes to the prolongation of the action potential and the
Tecavery process Under such 4 drop m ¥ from
40 10 2° C. icreases duration of the achon potential mu’re or lews ex
panentially from 500 ree 10 1600 msee Even when the fibers are driven
2 s copstant rate of 55 beats/mz gmoular degrees of cooling prolong
scton potential durstion to 950 msee. (Trautwen 1953)
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The “passive” clectrical properties of Purkinje fibers are also affected

by cold The axopl and the t De m
crease on cooling and have a @y, of 15 (Coraboenf and Werdmann, 194}
Simultaneous surface and tr b action potential records dem

onstrate that the onset of depolanzation comeides with the begoming of
the QRS complex and the last phase of repolanzation with the T wai.
The duration of the surface recorded and tr brane p s 1
a function of heart rate and/or heart temperature It was powted out by
Schiitz {1936) that repolanzation i the cooled heart 15 completed before
recovery of normal excitability of the membrane It1s possible however thet
the terminal phases of repolarization are much longer and are not detected
by amplfications standardly used 1n such recording

Another sceming contradichion between results obtained from the work
on indivadual fibers and that on the total heart 1s the fact that the termin
phases of repolanization have a very hugh Qo but the relative refractory
period seemingly s not much affected by heart temperature changes The
period of relative refractoriness corresponds only to the termmnal phases
of this fast repolanzation and thus the companson 18 not justifiable

SUMMARY

Heart action 1s such as to participate in the adjustment requred for
maintenance of a constancy of body state during exposute 1o exireme?
of heat and cold A rise m cardiac output 1 hyperthermua results from 2
necessity to ncrease heat loss by mmntmming a greater blood flow X
body surface tissues A mise mn output during hypothermua 13 occasioned
by shivering and the greater need of muscular tissues for blood The

penipheral and central h 1 to these ady ts arc
descmbed  Acchimatization and the change in heart function assaciated
therewath are discussed

deseribed Local

The consequences of cooling and heating the heart are
1zd cooling and heating create gradients of potential an
are favorable to the production of arrhythmuas and fibnallatio
cardiac output blood pressure, conduction rate,
described Tolerance of the heart for temper
ature extremes and the causes of falure of function occasioned by heat
1ng and cooling are discussed Falure at low temperatures may resul
from asystole but about as commonly from fibnillation, particularly of the
heart 13 shmulated by one means or another when in & hypothermic state

d actity which
o The
changes 1n rate, efrac
tormess and excitability are
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Studies of the effect of tempesature change on ndraidual cardiae ﬁher!i
are summanzed. Results of such work gve a more durect ndication of
the changes produced 1 the heart by heating and cooling Heating 8¢
celerates and cold retards sp depel np tissue
the same 38 true of repolstutation following achnty At extremes of tem
perature the transmembrane potential 18 reduced and an actual depolan
zation occurs which 18 ble providing 1t has been produced by eold

The ange of temperatures which effect changes endangenng the fune-
tion of the heart and 1ts cells are known and many of the senons reachons

cocasioned by or made posnible by coohing or hestng of the heart have
been desenbed
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VIl The Effects of Heart Rate, Action
of Autonomic Nerves and Chemical
Mediators on Cardiac Excitability

The changes in refractoriness vulnerability to fibrillatien,
duration of the tr brane action I speed of
conduction, and threshold to electrical stimuli are discussed
in refation to heart rate and action of autonomic medrators

THE EXCITABILITY cYCLE of the dog heart under standard conditions has
been described 1n the preceding chapters and the relationships between
changes 1n excitability and membrane phenomena have been discussed 10
some detml However, the recovery of excitability 1s not fixed to a sngle
time course 1n cardiac muscle, numerous factors operative 1n physwloé"“l
adjustments to altered body function marhedly change the excitabilty
cycle At tumes alterations in refractoniness are accompanied by changes
n resting excitability, rhythmicity, or conduction velocity, at other mes
refractoriness 1s the only vanable Because of the complex and often ua
predictable relationships between these several aspects of cardiac exci2
bility, the effect of a number of factors known to influence the cyclic loss
and recovery of excitability and untability of heart muscle assou!
with each heart beat have been studied In the present chapter the wnfluence
of heart rate and autonomic activity will be considered m detail

HEART RATE CHANGE—THE EFFECT OF CYCLE LENGTH
ON EXCITABILTY

Early myographic studies led a definite rel hup between the
frequency of contraction of the heart and the duration of systole Subse
quently, electr drographic recording were employed 1n a1
attempt to relate the duration of electrical activity to the frequency of
the beat both 1n experimental anmals (Ashman et al, 1945) and n man
(Levine et al, 1951) All studies were 1n agreement nsofar as all demon
strated that at faster rates the heart recovered excitability more quickly
However, the underlying mechanism of this hastened recovery remained
uncertain as did the exact relationship between rate and the duration of
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refractoripess (Bazett, 1920 A hman 1942 Schlsmowntz 1946) Fu;lher
more 1n many of these expenments factors other than frequency of con
traction such a3 varying vagal and sympatheuc lome were operative
nflueneing exatability For the same yeasons results obtamed in different
«tudies were often m disagreement. Because of this reinvestigation of the
problem seemed worth while

Tn the expenisents discussed befow the effect of 8 smgla‘vundﬁe—-cyde
Tengthon Testing bty pel; and y of the
suncle and ventncle has been dctermned 1a the wmtact beant. Except
the sechion devoted to transent changes m excitability resulting from
extrasystoles all results are those obtained after complete equbibration 8t
each heart rate The most 100 pomnt thodology 13
that the changss 1n eycle length resulted from drising shmul applied at
any desired frequency alterations wn vagal and sympathetic setivity and
changes m blood pressure were avouded as wese extremes of rate which
mu ht have resulted m any form of cardiovascular wnsufficiency In these
same expermments the duration of refractormess was related to both the
local carduac electrogram and the hmd lead electrocardiogram In sddy
tion the effect of the same range of rates on transmembrane potentisls
of smgle fibers was studied 1o the tsolated papillary rouscle In this
manner the behavior of the ndindual umt as well as that ot the entire
popul of dial fibers was evaluated. The latter technique also
gave an excellent indication of whether or not any factors other than
¢ycle length influenced resulte obtained from imtact hearts,

THE RECGVERY OF EXCITABILITY The effect of an wexesse 1o tate
on the recovery of excitahility of the dog s ventricle as seen m Figure 40,
1 wdeated by & & platement of the strength mterval curve to the left
without alteration 10 as configuration Thus the hastened Tecovery at
hagher rates 13 accomphished by means of & parallel shorteming of both
the sheolate and total refractory penods The relative refractory period
1s unchanged by vanations iz rate as shown 1 Figure 40C, D nether
the duration nor course of recovery of this subdiviuion of the refractory
Period 15 altered by a stepwise terente of heart rate from 100 to 300
beats per munute (Sichens et al 1951) These observations concerming the
zecovery of exeitability are the same whether the ventricle 18 driven &,
rtc‘l‘l{ or by means of sumanl apphied to the anucle '

e sosults obtawned suggest that at hugher rates the heatt begms to
Tecover cxutabulity earher and earher i the cycle but at all mti‘ onhce
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Froumg 40 The effect of heart rate on recovery of excitability 1n the veatriclo {A)
and aunicle {B) The heart rates (beats per min) 1 A from night to left are 92
133 200 210 and 300 In B 1ates are 100 150 200 and 240 C shows another famly
of ventricular curves which are supernimposed i D to show the constancy of the
time course of recovery, rates are 100 120 150 171 200 and 800
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Fievar 4L The effect of heart xate on the transmembrane potenuals of 2 ningle yen
tnetlat fiber The actual records obtained (at top} ere supenmposed in the tracrng (at
bortom) ta entphasize the fact that onoe vepolanzation begins it proceeds ot & con
stant vloary a1 a¥f rates. (Reprodoced from Hofiman and Suckling, 1954) (Re
touched 10 show action potential upsirokes by dotted hmes)
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recovery starts 1t proceeds to completion at the same velocity That ths
1s mdeed the case 15 shown by the configuration of the action potentl
recorded from single ventricular fibers (Fig 41) Such records of the
time course of depolarization and repolanization of the cardiac musle
membrane demonstrate that at high rates only the duration of the platesu
of the action potential 1s progressively shortened, the ime course of 1t
polarization, hawever, 1s unchanged (Hoffman and Suckling, 1954) Ths
similanty between results obtaned tn intact antmals and 1solated muscle
preparations strongly suggests that in the former case the only significant
varable 1s the cycle length

The effect of changes 1n heart rate on the recovery of exatabilty of
aunicular muscle 1s essentially the same as mn the case of the ventnicle
(Fig 40 B) However, because of the greater difficulty expenenced in 2
curately delineating the duration of the absolute and total refractory
periods of auricular muscle, 1t 15 impossible to state with certamty whether
or not 1n this hssue there 1s some change 1n the duration of the relative
refractory pertod when heart rate 1s varied

THE IRRESPONSIVE PERIOD The boundary of the irresponsive
pertod of ventncular muscle bears a constant relationship to the end of
the total refractory perzod at all heart rates studied (Stebens et al, 1951)
This correlation 13 a natural consequence of the common origin of the
iresponsiveness and refractoriness (see Chapter 1V) The propagation
of a resp depends upon propagated excitation and this n tum 1
related to the excitabiity of the cell and the potency of the intrnsic
excitatory process both are subnormal during the refractory perod

THE RELATIONSHIP BETIWEEN REFRACTORINESS AND ELEC
TRICAL ACTIVITY As demonstrated i Chapters IV and V both the end
of the refractory period of cardizc muscle and the repolanization of the
muscle membrane bear a constant relationship under normal conditions
to the T deflection of the electrocardiogram or the local cardiac electr;)'
gram Speaifically when the umipolar electrogram 1s recorded from a sit¢
immediately adjacent to the test electrodes, the end of the total refractory
period comncides approxamately with the positive peak of the T wawl
This 15 1n complete agreement both with MacLeod s (1938) nnalym;:
the cardiac electrogram and with the results obtamed by recording 1[:
local bipolar electrogram from the same area with contiguous P“";’;m
electrodes Such tracings clearly demonstrate that repolanzation o A
muscle 1 the ymmediate vicity of the test electrode occurs simi
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Ficrre 42, A Relaneoship of
shsolate (ARP) 2ad total ve
fractory penod  (TRP} 1o
umuitaneousfy recorded by
polar (B} umpolar (U) elec
vogramy aad to lmb Jead I
electrocardiogram.

B The effect of rate on the
unipaler electrogram aad the
termmation  of ARP  (Jelt
tand pip) and TRP (ngh
band pip) Cyele lengths 1—
250 msec. 200 msec, 3—
350 msec., 4—400 msec, 5—
450 msec., 6500 msee,, T~
350 msec., 8600 maee. Time
scale 15 50 and 10 maee. Notice
constant duravon of relatve
refractary petiod vad relatjon
ebip of T wave 12 termination
of TRP
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t niod (Siebens et al, 1951)
taouly i the end of e e oy e é e the e
S;lch dmahu:fs ::“‘ extitabibty 18 mscextamed Thas us due to the very
o l’;::: :{:Pe of that porhion of the strength iterval curve which nd
E:lu the transinon from partal refrsctonness to £l veconery of exat
Ab"ll:: temporal relationship between the focal umpolar snd b“;"l"
electrogram  the Lmmb lead electrocasdiogram and the duretion of re-
fractortneas 18 shown m Figore 42 A, As wodd be expected from the
results discussed above, this yame relabomship 15 coustant over & wide
range of rates (Fig A2B) Furthermore mnce the e cousse of sepolan
ration docs not change the confguration and polanty of the electro-
geam T deflection are unsMtered. When T wave changes are assoctated
with tachyesrdiz {Garb and Chepowith, 1953) factors other than cydle
length mu_t be opérative w thewr production

A sumber of formulations have been poblished to express the mathe.
matical relation tup between the duration of electneal sctinity 1n cardiac
muscle (QT imterval} and the frequency of contraction {Bazewt, 1520
Schlamowitz 1946 Woodhury et al. 1951) In the case of the dog's
venirele, beatsg 6t rates from 60 to 250 beats/munute this rélaionsnp
s hnear (Siehens et al 1951) In Figure 43 the parallel sborteming
of Q7T mterval, the total refractory penod and the absolute refractory
peniod that results from an mtrease 1 heart rate 1y demonstrated A
sunler relationship cblains between the duration of the transmembrane
sction potential of 3 ningle ventmenlar fiber and the frequency of con
traction (Fig 43)

LIMITS OF LINEARITY At hugher rates thontenang of the cardiac
cycle 15 achueved not only by means of a decrease 1 the durstion of the
recovery phase but elto by & deer ase both shselute and relstive, m the
duration of the period of full excutsbiity Thus the votal efractory period
2t & rate of 90 beats per munnte occupres 35% of the cycle allowing
65% of the time for the ventnde o rest i o tecovesed state, At a
nfew of 300 beats/mun. the refractary peniod occupies 855% sod duastole
15% of the cycle These results suggest the presence of a predictable
mazmum heart rate and also & hmit to the hoesr rehationstup between
;aak. r:lhnctonnm and the QT anterval. Inspection of the dats 1n Figure

snducates that this 15 1ndved the case In any one dog the hinear zels
tonship between refractoniness the QT anterval, and heart rate 1 lost
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t and the duration of refractonmess GT tervel, ete  thet
:’:::'-’{;i b;::cnheﬂ fa) to apply Furhermore af the heart 11 denen at
Al faster tate each depotanzation hegies before recovery from preced
ng activity has been completed When thus happens 1t 33 smpossible ll;
m 2 ure the end of vepolanzstion and the time of complete recorery o
exatability There are afso additional changes which complicate the re-
cults obtaned Since the excessive Tate prevents complete repolanzation,
the estiny and sction potentials decrease m magmitde (Fig 43E, F),
alsg because of the plete repol the threshold 1s altered and
the vonduction velocitv of each propagated beat 1s slowed {see Chapters
1 snd TV) Such changes 1o threshold and cond ty will be & 4
below
BIASTOLIC EXCITABILITY Vanatons n the frequency of cantrac
non of cardiac muscle withu & rangs of approxumately 60-220 beats/min
ute have 1o effect on the level of resting extitability of either auncle
or ventricle demonstrating that both tissues are capable of complete
recovery of excitability within the ime himit 1aposed by the cyele length
(Fig 444} The ohservation that the yesting membrane potential of &
single fiber of the papillary muscle 13 hikewise constant throughout a
similar range of rates (Faz 41 and 43) and even dunng periods of pro
longed diastole (Hoffman and Suckhng 1554)
s Furth

P

1 agreement with
N

0 prep g 2 penod
of supernotmal excutabibity changes 1a rate {ail to produce anv conustent

modification in eithes the magmtude or duration of this phase of \he cycle

COYDUCTION VELOCITY The conduction veloenty of the dnyen
beats in exther auncle o ventricle 15 not affected by wates up to 20-
300/minute (Fig 44+B C) This would be expected 1n View of the absence
of change 1 the level of restng excitabibty 1 exther chamber and the

fact that 1o both the secovery of excitability 1s completed before the next
depolarization octurs

In marked contrast Yo thus 19 the effect of an ncrease 10 heart rate
on AV canduction veloaty (Fig 454) Here the conduction hime he
comes progressively longer at hy

her fr
I oy Jo t %umi equencies et::phasmng an essen

ol 1
Perhaps the explanation for this observation wall be found wh-un’ “‘Ch!e
nsture of the normal A V delay has been determined Certainly at tnpher
¥sies the longer refractory penod of Purkinge fibers may con .
this finding 1t should be s

tribute ta
entioned that the slowing of AV conduchion
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at a frequency somewhere between 250 350 beats per minute and the
rate of shortening of these variables dimimishes A sumilar lack of lineanty
18 found at excessively slow rates (Fig 43)

The undetlying cause of this fatlure to mamtam a lincarity of change
i ventricular muscle as heart rate 1s accelerated above & certamn lesel
18 apparent from the records shown in Figure 41 When the transmem
brane potentials of a single ventricular fiber are recorded at sumlar
rapid rates, & new phenomenon 13 observed This consists of a regular
alternation 1n the shape and duration of every other action potential <
that on alternate beats there 1s loss of the plateau and a different time
course of repolarization Because of this the relationships between fre:

A

AURICLE

9

VENTRICLE

MILLIAMPS

L —t
130 50 300
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T ——— et 8
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2

200 3 400 00 200 300 400 8500 400
CYCLE LENGTH IN MSECS CYCLE LENGTH IN MSECS

Freune 44 The cffect of heart rate on  A—auricular and ventrseular dsstolic thres
holds B lar an: 1 velocsty Insert shows position

C
f
heant drving cathode (D) testing cathode (T) and three pairs ©
! CICC“’Ode" Seod 83 ;’ 3) Interel d d time between various pairs

shown i graphs
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which results when the heart 13 attificially driven at faster rates 1s not
charrved when the tathyeardsa 13 produeed by e & t 1o vagal and
#n sncrement 15 sympathetic actnty In ths latter case 8 shartemng of
the PR interval oceurs as a result of the specific actson of the autonome
medistors on the junctional tssue snd perhsps on the speciabized con
ductng fibers

TRANSIENT CHANGES IN CYCLE LENGTHS Studies of the effect
of transient changes 1n eycle length serve to emphanze the ymportance
of studping heart 1ate only under cond of complete equibk
As scen 1n Figure 46C, D repolanzation following each heat changes
progresuvely for many cycles of sctivity before a steady atate 18 mt
taped, Sumlarly when the rate 1s abrupdy aitered n & rhythmucally
besting papillary muscle the recovery limb of the transmembrane sction
potential shortens shightly on each snccesmve cyele and reaches a con
ditson of equiibrium only after a consderable Japse of ume (Fig 46.
A, B) Such a slow progresuve adgustment oecurs both when the cycle
length 1 mereased and when 1t 1 decreased. Studses of changes i excit
abilty performed dunng wuch periods of 1nstability wonld ohsiowsly give

irumembrane
by dotted Lines)
Firnt beats follgw
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which restlts when the heart 18 artificually dnven at faster yates 13 not
observed when the tachycardia 1s produced by s d 10 vagal and
an inerement 1n sympathetic achvity In thos Jatter case a shortening of
the PR 1nterval occurs as a result of the speaific action of the autonomie
medistors op the junchonal tesee and perhaps on the specishized con
ducting fibers.

TRANSIENT CHANGES IN CYCLE LENGTHS Swmudies of the effect
of transient changes 1 cycle length serve to emphanze the importance
of stedying heart sate only under conditions of complete equibbnum.
As geen 1 Figure 46C, D rvepolanzation following each heat changes
progresanely for many cycles of actmty before a steady state 13 at
tuned Sumlarly when Whe rate 13 shrupily altered 1n a shythmcally
beating papsllary muscle the recovery funb of the tran membrane action
potential shortens slightly on each suecessive cycle and reaches 2 con
diton of equibrium only efter a considerable lapse of tume (Fig 46-
A, B} Such a slow, progressive adjustment occmrs both when the cycle
length 15 1ncreased and when 3t 13 decressed Studies of changes 12 excit
ability performed duning such periods of mstabibty would cbriously give
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quite anconsistent results and the rel hips p d 3
sections of the chapter would not be seen i )

The effect of single extrasystoles on the time course of recovery of
membrane potential and exciability has also been studied m imtect
hearts and 1solsted papillary muscles Figure 32 1n Chapter V shows the
change n the action potentral of hoth the extrasystole and the post extrs
systohic beat It 13 seen that while both are altered, the change mn duration
and configurstion depends on whetner the extrasystole 1s mtroduced early
or late 1n dinstole The refractory periods of such extrasystoles are ysually
shorter than those of driven beats, but the strength interval curve oh
tamned for them d ates the usual ph noted for normsl
rhythmie activity Additional studies of this nature have recently been
carned out by other investigators (Moe ¢t al, 1955)

SUMMARY It can be said that the most important effects of heart
rate on excitabihity are as follows

1 When the strengthnterval curve 1s employed os a measure of
cardiae excitability, the effect of an incresse mn heart rate 1s essentially
to shift the curve further to the left This shalt refllects progressive shorten
ing of the sbsolute and total refractory periods without a change i the
duration of the relatve refractory period Neithex the dip nor the miny
mum isstolic threshold 13 sltered by rates up to 250 300 heats/mun
The effects of rate on ventricular excitability are 1dentical whether this
chamber 13 bemng driven directly or through the auncle The effects of
rate on the recovery of auricular excitabihty parallel those of the ventncle

2 Velooty of conduction of the propagated beat in esther auncle or
ventricle 1s not affected by rates up to 250 300 beats/mn In other words,
the caf to duct and the capacity to be excited are both capable
of complete recovery within this range of rates

3 Conduction i the A V bundle slows progressively with the mncrease
in rote Thi contrast woth the effect of Tate on conductien in suncular
and ventricular myocardmm indicates an essential difference between
these specishzed and shzed d g tissues

4 The QT nterval shortens progresswely with rate This 15 8 rela
ve shortening, however, for although the QT interval occupes but 40
to 50 per cent of the cardic cycle at rates around 100, 1t occupies 80 to
90 per cent of the cycle at rates of 300 beats/mm

% The time of occurrence of the apex of the T wave bears a constant
relatsonship at all rates studsed to the end of the total refractory perod
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23 well a3 1o the eathest pount 1 the cycle 2t whith 2 soulus de:we‘r:;i
10 the relative relractory penod produces & propagated action poten \:
“This sumplanty of the efiects of vate on the QT interal end on the pov
tzon ot the boundanes of Whe total yelractory penod and arresporsnve
peniod tends to unpress vne with the sigmficance of the T wave mn terms
of ventneular extitainbty

6 The transmembrane potestisl recorded from a sugle fiber of the
wsolaled papilary muscle Teveals the same effects of eyele length on the
coutse of recovery s are {ound 1w the wtact heart. These records alo
demontisate that when excessively rapd rates are employed & new change
—ncomplete tepolanzaton—supervenes This falure to attain 2 normal
resting pateptial 18 the dicect and smmediste cause of the sbnormal thresh
olds and conduction velotity which oceur, as well as the eause of desvia
ton from a linear relstionshup between heart rate and durabion of the
tofal refractory pertod or QT interval. Such changes when encountered
are thus only an indirect effect of eyele length. This finding explams

many of the discrepancies noted between the results obtained by previous
mvestigators

THE EFFECT OF AUTONOMIC ACTIVITY ON EXCITABIUTY

1 THF VAGUS NERVE AND THE AURICLE In the preceding sec
tion of ths chapler the effects of artificially induced vanations 1n heart zate
an the excitability of the auncle and ventnicle have been discussed Nor
mally such changes i rate result from fluctuations n the degree of tome

activity mamfest by the sympathetse and parasympathetic cardiac nerves
These nerves s additson to changing the frequency of contraction have
2 widespread effect on the il d and lity of
cardiae mmscle :

L The ackions of vagal stmulation and of acetylcholine have been exten
svely stwdied 1n both mammalizn end amphibian hearts {Andrus and Car
ter 1939 Ashman and Garrey, 1931 Gilson, 1935 1939 Schiitz, 1936)
::(c\ \\\h\c;ué‘x: \lmir major effects on contractility and thythmesty haye
0 well known for many years {W)
o e o dor m y {Woggers 1929) the changes brought

et are not as well und d In many
{stances results obtawned in the frog or turtle heart are assu

med 10 ind;
cate that a similar respanse 1 prescnt is mammaban hearts slthough \hle
reactions underlying the alterabons 1 carduae ety that result from
vagal sumulstion have received Litle ezperimental sttention 5
-
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The eituation 13 much the same with respect to adrenergic nerves and
mediators Although the major effects of epinephrine, nor epmephrine and
sympathetic activation have been mvestigated by a vanety of techniques
and although the action of these agents on many parameters of cardise
function 15 known with certammnty, disag exasts g the
sumlarity or difference of the sction of epephnine and nor-epineph
on rate and thythmenty (Ahlquist, 1948, Nathanson et al, 1930, Green
burg and Lambert, 1952), contractiity and excitabality (West, 1947,
Lands and Howard, 1952, Gremer and Garb, 1950) of the heart. Jt1s
quite hkely that norepmephnine 15 the major medator of cardise sym
pathetic nerve sctiity in mammals (Qutschoorn and Vogt, 1952}, on
the other hand, the predominant neuro humor relessed on adrenal activs
tion 15 epnephrine (Bulbring and Burn, 1949) It 1s of mterest to know
how these two agents differ, guantitatively and qualitatively, m ther
cardiovascular effects and to assess the role of each m homeostasss

These considerations have led to a study of the effect of vagal stumula
tion and acetylcholine on the excitabibity of the dog s auncle and vestndle,
and to a detasled comparison of the actions of epinephrnine, nor epinephrine
and sympath nerve stunulation on these same tissues Some attempts
have also been made to elucidate the mechamsms by which the observed
changes in exeitabihity are produced

The effects of vagal sumulation on euriculor muscle The techmque
employed 1 testing the effect of vagal shmulation on the dog heart rv
quires only a brief description Both nerves were drvided fugh in the neck
and the peripheral stumps were stmulated with sinusoidal pulses st a
frequency of 20 per second The strength of the stmulus was graded on
the bass of the degree of AV block produced ‘“weak stimulabon pro-
longed the P R anterval by 20 50 msec  “intermediate  strength produced
21 AV block, and “maximal” shmulstion resulted m gher degsees of
AV dissociation Since the vagus nerve fatigues rapdly even at this
frequency, periods of constant vagal activity, of necessity, were briel

and often 8 prog; 1 the of the lus wes fe-
quired 1o mamtain 2 constant degree of AV delay Enther the right or
feft vagus, or both 1 Iy were employed in these expersments

ARl hearts were dnven at a constant rate before and dunng periods of
vagal activation

Effect of section of the vags Cutting both vagus nerves had no appre:
cable effect on exaabilty of the auncle as measured by the strength
mterval curve (Fig 47 C) Diastolic thresholds and the duration of the
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Fioone 47 A. The lack of eflecs of vagel stimalation o aencular dustolic strengthe

duntion curves obtased from three Aufferent dogs The sohd dots represent the

contre) values w each wnamal. The ovher idenuninng marks represent thresholds dor

g full vagal ectvation,

B Effect of vagal sumalabon of varioas satensities on $he ¢ reagth mterval curve
of the vuncle. The brokes fine (0——~0} 1 the contre] weak (X—tj fmier
wedate (=) and string (A4 vagal sumuleton

C Lack of efirct of vagal sectiow oo cardise excuability as indicated by Jack
o8 change un strength mternd curven control (e—e)  sfter vagal pection {0 —0}
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absolute and relatise refractory penods were sumilar before and ater
intesruptson of the vag, as was the phase of supernormality when uch
was present These results are of mterest 1n that they mdicats an absence
of tonic vagal effect on bility m the prep ployed
Recovery of excuability In every case vagal actuation shortened the
absolute refractory period of the suricle, the degree of shortening bemng
proportional to the strength of vagal stmulation (Fig 47 B) The magm
tude of the change under strong vagal stumulation amounted to a 50 75%
decrease from control values In typreal expeniments employing 8 test
stimulus duration of 30 msec, the absol 1 y peniod sh d
from 130 30 meec 1n one case, from 130 to 50 msec and from 100 to 50
msec 1n others When the test shock duration was ncreased to 12 meec,

43 The effect of vagal stumulation on suncular transmembrane potentials In
:‘;‘;}!;\’R’i and B the longest lasting action potential 1s the control A ehows the eﬂel:'::
duning vsga} scuvity {changing from nght to lefi) and B shaws the changes ‘1&4
cessatron of vags] sumulation (changing from left to mght? € and D are nct;d‘
obtamned from a single fiber of the 1solated suncle before (C} and after (D} & ¢/
Jebolime in & comcentration of 3 100000 (Reproduced from Hoffman sn

T 1 upstrokes by dotted lines}

Sucklng 1993) (Retouched to show action potential
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the durahon of the shsolute refractory peniod often {ell to as httle as
m’l‘:::;ul refractory pertod also shortened under vagal acuvation, but
often not to the same extent as the duration of absclute yefractoniness
changes 1 the elative refractory penod therefore wese sanshle Weak
vags Astion Jowered the thresholds for ystoles dunng the rela
e refractory penod  stronger vagal actnty restored excutability to nor
mal resting levels dunng thus mterval of the cardiac cycle consequently
shufung the relative refractory penod to the left (Fig 47 B) The actus
duraon of relative refractoriness was most often wncrez ed by wesk
\agal ety o the espense of the absolute refractary period but under
strong vagal tmulaton the duration of this period was definitely less
than the contrel values
The transmembrane potentials of single fibers of the sn sstu dog sunicle
wete also recorded to further clanty the effect of vagal stmulstion on
the exeatabalty vydde of seneolar mosde (Hofiman 2nd Suckling 193}
As een m the typreal records repraduced mn Figure 48-A when the
penpheral trunk. of esther vagus nerve was stimulated and the heart rate
kept constant by dyming shmol a rapdly progressive and dramatic
change 10 the shape of the sunicular action potental ocenrred Withmn 2
pace of 35 beats the ime required for repolanzanon shoriened 1o 2s
latle 28 3050 msec The vecovery hunb of the achion potenvial dereloped a
marked upward copcavity wath repolarzation proceeding very ramdly
at first and then more slowly as the resting membrane potential was ap-
prosched. At the end of vagal tumulation, as seen 12 Figure 48-B, the
achon polential returned ta the control shape and duration,
me‘z;: ::\:!;g:n 5 the duration and time course of repolanzalion of the
gle aunicufar fibers graphically demonstrate the natere
of the slterations underlying the recovery of excitsbihty dunng vagal
actmty Tt 13 also wnteresting to note the clo.e correlation between the

tume eourse of repolanzation of ik 2l
e o 1 e single fiber and the course of rev

ty portrayed by the strength stexvel corves (Fig 47
N el])]q‘:lx ;":1 vulnesrability Dips mn the strength interial mwe‘wese l.:s
m\“: ned under vagal wfluence and tended to shift to the left a3 the
- mcnn:h ‘»u displaced 1 that durection However the durabion of
pg exsble penod was mvanably increased by vagal achm

pter TX) and Fbnll ih 1y L

hold forml
were !
fibnllation was the only response to thres oo

hold stmulation throughout the
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major part of the relative refractory penod Moreover, under maximal
vagal effect suprathreshold stimuh could ehext fibrillabon eten late m
diastole after the restoration of full excitabihity This contrasts markedly
with the dit: b g m the ab of ysgal (see
Chapter VI)

When longlastng fibollation or flutter occurred, vagal actwty
shortened the {f or p p cycle of these arrhythmas and often, when vagal
stimulation ended, normal rhythm was restored The effects of vagal 3¢
tvity on vulnerability will be discussed more fully 1n conjunction with
a conmderation of the action ncetylchobne

Resting excuability (diastolie threshold) Maxsma) stimulstion of exther
ar hoth vagus nerves had no effect on the level of resting excitability
aunscular muscle The diastohe thresholds for stmult ranging from 12
to 005 msec duration were unchanged by weal, intermediate or maximal
vagal activity This constant level of resting excitabahity, cleasly demon
strated 1n the strength duration curves of Figure 47 A, 15 mn marked con
trast to most experiments reported by others, wherem vagal stunulation
or acetylchol d the rheobase of the turtle (Gilson, 1935}, eat
(D1Palma and Mascatello 1951) and dog (Andrus and Caxter, 1930} heasts
The ahsence of any change 1n diastolie thresholds danng vagal stimulation
observed 1n these expeniments cannot be explained either by hautations of
test shock duration or by meffective nerve activation These interpretations
are supported by experiments in which the effect of vagal stimulation on
transmembrane potentials of the mtact auncle were studied As can be
seen m Figure 48, even strong vagal actwity produced no apprectabls
change tn the magmtude of the resting potential of auncular muscle

lthough at times a of 12 mv was noted, 13 assactatior
with a shght mcrease i the nising velocity of the upstroke of the acno(r;
potential From these results httle change i threshold would be expecte

(see Chapter 1 and V, and below) On the other hand, studies of the
effect of acetylchohne on the b P s of the ssolsted
cat aunicle {Burgen and Terroux, 1953) have revealed & definite increase
1 the resting potential assocrated with & change 1 the threshold require:
ment for stimulus current, symilar investigations employing the embry um(\;
chick heart (Fingl et 8], 1952) have shown that acetylcholine decreasc1
both the resting and action potential In both cases csted, the ymiual };11:

of resting potential was quite low (60 mv and 45 m xeapecmcld{) ﬂ‘oc:
fact may explam the discrepancy between our observations on the ¢
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of the vagus on resting exeisbility aad ﬁt:mi;:n olh‘cn: :}:Bﬂlg;‘;?:;
uble that vhen the ra&x‘;:i r::::‘m;:::n:;aunzd wud thus changes
.ce(ﬂ';:m;\n:d ‘::,a‘:;w:hmh Observsthons of the effect of this agent on
m:cemairo schwity 1 auncular muscle tend to support this concept
‘ZBxady and Hecht, 1954) When, on the other hand the amtial h:ve:I of
memrane potential 15 close to the normel value vagal shmulstion dm
not produce &ny epprecisble change ather 1w potentual or threshold to
test stmth The difierence between yesults cbtained from studies of the
dog sundle (Hofimean o o, 1952) and tusile or chick heart (Gilson,
1935 Fingl et al, 1952) way be true Aufferences 1n the senutinaty of
these separate es

Duutslw hi;?;ym and conduction veforsty When threshold test shocks
were apphied late 1n drastole, mazsmel wagal activation produced no change
12 Iatency of the response recorded 3 mm from the ste of the test elec
trodes Dhastohc conduchon velocity on the other hand, was shightly i
creased by sirong vagal stmulshon (Hofiman e al, 1952) The con
duction tume from the driving electrode on the mght auncle to a record
1ng electrode on the Jeft auntcular appendage was decreased by 5:10 msec
{# decrease of 10 to 20%) and changes of sumiar magnitude were ob-
wined with recording electrodes cloer 1o the drive este. Thus increase
1 conduction veloaty cannot be accounted for on the hasis of altered
latency lurthermore since the decrease 1 conduction ume between
each of several pairs of contiguous punctate bipalar electrodes was pro-
pottional to the distance separating them from the drive electrodes, the
mereased veloraty of conduction cannot be axcnbed to a shorter con
duchion path Finally the auricular strength mnterval curves clearly dem
onstrate that conduction both before and dunng vagal actinity occurred

w fully exetable vssue The clarm that accelerated conduction durng
vagal il 13 dne 1o aceel a ! of the y:
{Gareis Ramos and Rosent 1917} 18 thus tsf;

Yy snce the
vagal action resmlts 1a faster conduction even 1n fully repolarized aurseular
tie e, Sinee accurste measurements of the niang velooity of the trans
menbrane acton potential were not made the co
wmereass oheerved cannot be evaluated m 2 quanbiahve mancer However
the direction of chenpe 1 nsng velocty would cause more rapid 1m
pulse prapagaton (Katz 1947} & shight 1ncrease 1 the magnitude of
the “Uhreshold potential” {see Chapter V) would have the same effect

ntrhution of the slight
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but would most likely be associated with s measurable change 1 stunvluy
Teq t Careful deter 1 of the effect of vagal actmty oz
these two varniables are therefore required before any concluston can be
veached

This observation of ncreased veloeity lor muscle
at a time when AV conduction 13 markedly slowed or completely blocked
emphasizes the specishzed and umique nature of auriculo ventricular con
duction Since the Purhinje fibers of the dog ventnicle are completely
unaffected by acetylcholine {Werdmann, 1953}, the delayed AV conduc
tion produced by vagal stimulation must cccur at the junctions] tesue
or at the AV node nself

The monophasic auricular electrogram The monophasie electrogram
of auricular muscle has been employed to demonstrate the effect of vagal
setnaty or acetylcholine on the time course of repolarizahon (Hoffman
et al, 1952) In such studses a large change in the magmtude of the ¢
tion potential has been recorded Such a change 1s not revealed by the
direct recording of transmembrane potential, this finding served as an

1,

flent ple of the ambiguity of gs obtaned by means of the
former technique
Reversal of vagal effect Me made duately after the end
of vagal stmulahion demonstrated that both the total and sbeolute 12
{ractory peniod of the aurcle Wy dto s d 510

msec greater than the contral values, before returming to restng condh
tions The duration of the PR imnterval decresced below normal imme
dintely after the cessation of vagal activity The same over<hooting of
the end pomnt was demonstrated by the cvele length dunng fibrllation
and flutter, duning vagal shmulstion this mterval decreased helow, snd
after the end of vagal actnty 1t temporarily exceeded the control dura
tion It 1s concewvable that thus veversal of vagal effect on refractoriness
and cycle length explans the occasional abolition of archythimas that can
oecur nfter the end of vagal shmulation

Camparson of the right and left vagus This cenes of expertments ¢
vesled no sigmficant or consstent difference between the nght and
Teft vagus with respect to the changes produced n auncular ecitnbility
and conductivity

o THE ACTION OF VAGAL STIMULATION ON VENTRICULAR
MUSCLE Maximal stmulation of either vagus nerve, or of both simul
taneously, at a frequency of 20/sec had no effect on exther the excatabihity
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ot conduction veloaity of the dog s ventricle when this chamber was dnven
tant rate
“; “7HE EFFECTS OF ACETYLCHOLINE The scton of mpected
acetylcholme chlonde on the excitability of the 2uncle and ventnele to
te ting sumah was studied 1n several amals, the evanescent effect of
this :genL however made complete studses of excitabality by s wechmque
mpracticel, Rather than enber employ antichobnesterases ot substitute
long acting chobmergic agents for the zestylcholime suberquent studies
n the mtact animal were 4 to the ding of b
potentsals of swgle auncelar znd sentmientar fibers before snd dunng
injection of varying quanities of acetylchohne chlonde In additian the
ehavior of 1solated preparations of suncular muscle and the wolated
popilary muscle was ohserved 1n the presence of different concentrationy
of this gent and the changes 1 transmembrage potentials of sngle fibers
of both hissues nere recorded
Aurscular membrane p Is When the b potentisl was
recorded from a single fiber of the intact, drven auricle the 1njection of
acetylcholine chlonde into the external jugular sem resulted 1 changes
swular to those produced by vagal \ with the sale 3
that the on et of action was delayed and the durstion of the resulting
changes was prolonged T b tials recorded from asolsted
fragments of auncular muscle exposed to copeentrations of acetylcholine
rangang from 55 x 107 to 11 x 102 M showed changes sumilar to those
recorded from the 1a sitw auncle dunng vagal simulation. As shown 1n
Figure 43-C D the total duration of the action potential decreased marked
:{u :}3 :‘r"l’l““‘“"“ l“mb developed a marked Lpward concavity apd the
eloaily ot rep was greatly d. In additen many
preparations exhibited a sbght mereae 1 both the resting potental
m\in tz:‘ n;e né. ns% of the action potential.
egulatly the effect of acetylcholine on
::depwlly and there was 1o sigmificant ;?E:::;an!::e;:ﬁ:ifﬁ
h::\q :( 1 5and 20 m:x{m!ea :S‘\clr ‘addmun f{ tus :lgnent to the hu}; The
1 the aur P change
" .b“‘: ;?‘:’1 ;:—‘::c a}:::n!;a} “m 55 = 10 M, wiule concentrations
of the record. o © change w \he shape or magmtude

FPacemaker actusty and gureuls Xpenm
‘ wular orrfythmas o e
ormed 1o 1hys Isboratory wath acetylcholine no records wt:ec::in}:;}
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{from smgle fibers extubiting pacemaker achwity However, other mnvesh
gators (Brady and Hecht, 1954, Hutter and Trautwein, 1955) have record
ed the action of vagal stimulation on the slow depolarization which oceurs
preliminary to orzgin of & propagated action potential in pacemaker fibers
These studies show that the vagal effect 1s to decrease the slope of the
slow depolarization, or even to hold the membrane potential at & constant
value The stoppage or slowing of heart rate when the vagus nerve 1s
sumulated can be explained on the bams of this prevention or slowing
of spontanecus depolatization 1 pacemaker tissue

On the other hand, ad ration of acetylchohne to many intact and

lated prey dted 1n the app of d sp
activity st extremely rapid rates {700 1500 beats/mm } In the case of
ntact hearts, this activity was ususlly grossly irregular and disappeared
quite rapidly In the isolated frapgments of auncle, whers a permstence
of the acetylchohne effect was easily mantamed, the srrhythmia was
most often regular and of long duration It was found that 1n preparations

e
<109 MV

£ 49 Production of ssrhythmias s single auncular fbers treated by acetyl
fl:x:e Responsz fo a single sumulus shown m A The weak aymulus apphctlld :‘!
s tsme wndicated by second arrow m B gives an extra systole but & strong l':m: -
sduces rapid muluple frog (G} Note extremely rapd rate of firtag wh\; ;lm .
times results from this procedure (D) (Reproduced from Hofiman and Sucl
1953} (Retouched fo show actson poteatial upstrokes by dotted Linves.}
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T s same mtrioye tachyeardsa could regularly be pro-

?l‘u:; ‘;: :pmmn of & suprathreshold sumulus at ; ce:r:u;n:l:s:::
dunmg the Tepolanzaton phase of the action potential stimu o
othet moments dunng Tecovery resulted only 1o the production of singl
extrasy toles, Thus sequence of events s shown 12 Figure 49 b

The records obtamed duning the 1ntrmse tachycardia descnbed above
a8 of anterest 10 peveral tespects First, they demonstrate that under the
combined nBuesce of scetylcholine and 2 rapid zate of wmtrnsic drive,
suncaar muscle 13 capable of complete vepolanzation within as hittle
3 610 msec. Ths suggests that the fund 1 meck y
the depol and repol of lar muscle may be qute
sumilar 1o that present m skeletal musele and that the long refractary
penrod mormally present am the auncle results from ome rddivonal fac
tor ar mechamsm that delays the repolanzstion process Secondly these
records show thal suncular muscle 15 capable of complete recovery at
ates o5 Tugh as TR0 munste with no oss of Teshing potential ot
zeversal, and cven at twice this frequency these 18 only & small dumum
tion 1n the yesung potenuial and height of the action potental,

Siunultaneous records of the achon potential of & single auncolar fiber
znd the tocal umpolar electrogram obtauned before (Fig SO-A) snd after
{Fsg 508 C) the addmon of acetylcholne and the production of tus
anthythsa (Fiz SOD) clearly demonstrate the relationship between
the Tate of repolarnaion of auncalar muscle and the timing 2nd magm
tude of the suncular T wave As repolarization occurs more rapidly under
the wfluence of acetylchobne the T wave mereases magmtude and 18

|‘nscnbfd ;:xogrdmdy eashier uotd 38 blends with the deflection resalting
torn dep

the record g & 3aw tooth configurahon sug
gestive of the electrocardiogram dunpy awncular futter {Prnzmetal
et al. 1952)

derl

Vemncular membrane potentials Vagal
gal sumulation 23 expected, hid
not change the acbion patential of sy g vecregl

gle fibers of the wtact dog ventricle
as long as the heart was druven at a constant rate. Simularly doses of 15
. of acetylcholine solution (1 10 000}, wjested esther anto the external
jugu!;r vem, or directly into the caviy of the left ventnicle, produced
Bo change m enther the resting potential, thy
e e e e Tekg potential, the hesght or rate of nse of
merlts were obtained from the same Sber b
203 i others several adjacent e
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Freure 50 Rel hip between 1} \} s and the local
! See text for d (Reproduced from Hoffman and Suckling 1953)

(Retouched to show action patential upstrokes by dotted lines)

high concentrations of acetylcholine on mammalian ventricular muscle
was confirmed by studies employing the 1solated papillary muscle prepara
tion In these experiments only surface fibers were studied and mtersals
of up to five to ten minutes were allowed for any possible delay 1n diffusion
of the acetylcholine to the | surface Results typical of this
senes of experiments are seen i Figure 51 Acetylcholine 1n concentrations
from 55 x 107% to 55 x 10* M brought about no change, exther n the
size or shape of the action potential or mn the magmtude of the resting
potential The slope and duration of the three phases of repolanzation
remamned unaltered Only with the highest concentrations employed
(11 x 102 M) was there any modification of the b p '

this consisted of a change i the slope of repolarization, the plateau tend
ing to shorten and blend with the final phase of recovery Even when




REART RATE, AUTONOSIC KERVES CHEMICAL MEDIATORS 213

this change did appear the total hime required for repolanzation was not

3. At no time did acetylcholine 1nduce esther rep firng or
arrhythmeas i the 1solated papillary muscle.
Add \| of thiy d that Icholine 18

wathout any effect on the time courte of depolanzation and repolanization
of mammahan ventnculst muscle 14 present 1a the work of Werdmann
{1953) on the false tendon of the ventncle Here, too acetylcholine was
found to exert no demonstrable effect on enher the membrane action
potentials o the rate of spontaneons actinty However studies of the effect
of this agent on the frog ventnicls (Hoffman and Sucklag 2932k} show
a change 1n both the magmtude and duration of the transmembrane action
\

potential. Thas ok p the diff that exist between
vanous species m their response to Icholine, as has been

previowsly

U‘Iu mode of action of acetylcholine Any attempt to describe the possible
mode of action of Icholine on the b by and exeit

ability of auricular muscle 13 limted at the outset by the inadequacy of
the 1oformation available. It 18 possible to assume that the bass of the
membrane potential changes scen dorng sctinity 1n cardize muscle 1s
the same 28 that descibed for nerve and keletal musele (see Chapter 1)

Freone 51 Lack of effect of & 2 e 8clion potentrals of
cetyleholine o
n transmembrane get
ventnealgr m)e(n. A—Control B85 x 107+ 3y C-55310¢M D119y 102 M
#cetylcholise (Reproduced from Hoff Kiog, 1953) (Retonc!
1y] D1 Rian and Suckhipg, ) (Retouched to show
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Ficure 50 Rel hip between 1! i Is and the Jocal
1 See text for d (Reproduced from Hoffman and Suckling 1953)

{Retouched to show actson potential upstrokes by doited lnes}

high concentrations of acetylcholine on mammalian ventrculsr muscle
was confirmed by studies employing the 1solated papillary muscle prepara
tion In these experiments only surface fibers were studied and intervals
of up to five to ten minutes were allowed for any possible delay 1n diffusion
of the acetylcholine to the membrane surface Rewults typical of this
series of expersments are seen 1n Figure 51 Acetylcholine 1n concentrations
from 55 x 10-* to 55 x 10 ¢ M brought about no change, ether m the
size or shape of the action potential or 1n the magmitude of the resung
potentinl The slope and duration of the three phases of repolanization
remained unaltered Only with the highest concentrations empTO)‘ed

(11 x 102 M) was there any modsfi of the memb P

this consisted of a change i the slope of repolanzation, the plateau tend
ing to shorten snd blend with the fina) phase of recovery Even when
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lation and by ecetylcholine This acceleratiop results at times 1n & com-
Jetron of recovery within 10 msec.
i 3 The conduction veloctty of a propagated responte 1 restng euncelar
muscle 15 wmeseased by both vagal stoulation and scatylcholine. "
4. Vagel actimaty and scetylchalne greatly enhance the vulnerabihty
of the sancle to futter and Gbnllshon snd often produce arthythmuas
of this
5 V?;schn!y has no effect on the excitability of the dog ventncle
6 Metther the restng potential nor the sction potentual of the dog
sunicle 15 d 4 1 maguitede by vagal \ but the duration of
the achion potentia) 13 greatly shortened.
7 The trensmembrans potentials of the dog ventnele are not affected by
acetylcholine or vagal timulation. ]

4 STIMULATION OF CARDIAC SYMPATHETIC BERVES The
techmques followed m \ the cardise hetre nerves were
szl to those employed 10 studies of vaga) activity The major cardiac
nerves, Yoth left and nght, were 1solated and cut and the distal segments
Placed 1 moist chamber electrodes. The stumuli used were snusordal pulses
at a frequency of 16 per secand. In vanous expeniments etther the nght
or left of both nezves were brought inta action by means of sapramanimal
stumuhs fox bef periods ranging from 30 seconds to 2 minutes duration
At imes the night or left stellate gangha or the tharacic autonomic chauns
were sumilarly stuoulated In each case, an attempt was made 1o sever
all connections other than those rannng 1o the cardise plex.

o all expernments mvolnng stmalation of cardrac sympathetics the
¥ag1 were: sethioned Tugh 10 the veck to prevent reflex activation and the
Beart wos driven st & coustart vate before and dunng perve sumalstion
whenrver tests of thresholds and refractariness were made. The drives
rate adopted was 200/munute to prevent escape from the drve stimal
dung sympathetic actimty 1o @ number of expeniments the S A pode
was not wmectvated thuy the effect of sympathetic stunulation on the
tete of nodal wmpulse formaton could be evalusted Several
conhiguous by oreral pauss of

uots hipolar electrodes on both euntle and ventridle permitted
measurements of intra aursenlar jatrs veatriealar, d
s and suncaloventnenlar
c!;ndur.;:nn\dmny ety of Yoresholds and the boagd of
¢ felractory periods were made 10 the asual manner When esth
:s‘\:!‘m left cardiae verves were stumalated the following change:zwt:;:
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If this 1s true, then depolanization of the cardisc muscle membrans 1

d with an 1n sodium permeability of the cell memt
and an inward Na* current and repolarization with a rise m potassum
permeability and outward A* current (the uncertainty of changes of ht
flux have been discussed an Chapter V)

If we accept this hypothens, one can suggest a possible mode of achon
of acetylcholine on aunculer tissue There 18 evidence from eeveral types
of experiments (Burgen and Terroux, 1953ab, Holland et ol , 1952, Hol
land, 1954, Hutter end Trantwein, 1955) mdicating that scetylcholine m
cragses the permeabihity of the resting membrance to K* Such an iereasein
the resting K* conductance could be at least partly responstble for the shght
observed increase 1n yesting potential that follows vagal activity end
wauld alse account for the slowing of pacemaker activity that has been
described Thus 3t 1s posuble that acetylchol the rate of s
polanzation 1n auncular fibers by altering the permeability of the mem
brane to potassium 1§ such a change i permeability does occur, however,
1t must be of a different nature than that produced at the motor endplate
by the same agent (Fatt and Katz, 1951, Nastuk, 1953) , an skeletal muscle
the action of acetylcholine at the endplate causes a p d depolan
zation—the endplate potenhial—and also a fi local decrease 1
the hesght of the tr b action p 1

On the other hand the time course of repolatszation 1n auricular mustle
18 normally so different from that of skeletal muscle that some different

h may be operative If such 1s the case, acetylcholine may act
directly on this process The observation that finonde (Hoffman and
Suckling, 1952b) and high calaum concentrations {Chapter 18} can
produce stnular marked acceleration of the repolarization process the
auricle demonstrates that the effect of acetyichohne 1s not unique

The lack of sensitinity of ventneular muscle to acetylcholine 15 most
Iikely due to the fact that cholmergic nerve endings are not present 18
fhis tissue and thus the membrane, hke that of skeletsl muscle distant
from the neuromyal junction, does not possess appropriate receptors

Summary 'The more important actions of acetylchohine, whether njected
or hberated by nerve action, on cardiac bility may be d s
follows
1 The lesel of resting excitabihity of sunicular muscle 1 not changed

by maximal vagal activity
2 Repolanzation of the suncle 1s greatly accelerated by vagal shmy
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The technaque of single fiber Tecording from the antact vmlncl; was
employed 1n & number of expenments to venfy these yesults Stimul anain
of esther sympathetic chain fatled to modily the action potential of mngle
sentricalar fibers to any appreciable degree with respect 1o ether magnitude
or total duration

General d Whate the accel of heart rate and con
duction velouty provided condlussve evidence that at least some of the
sympsthetic nerves to the heart had been activated 1n these expenments
the mntmal and scemungly unpredictsble changes i resing excitability
aud totsl duration of the period of subnormal excitability were surpns
mg Two udd: } groups of exp were pesformed to clanly the
results discussed sbove Furst, the effect of hepatic nerve stimulation was
“tudied since these fibers are known 1o hberate quantities of adrenerme
mediator adequate to nfluence both cardiae muscle and other distant
effectors Subsequently the effects of equumolar quantibies of njected
Lepmephnine and 1 pinept were gated

S HEPATIC NERVE STIMULATION The hepatie newves were freed

from the hepatic attery cut centrally, and enclosed 1m a mowstchamber
electrode The shmuh were aumlar 1 shape and frequency to those de
senbed ly Sup i \! of the nerve plexus produced
8 warked nse 12 Wood pressute and heart rate and sn addition brought
thout 8 tonsmderable change m 1he Yevel of resting excitshulity of the

ventricdle As shown 1 Figute 52 sqon after the oncet of shmulation there
was an abropt and marked {2l 10 the dastolic threshold, often amounting
to 2 change of 3040% and lasting 1 2 munutes Subsequently, following
termination of the nerve acuvity the threshold rose eonnderably above

mame ety megk s THRESHOLD 1 momp
L

e BL PRESS In oy
v /’\ bt SERUM X in meg
on . ,
wo s
03 “e -
100 3
Y s 2

Fioone 2. The effect of hepatic perve wum,
blood presyare and serum otasaam. Duray

TIME ~ orn

ulalion on dizstohe threshold, apstolie
on of stumulation wdieated by sobd bar
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Electrocardographic changes a) Heart rate In undewen preparstions
the rate of mpulse formation was markedly ncreased, simtlarly i drven
hearts the nerve activation accelerated the intrinsic p ker so that the
heart often escaped from the dnve stimuli and beat m response to a rapd
mtrmsie thythm

b) Conduction velocity Both intra auricular and intra sentricalar con
duction seloeity were ncreased shghtly by nerve stunulation This change
was mamfested by both a d m Jectrode cond tumes &nd
a decrease 1n the total duration of the P wave and QRS complex of the
himb lead electrocardiogram  Aunculo ventricular conduction was acceler
ated more markedly and resulted an a fi d m the PR
mterval of the electrocardiogram

Although the R T seg of the electrogram d d only yinor
changes during nerve activity, the shape and voltage of the T deflection
were clearly altered, the T becoming taller and more peaked 1n all cases

c) Mechanical effects In most instances shimulation of the cardisc nerves

lted n 2 mod m blood pressure, much more
marked, however, was the increase 1n wigor of contraction of the ventricular
muscle

Resting excuability ‘The change 1n resting excitability produced by
stunulahon of the cardiac sympathetic nerves was determined both by

g the threshold late 1n diastole with a lus of fixed duration
and also by obtmming a complete strength duration curve hefore, during
and after nerve sctmty In most hearts sympathetie actisaty produced &
mmmmal lowering of auncular end ventricular diastolic thresholds Often
this lowerng disappeared dunng continued stinulation and thresholds
rose to levels shghtly above the control level, returming to normal only
after the nerve sctivity had been termunated At other times, howeser,
stimulation of the cardiac nerves brought about exther no change in restng
excitability or an immediate shght wnerease in the threshold above resting

values These changes were all revealed more clearly by means of 8
Jus than by deter of the entire strength

single, short d

duration curve
The duration of refractoriness Stimulation of the cardiac sympathetic

nerves produced only shight alterations wn duration of the total refractory
pertod of ventncle and auncle This mterval of the cardiac cycle mcreased
n some expeniments snd decreased mn others, i no mstance was the
magmiude of change greater than 10 15 msec
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The tect of single fiber ding Irom the intac) ventncle was
employed 1 a numhcrnil! experiments to venfy these results Stupnlstion
of either sympathete chawn failed to modify the achon potential of single
ventricalar fibers to any appreciable degree with respect to enther magmtude
or total durakan

General d While the acced of beart ra1e and con
ductaon veloesty provided concliwe enidence that at least some of the
sympathetic nesves to the heart had been actiated 1n these expeniments,
the mummal and scemngly unpredictable changes m resting excitability
and total durauion of the period of subnormal excitabibty were surpris-
mg Two addional groups of expenments were prriormed to clanfy the
results discussed abore First, the effect of hepatic nerve stimulation was
stadied mnice these fibers are known to hiberate quantities of adsenergc
medistor adequate to wfluence both cardiac muscle and other distant
effectors Suhsequently the effects of equimolar guantities of injected
leptuephnne sud 1 pineph wese d
S HEPATIC NERV E STIMDLATION The hepatic nerses were freed
from the hepatic artery cut centrally and encloced 1n 2 mort-chamber
electrode The stmul were sumlar i shape and {requency to thosw de
wenbed p ly S \ i of the nerve plexus produced

a marked 71se 1 Blood pressure and heart rate and 11 eddition broughy
ubout 2 considerable change 1n the Jevel of Testing excitability of the
vertncle As shown 1 Figure 52 soon after the onse? of strmulation there
wes an abrupt and marked fall n the dis.tolie threshold, often amounting
%o a change of 3040% and lating 12 munutes Subzeq,

pently, {ollowng
terounstion of the nerve activaty the threshold rose considerably above

momp. mmHg megX ¢ THRESHOLD in mamp

. *= % BL PRESS In mmiy
1 I'\ s-—s ERUM K in meg
o8 s Y
W 3
03 150 4
0o 3
o4 0 2

Froome 52, The o,
blood pressure 1,

TIME = mun *
wlstion on duasobe threghold,
5 of stumaletion wmdicned by

fest of bepatic nerve sy

d serum potassiom. Durau el

20hid bar
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and returned to the pre-sumulstion level only after several
ﬁ::li:‘é‘::ullaneous with the h)l’l 1 tbreshold there wes 1 moderate
deereate 1n the duration of the total refractory penod
6 SYMPATHOMIMETIC AMINES Following establishment of con
trol values for threshold and refractormness freshly made aolutions of
either Lepinephrine or | nor-epinephnne were inyected via the (mmr.nl oy
external jugular vem from a constant speed mechameal synnge A1 25000
dilution of the chlonde salt of ether J-epioephnm

¢ or | norepmephnne
was employed sn most cases, 11 some experiments 1 nor-epiephrine buar

trate 116000 or d1nor epmephrne (1 112500 was substinated for
the sbove Both the totsl volume and the rate of mjection were vaned 1n
different expersments (sctual values will be speerfied whenever necessary)
The effetts of such njectiona can be summarnzed

Conduction veloeuty Conduction veloaaty was measured i aunicle and
ventncle by recording the elapsed tune between the application of the
driving stulus to ether chamber and the arnval of the propagated
uopulse at a dustant pair of recording electrodes apphed directly to the
same chamber AV conduchon velooity was determined in the usual
manner The effect of equumolar doses of l-epmeph and 1 p:
phrine on cond veloaty 13 d

d 1z Figure 53 While both
agents ancreased the rate of impulse propagation 1n auncle, A V bundle
and ventacle the effect of epuephrine wes umformly greater than that
oiflA‘ brize. This diff wes p larly marked 1 the ease
o f

A Up to s de of change
conduction velocity vaned with the rate of sdministraion 1 most

expeniments an 1njection of 4.0 wh 8t 2ml./rmnute produced maxmal
acceleration of ampulse propagation
ifeart yate and chysh,

Both Lepunepheme axd 1
produced marked increases 1n the rate of spontaneous ‘mp\xlser mation

o
1 the $ A node of undnven hearts, In driven hearts when d&e;‘:‘:«;&:
v':s czushed both agents mmlaly mereased the ntnnnc Taie and, vk
B° concentrations both produced ectopic ventnigwlar shythmy 'whn:h
:sm“y commenced one munute after the onset of njechon and Jasted
dt:nsldtnbly longer than the duranon of drug edmmstration ¥ no
r{vx{;lo_uza':em;l veatereatur fbnifation occur e
e the relaive potency of each
hesnt tate vaned from dog :Z dog } uorlie:;yﬁt::ﬁ g
what faster rates than did epuephnae ol el some



220 EXCITABILITY OF THE HEART

A - AURICLE
TRP
ARP
RRP
(LS
TRP
ARP
—
RRP
B - VENTRICLE
TRP
ARP
RRP o e EPINEPHRINE
= e==2 NOREPINEPHRINE
: ' " L L L 2
Q 20 40 60 80 jo0 120 10 160 180
DURATION OF PERIQD IN MSECS
Frcure 54 The effect of lar amounts of 1 h and 1 h
on the duration of refractoripess of the dogs heart TRP—total n:frazwxy penod
ARP—absolute refr period, RRP—relatsve refractory period

A. Companon of cpmephnne and norepmephrine on the auncle Note sheght
change 10 control values between tests
B G k and h on the ventncle (Reproduced

of
from Sichens et al 1953)
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The durauon of refractoriness In the majomty of expenwenta the
refrartory periods of both the auncle and ventncle were thortened by
1epineph and 1 pineph: a8 d d m Figure 54 1n
erther chamber both the absolute and relative refractory peniods were
decreased to a sumilar extent by equumolar doses of the two agents employed
Noteworthy 12 the fact that in no case was the degree of shorteming patticn
larly marked the average change 1n the duration of either the relative or
shsolute vefractory penied of sunicle or ventnicle smonnting to 10-15 msec.

Isolated papilary muscles and 1solated auncle preparations were
employed to study the efect of L-epinephnine on the duration of the achion
potentisl of mngle fibers The mucroelectrode records of the transmem
brene potentials shown 10 Figure 55 demonstrate that in typical prepara
tions of auncular tissue this agent defimitely ancreased the zste of repolar
wzation and shortened the total acton potentisl duraton In many

GCONTROL

EPINEPHRINE

s e
B} and on the ;m:‘ o wpmepunze on (e ventnen!

Titse warka 1 10
e by doted by % - (Retsnche
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expersments, however, the degree of shortening was less than that <hown
Simlarly, 1n the papillary muscle of the dog's right ventricle Lepmephnne
hikewise produced a shight decrease in the totel duration of the achion
potentsal In neither tissue, howeser, were sigmificant changes 1n resting
potentsal produced by the concentrations of sympathomiruetic amine
employed (Figure 55) These results are in general agreement with the
studies of Fingl et al (1952), performed on the chick embryo and frog
heart. Noteworthy 15 the fact that the changes 1n duration of the refractory
period produced by lepinephrine and 1nor epmephrine are 1 no way
comparable to the dramatic decrease in duration of auricular refractoriness
that results from vagal actvaty or the marked change 1 duration of the
refractory perted of ventnicular muscle that accompantes shterations
heart rate

In a few dogs no measurable decrease in the duration of the total penod
of subnormal excitabihty was elicited by admimstration of either agent.
Howeser, a significant prolongation of this mterval of the cardiac cycle
was not found following njection of the sympathomimetic anunes The
unipolar electrogram revealed T wave changes similar to those produced
by sympathehic nerve lation, g of an 1n voltage and
peaking of this deflection wath bttle concomutant change in the duration
of the R T interval (Figure 55)

Resting excitabiltty The obsesved changes in
ing from the ad. 10n of ] epinephrine and I nor-cpinephrine vaned
with the rate and volume of the injection Small doses of either agent,

3 ed at a rate of appr 1y 0510 ml /run , produced a trans
tory drop in threshold of both aurcle and ventricle to levels 10 25%
below the control In the auncle this phase of ancreased excitability Jasted
for 12 munutes, tn the ventrcle the duration was somewhat greater, the
average time ranging from 3 4 and occasionally reaching a maximum of
5 minutes The duration of this stage of mereased excitability seemed to
be independent of the d of the mjection Thus, even though the

d ation of the sympath agent continued for 10 15 minutes,
the threshold returned to control values within the usual pertod of time
Larger amounts of erther agent, mected at rates of 24 ml /mm, Produccd
a greater decrease 1n threshold (1o levels 25 50% of the control) of approx:

diastohe thresholds result

mately the same d but foll g this the threshold: d to
and then exceeded the control by as much as 50% This phase of decreased
excitability lasted for 530 and appeated 1r tsve of whether

h s agent was ended during the stage of

the wnjection of symp
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enhanced excutability or contmoed for seversl minutes aftes maximum

dropin threshold had been sttained. Examples of these changes 1n auncular

excitabihty followsng both lepmephnne and lnox-‘epmlepzl;me are see:
i Figure 56 symlar 2l n i! are seen ¥
Figure 57

—— EPINEPHRINE
« NOREPNEPHRINE

TINE — min.
Frouse 56 The effect of l¢pinephnine and 1pore;
pinephnine on diastolic thresholds
of the dogs auncle. 65 ml of 2 1,25
m‘:\ml e e a 000 dilution of either agent mjected dunng
rd, 1

d 1 ma ab: 4

m min
of focien, (Reproduted o Swbens o1 iy 1958y ad following start
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m
gl:p m:;:ig mequ S—+ THRESHOLD in mamp
*  x BL PRESS in mmHg
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ERRN -
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n . s
2 “ 6 [} (]
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Frcure 57 The effect of lepinephrine (A) and !nor epinephrine (B) on ventriculsr
diastohie thresholds, serum and systolic blood pressure Tumz

of mjection indscated by solid bar (Reproduced from Siebens et al., 1933)

When eq lar doses of ! epinephnine and I nor epmephnne were com
pared 1n the same amumal, the former usually produced a shightly greater
change in excitability of both sunicle and ventricle regardless of the
sequence of admimstration of the two agents (Stebens et al, 1953) Further
more, when the effects of esther drup on the sunicle and ventricle of the
same ammal were compared, 1t was found that the telatne senstivaty of
each chamber to epmephrine or nor epmephrine might be quite different
Table § 1zea the early changes 1n and ventricular excit
ability produced by both Iepnephnine and Inot epunephrine m seversl
representative expensments When the injection of esther 1 epinephnne or
1 nor epinephrine was extremely slow (01025 ml /mmn ), the changes 10
resting excitabihty were either absent or extremely shght, amounting to
a drop 1n threshold of no more than 10%
¥ ulnerabriity 1o fibnilation Both lepimeph and }nor epinept
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arked ncrease in the suscepbility of yentneular muscle to
}!'10:\‘\‘:::: x:hml by mngle suprathreshold test hocks applied dunng the
Anerable peniod Thus exhavced vol tality was of bref durstion, coin
oded temporally Wi the lowenng of diastolic lhmhulrd‘.s “nnd w&:
elien fellowed by 8 phase of d d pbility to 3
somewhat greater duration The effect of these two agents on the sus&cpu
ity of suncelar musdle to fibnllation was Tess cl t. These p
are dusensed in Chapter TX
7 BLOOD PRESSURE CHANGES AND EXCITABIIITY A csusal
telationshup between the changes of exeitability and the elevation of blood
presyared produced by both lepineph and 1 pinephnne was made
unbkely by the cbservation that sumlar matked elevations of blood
pressure, produced by aortic occlusion gave nse to 1o change 1n exont
abubty of exther aunicle or ventricle The sumlar absence of any alteration
1 thresholds of the dog ventncle m spite of large vanations in intra
ventnealar pres.ure has been reported previonly (Woske, et al, 1953)

COMPARISON OF CARDIAC AND HEPATIC NERVE STIMULATION AND
THE ACTION OF POTASSIUM CHLORIDE AND SYMPATHOMIMETIC
AMINES ON EXCITABILITY OF THE HEART

These studies demanstzate several important pants Furst, the actions of
tjected Jepmephrine and 1

P epinephnine are kably similar with
respect to their effect op bt hyth y and yef: of
auncnter and lar muscle Furth hepatic nerve stumul

by means of sopramaxunal shocks 1s Likewise quanbtatively and qualt
tatvely similar 10 effect to the admnvtraton of these agents 1 large
amounts On the other hand, achvation of the cardiac sympathetic netves,
while 1t does yesult 1 slierabon 1 zate rhythm, conduchion veloctty, and
force of contraction does not produce comparable changes exthet 1n the
Tevel of resting excitability or 1n the duration of the gofal refractory period
These observations suggest that some additional fgctor or factors are

dperstive an the case of hepatic nerve stimulation and
m and adminust
sympathomimetic amines rtrton of

Tt 13 known that the injection of either ep

ephs !
worspinephnne produces a marked Tiph Fompe or o lesser extent,

asic change 10 serum potass
e ‘)d‘:\m‘;: bikity end resting b pal‘;nunl‘:rn:
¥ the of extraceflvlar h* Becs
s the relaticahugs hetween witeranons in threshold and df; ——

0gEs 1 serum
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Ficure 58 The eflect of slow (A) and rapid (B) 1njection of l-epinephrine on ven
tncular diastolic thresholds and serum C—The effect of
mjecting 03 M KC1 at rates on v diastohe thresholds and

serum potassium concentration Volume injected at each rate ndicated m figure
(Reproduced from Sicbens et al 1953 )
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1 concentration were stadied both followiog the 1njection of aympatho-
1 b

e

umeht amnes A5 2 of symp neme
was d d by means of a flame
!Sf"“m. potasut cxterual standaxds. B 3 ramples of blood
ploying

4 i h 2p andwelling
were drawn fzom the Tight common carotid artery throug

polyetbylene catheter before durag and at vanous intervals }:'f;er :a';h
mjechion Blood collected 1 the catheter was swashed ont before the
sample to be enalyted was taken, this total procedure Tequired approxi
ately 20 seconds.

TE;-(PORAL RELATIONSHIP BETWEEN CHANGES Ih A CON
CENTRATION AND RESTING EXCITABILITY In all expenments
(Figure 57 A) when lepinephnine was mjected the rapid a2l an the
ventricular dhastohic threshold was eccompanted by & sunultaneons incres &
1 serum potessium to over twice the control value and the manimum
changes 1 bath vanshles were neatly sunultaneous Also, the seturn to
novmal of dnlty spd terura B t

Py 1y the same tume latly whether epinephnine was injected
at 2 slow or repid rate (Frgure 58 A B), the drap 1 threshold paral
Lled the tize 1 serum ko On the ather hand the veturn to normal of
thase twa vanables wes not eunultaneous 2nd the pertod of subnormal
exeitability was dishinelly out of phase wath the fuctuations wn serum &
In this and other experiments patassum levels would often drop below
control values before the threshold returned to normal and usually the

penid of sub 1 bty lasted derably longer they did the
subnormal serum potasium concentration

occurred at

Following 1njection of 2 smidar smount of Lnovepinephrine (Figure
ST B) slthough the magmtude of threshold change and the temporal
relahon bup of this change to alterstions 1 serum potassum were the

same 28 before the inorease 1n serum potassium concentrabon was rels
tvely shight,

Th:leﬁecu of hepatic nerve stumulabion on hoth the Tevel of Teshing
tability snd the sermm p were titatively and
qualitatively sumlar to these of wjected lepnephnine (Frgure 52) The
early fall 1 threshald was accompaned by an abrupt nse 1 gerum Ke
and lhe]\ peak changes were Iy o Both threshiold and
#erum A concentration overshot the co
T prcts o o s .;ZMI vLaqu on rvmnilr‘xg %o normal
aecessanly coextensive, A T o et

ctivation of the cardisc sympathety
other band produced no mgnificant change 1 eemm“:!?!as;ul: le::ls.me
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TABLE 5 —~Comparison of Actiuty of I epinephrine and § norepinephrine 15
Lowering Diastolsc Thresholds

Sequencs of Toud Reto of bosim
Experiment Date Adminbaeniton Dove i1 P Dectes s |
Theeb Ut
Ventricle { 10/1/52 Epmephrine 5 ml 1 ml/mn 2%
Epinephnine & mt » 2%
Nor epinephrine | 3 ml 1%
Epinephnne 3 ml " n%
Norepinephrine | 6 ml " 20%
3/20/52 Nor epmephrine | 1 ml 05 mifoun | 25%
Epinephnine 1 ml " n%
Epmephnne 15 ml 10 m! foun 53%
Nor epmephrsne | 315 mi 50%
2/3/53 Epuephnne 19 ml 1 mi/onn. H%
Nor-epmephrne | 21 ml 49%
Auricle 247452 Norepmephnne | 425 ml { 15 ml/mn 0%
Epinephrine 425 ml " 207%
3/25/52 Epinephrine 7 15 wl/ma 2%
Norepinephrine | 7 ml 3%
4/22/52 Nor-epmephrme | 675 ml 15 mi/min 20%
Epsnephrine 675 ml 24%
Epmnephune 69 m! 20 mi/mun 2%
Nor-epinephrine | 60 mf » 18%

EFFECT OF INJECTED KCl A further study of the possible wter
) hip } y

mn serum pol; concentration and resting
o

exertability was made by injecting KCi mntr ly i g
to give ncTements 1 serum concentratton mrlar to those produced by
epinephrine, and determimning the concomstant change m level of sesting
excatabality When this was done, 1t was seen that, for a given clevation
of gesum h.*, the magmiude of the threshold change was the same as that
panying nj of the sympath amme This effect 38
demonstrated 1n Figure 58 C Only when the serum potassium concentra
tron exceeded 9 mEq /1 cid thresholds begin to increase wsually at this
level AV block and ventricular extrasystoles precluded further testng
of resting excitabihity

EFFECT OF HEPATECTOMY Since it was anticipated that hepatec
tomy would greatly decrease the change in serum potsssium caused by
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epinepbrine thre hold chages resultng from the injection of this agent
were detetrmined befote and after removal of the hiver 1n 10 dogs

H was phshed an the following manner sfter hgation
of the hepatic artery, the portal ven was cennulated and the blood flow
diverted to the left externsl jugular ven Subsequently, 2 plastic cannula
was mserted nta the anfersor vena cava 1n such a fashion that the ends
of the cannula extended 12 em above and below the hiver The vena
cava was then bghtly higated around this cannula close to its two ends
In several experiments after the hiver had been excluded from the areu
Iation 1n this manner the enfire organ was extirpated

Six expenments were sshisfactory m that, 1 spite of the surgest
trauma resulng from both th and lap dequate tests
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could be performed Results typical of four of these experiments are seen
m Figure 59 In these animals the control dose of 1 epiephrine produced
the usual marked drop m threshold snd simultaneous nise 1 serum potas
swm Following hepatectomy s shghtly Isrger dose of epwephrne gave
8 dimsmshed threshold response, but no n serum p con
centration Finally twice the control amount of epmephrine produced &
change 1n threshold comparable to the control curve, but agam caused no

i n serum p In the other two experiments, hepatectory
resulted 1 a smaller decrease 1 the threshold resp to epineph
h , 1 these Is shght el m serum p Jevel

(smounting to 20 50% of the control response) shll resulted from epune:
phnne admmstration In contrast to the above, hepatectomy did not alter
the lowering of threshold that lted from the p of I pinit-
phrine and produced only a slight decrease 1n the phase of subnormal
exctability

EVALUATION OF RESULTS A consideration of the results obtained
on smulation of the cardiac and hepatic nerves and on admumstrstion of
sympathomimetsic smines permuts certam conclusions concermng the
actson of these agents on cardiac muscle The observation that I epinephrine
and | nor epinephrine have qual 1y and g ely stmlar actions
on cardiac excitability 15 of derable interest, in view of the fact that
they differ markedly sn thew shility to elevate blood glucose and potas
stum levels and also mn their actions on other effectors such as ulenne
and inteshinal smooth muscle {Gaddum et al, 1949) and the mchtating
membrane {Fleckenstein and Burn, 1953} The great difference it the

elevation of serum K* concentration that follows admimstsation of these
two amines 1 doses producing simlar changes 1n bality, and the
d hed eff of epmephrine following b y suggests

P
that, mole for mole, nor epinephrine 15 more potent with respect to ehat
f

1ng changes in cardiac

Y
The tration that stimulation of the hepahic nerves produces
changes 1n both the level of restng bility and serum p
sdentical to those resulting from the usual doses of 1 epinephrine mdicates
that the quantities employed are within a reasonable range and that the
excitability changes produced are similar to those that result from the
hberation of sympathetic mediators from ntrinsic sources
In light of these considerations and also the probability that the major
diator at the postgangl Is of the cardiac sympathetic nerves
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'
15 nor-pinephnze 3t 13 difficult to explan the shight changes 1 yesting
wxeatability end dusstion of refractorness that result from activation of
these nerves It seems that the pred t effect of lation of the
carduse nerves 18 on the rate of 1mpulse formation 1o the S A and AY
nodes (Hutter snd Trautwein, 1955) and on conduehion veloaity 1n spectal
1264 isses. This suggests that the concenteation of sympathetic endings
1 grester around these structures than elsewhere 1 the auncle and
ventricle n observahon supported by istalogical studies. Since &t no
tume was more than a part of the tots} sympathenie yupply to the heart
activsted and simes thete 13 evdence that the denwity of endings in non
specialized cardiac muscle 18 low 1t 1s not surpnsing that stimulstion of
the cardhac nerves failed to produce a high enough concentration of
medustar throughout the heart to greatly modidy resting excitability or
refractonmess Such changes a8 do occur, however are sumlar to thowe
produced by my of the sympsth ammnes Furth
1t 18 certan that the elevation of <erum K 13 not present dunng stmulation
of the cardisc nerves and thus a Jesser change 1n excitabibity 18 to be
expected. The Telabonship between serum potassmm and excitabibity 1
fusther discussed 1a Chapter X.

SUMMARY The major effects resuvltsng from stumulation of sympathetic
?:‘z:‘ or jection of sympathomumetic amines can be summanzed as

1 Imection of eather 1 or 1 h

¥ Pincp results

marked tachycardia 1o the dog heart when both vagus nerves are :cmme‘dn
There 18 hittle difference between these agents with respect to the maximum
rate produced or the ) apg of ectopic v lar thythms
f:‘l':“o‘:';‘:“ “‘;:e ‘}‘C Q:am:bm hepatic netves has mumlar effects on the

s E“hp‘ ur‘ma xo:n dult fuls to eI:cxl ectopic rby&r;n
1 the x\mc\e‘ A\‘? asst § smerease
matked m tha mpe:: m: V!n:‘;nl& Tb}t gltct of epmephrine s more
magnitude of change 19 nmﬁi‘ wy(hu:: ,X conducton velocsy The
cardiec sympathetic nerves. produced by stmulation of the

3 The Tevel of reshiy, taly
mosde 1 strongly mﬂnei::lhy i:;tym::abom sunenlar and ventncalar
the duection and magnuw . sympsthomumetic amunes and

veloaty

de of change 11 selated
sdimistration The actions of e 13 selated 10 the rate of dry,
); 8
festing Mty ere qual e ‘fll"f:}:‘hnne and ‘?“”lephme on

T y sumler Hepatie
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)
nerse achivation has an effect indhstingwmshable from that of the mjected
amine, stmulation of the cardiac sympathetics, on the other hand, produces
httle change n the level of resting excitabihity

4 The changes in the durstion of refractoriness produced by epune-
phrine, nor epinephrine and hepatic nerve stmulation conust of & mod
erate shortemng of the total refractory pertod Cardiac sympathetic actity
has even less effect on the duration of the period of subnormal excatability

5 The lowening of the diastohc threshold produced by either epme
phrine, nor epinephrine or hepshie nerve activation 1s associated with
pr h both m vulnerability to ventricular fitmillation and 1w

the concentration of serum potassium All three of these varisbles tend
to undergo a biphasic alteration that follows a typsesl time course The
changes in vulnerabihity are further discussed m Chapter 1X.
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IX Fibritatory and v
Antifibnifatory Agents

A duscussion of spontanesus end {nduced defibrillation
Consideration of the effects and mode of action of common
antifibrillatory agents and substances which tend to produce
arrhythmias The role of drugs in the production and treat
ment of auricular and ventricutar fibrillation

X & PRECEDING CHAPTER the nature and etiology of fibnllation and vulner
abality of the heart were discussed 1n some detail Disease cardiac anjury
the stimulating effects of drugs anestheties and phy=ical forces scting on
the heart, all too frequently produce fibnillation of the auricles and even
the ventuicles The occurrence snd the possibility of the occurrence of
these catastrophic bappeninga have aroused apd maiptaned interest 1n
the natare and cause of cardiac Ebnllation Much effort has been devoted
to the problem of preventing fibnllation and other cardiac arthythmias
and to the discovery of means of stopping fibnllation once 1t has developed
Studies of the effect of vanous agems on the auncular arthythmias
can be accomph hed without difficulty 1n most 1nstances since 1n the dog
duturbances of auncolar thythm are self limting Even when an cecasional
fibnllation or flutter does eventuate the hemodynamic effects are shght
moreaver 1n every ea & normal actvity con be restored hy means of suaple
measures such as vagal | or direct farad of the \
*ppe " ge. Furth neither the arrhyth themselves nor the
d effect on the

uricolar muscle 2 brief period of rest
allows full restoration of normal values When the vulnerability of the

ventricle 15 under 1nvestigation, on the other band a

greater difficulty 1s encountered Should SbnYlation Oec’:xrr',)b::::e:fdxrnu::x*;
countermeasures are required before regular coordinated achvity s
esumed and these mnst be execated quickly of 1rrevermble changes will
occar It 15 necessary because of these temporary effects of fibriliation
l;lﬂae“myacudmm to eodluate the effect of repeated fibmllaton and
ey on vanous of auncular and ventmewlsr exent

response before detatled stadies of the #ttiony and ¢ff
fibrlletory and antifibrallatory agents can be discussed s of
235

P d have any p
subsequent excitabibty of the a
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yestored but usually this procedure leaves the heart 1n rather poot conds
on and fbrllation 12 bikely to again ensue
" gu?den spphication of col(i (?or\z‘r 159‘3 Gassy 11924 “d{qu:::!
d 1939), 1} ol P
Sa:x:ﬁua numer)o‘us other drugs (herr and Bender 1921, Garry 1924
Wanger and Blackberg 1932 Schwartz et al, 1949, Dawes 1952 Hecht
sl 1993 Dirken etal, 1035} may 1o some wmstances and under certain
arcumstances abolish fbnllation. Sudden cooling of the heart does
protong refrectonness, Teduces exeitability and throws the whole heart
1to 2 more umform state Slow cooling or locahzed cooling ncreases
\be beatts vulerability to fibnllation (see Chapter VII) Adrenshoe
when on rare 1t defibnillates the heart, p: bly does so eather
by sts excitatory achon on the pacemsker tissue and conduction or by
Mty postexcitatory depressant action (Sichens et al, 1954) The point to
empbacize 13 that just as disorgamzation can be crested by a vanety
of influences actng ether on the exaatory process, conduction or the
duration of the refractory periods 1t also seems that defibrllation may
Tesult trom modify of these three p 1t should also be pomted
out that factors other than those mentioned here snd which cannot be
essayed by the techmgues thus far employed are also wovolved an Sbolla
#ton. This lstter pont 18 emphasized by the etudies of the mode of action
of antifibrulatory drugs One pomnt 15 relatively clear and that 1s that
these methods of defibnllation {use of cold adrenaline quindine, ATP,
AC, ete.) are either unnsable under most errcumstances of are so highly

unsuccessful that consideration of them from other than a theoretical
Viewpoint 18 unwarranted )

DEFIBRILLATION BY ELECTRI
lar Ebull can be very ef 3}

'

CAL COUNTERSHOCR Veninen

¥ t d by the appl of

strong electne shocks Alternating or direct cwyzent pulses or even con

t{;x:;er :uchu;in will stop Gbrllatian {Lape et o1, 1952 Waggers 1930
ouwenhoven and Milnor 1954) Although the fact th

198 e e sbolabed by doo gt at ventrienlar

ppl of electne curyent w
observed as long ago a3 1775 (Absldgaard, 1775}, the first npen;eu;
sadies were those of Prevot and Battelh {1899

1508} It was not

t‘léc more yeeent work of Hooker et a1, {1933) Ferris et al n?lQ‘;’g)ﬂ
1ggers 2od hus assoniates {1930 1030 1953) demanstrated the l‘e‘mbllll,
and effectiveness of electrieal shotk 10 abolshing fibnl u,y[
much use of this procedure was made Countershock :s an emcrgen:y
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DEFIBRILLATION——THE TERMINATION OF DISORGANIZED
ACTIVITY OF THE HEART

SPONTANEGUS DEFIBRILLATION Both auncular and ventniewlsr
fibnitation g lly terminate sp ly in the heants of the smaller
mammals, amphibia and reptiles but 1n the larger mammals and  wan
ventrieular fibnllation 13 almost invariably fatal The hearts of small
dogs do iy show sp defibrillation and temporary bnef
persods of fibrllation have been observed i man (Beck et a1, 1947)
The larger the heart the more readily can long lasting fbnilation be
produced and the more difficalt 15 defibsillation (Erlanger, 1912, Rylant,
1945) The auricles of larger ammals escape from fibnllaton more
readily than does the ventricle and this 1s another indicatson that the
area and mass of fissue 1s important to the factors mamtmmng the
condition

DEFIBRILLATION BY METHODS OTHER THAN ELECTRICAL
COUNTERSHOCK Numerous means have been employed to defibnllate
the heart If they are to be ful the methods employed must accom
pheh these things They must temporanily stop all actwity sa that the
normal J can agam di heart activity they must Jesse
excitability and those processes which ongmate excitation 1n the pace:
maker relatnely ummpamred snd they must so act that conduction of
the ampulse can agmn occur st ap spproximately normal velomty and
follow pothways which wll mihate a normst sequence of events Ose
difficulty encountered in employmg drugs and other means of defibnillatog
the heart 1s due 1o the fact that duality of actions oceur Local applications
of cold or potasuum chlonde may tate fibrllation while general
apphcation may ahohsh 1t In certmn doses some drugs have a favorshle
effect but m other concentrations they actuslly promote the condition
which 1t 13 desirable to terminate and prevent.

Fibnilatton of the auncle and ventricle can be produced or stopped
by use of potasaum chloride solutions (Hemng 1907 Erlanger, 1912
Garrey, 1924 Hooker 1929, Wiggers et al, 1930) Excess potasstum 100
reduces membrane potential and the excitability of a hissue {Chapler 10}
Potassrum chlonide mjected into the ewrculation and brought to eardiac
ruscle by the blood flow which 1s mamtamed by cardiac massage will
stop fibnilation due to & reduction of excitability and a hlock of con
duction If excitability can then be restored by washing out the potassium
ting 1t by mject of cal a normal thythm may be

or C
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two to three lmpem n ]60480 volts was employed n most mstances.
In each case, fibrill was pliched withun 3045 sec
ondy of 1ts onset by means of one or very Tarely two countershocks
Because the pertod of terrupted eirculation was bnef, no cardise massage
was yequured (see Wiggers 1933)

Some additions] comment on the magmtude of the defibnllating current
Tequirement 18 advisable. It appears that defibmllation van be accomph hed
only 1f umformty of state can be restored to all myocard\d umu. This
circumstance may be one of complete pol: or
tion and may mull {n)m coumcr-_hock. cald, 1\(1. or olher ngen!s. When
electneal ployed as the g sumulus 1t
wfluences various parts of the myocardinm 10 proportion to the current
dennty present scross the E of the component cells Regard!
of the total current passed, of any area of ventneular muscle 13 not depolar
ned by the defibnilatng shock, asynchrony of activity will persist and
fibnilstion will continue when the countershock ends. Furhermore 1
the presence of high areas cont to the diom (anch
as pencardia] or subepicardial fat) the mn)or voltage drop will occur

"
@l
@
%
b
8 Fictnz 60 Strength mterval carve
° snd wulnerable period {MMN) of
w the dog veotncle before fibrd
o sot (—) and after debrl
H Lues by a counter sback
z G-z} (Hofiman @ o,
[ Circulation Research 1950)
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mensure in certarn 18 not an chnical procedurs
(Beck et al, 1947, Beck and Rand, 1949, Southworth et a, 1950}

1 Techmigues of defibrillation Methods of defibrillating the heast
with and without opemng the chest have been sought for some time
(Fernis et ol 1936, Guyton and Satterfield, 1951, Machay et al, 10:3,
Leeds et al, 1951, Lape and Muason, 1953) The dafficulty savolved 1n
the closed chest preparation 1s that of obtaining a current flow of sufficient
density n oll parts of the heart To accomphsh defibrillation either all
fibers must be excated at once or the ones which can be excited held in s
depolanized state until the remawing elements can be brought mto 2
untform eondition This must be accomphshed without snjury to the
central nervous system or other structures of the body A dificully
encountered 1n defibrllation with the chest closed 1s that carduac massage
cannot be employed and the hocks must be apphed hefore the
heart and central nervous system have suffered srreversible damage from
anoxia due to failure of the pumping action of the heart Smtable snstry
ments and techniques, although they have been wsed with success to
defibrillate the hearts of dogs and other large ammals without opening
the chest, are never ms rehable as are the methods for defibrillating the
exposed heart

Most of the methods mentioned have been tried at one hme or another
m vanious studies m this laboratory, the use of slternsting cursent in the
fashion discussed below, has been found most effective 1 all cases of
fibrsllation 1n open chested dogs (Hoffman, et al, 1955) In this work,
the onset of fibrllation was recogmzed immedintely from the typical
electrocardiographic pattern on a monitoring oscifloscope  As soon a8
such g tracing appeared, all electrode connectrons to the dog were open
circuited to prevent a heavy current from flowing through any such elec
trode during the actusl defibnllation Such current flow f permitted,
was found to cause fssue damage or sctual burning  Subsequently, the
approximated margins of the sternum were parted and two large, manst,
padded electrodes were apphed to opposite sides of the ventricle These
electrodes were spoon shaped and well msulated on all surfaces evcept
that actuslly making contact with the myocardium As soon as the
electrodes were m posttion, a burst of 60 cycle current was supplied fmff:
a defibnllator with sn “on” cycle of 04-06 seconds Durmg the “off
eycle the electrogram was observed on the oscilloscope and defibrill
W€ plished, could be recognized If the electrog led a persist
ence of the arrhythmua, a second countershock was given A current of
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ather than across the cardiac cells For these yeawons 3t seems
:;‘vl::htﬁz :n';‘;ﬂoy, st all tumes, & defibrilaung current that 13 & raultiple
of the muumat effective vaiue Suchmay bensured by ebewing an adequate

the defibnilator
“121.35;3;:2 ofe defibrall Thas tech was evaluated in the follow
1o manner Tests of excitability 2nd vulnerabilbity were resumed 1mmeds
ately sfter the defibrll had been phiched and were Yeprated st
brief itervals for penods ranging up to several hours ln over S(Z per
cent of the tests the procedure described above produced no t
change 1 exther the strength wmterval curve or the magmiude and position
of the vuinerable priod {Figure €0) {Hofiman et 2}, 1955) Such changes
85 wete encourdered 1n other experiments were often no greater than the
spantaseous vanations reported 1n Chapter VI Furthermore in many
1nstances even repeated fibnllation and defibnllation failed to alter the
mmmum drastahic threshold: fibnil hresholds the durs
on of the shsolute total and relative sefractory periods, or the mean
blood pressure by more than the normsal vanation between tests {Table 6)

In some expenments however latge changes were observed 1n the
vanous of bl

Both and d m
thresholds oocurred and such changes were long lastiag or permanent.
The fact that often such threshold changes were nat sssoctated with any
elterstion ap refractoriness of vice versa, suggests that di placement of
the test electrodes yather than & true change 1n excitability explams many
of these instances mnce each ter-shock duced a

lized con

vulwve momement of the entire dog Dunog this convulsive movement,
the defibrillating electrodes often struck the sl test electrodes sewn
to the ventricular epicardsum,

In the expermments designed to test the action of fitnllatory and antu
bnllatory drugs the sesults reported are ha<ed only on those cases
wherern the hruts of the vulnerable period could be accurately and con
stenlly outhned during control penods and where defibnllation was not

piored by any He chan, 1

rosompemed PP ge m y of the \!
3 Mode of sction of electric countershock T

Ppartray i & symphbfied manner the bty it 611:2:::‘3;): m!

myocardial unns of il -

myoear il unsts of & ﬁ! b::‘ng zentnc}e The duration of sbsolute and

d F
lnc‘mpt {o represent dagrammstically t;:e deﬁbnnannglg:f,!:cflo}: . ?(;
cycle slternating current of edequate voltage acting dunng 01 se: on



EXCITABIUNTY OF THE MEART

240

08T ot <6 213 EER SL0 og § ad
osz ot 65 oL s o908 06 € Jdd
o5t o o6 (28 by 1v0 58 1434
oL og 06 k244 8 @O k] fonuory SaL
o 0z ot 14 58 50 oL ¢ 4
T 0z o°1 o5 o8 950 E1A ¥ dd
eg ez ot aly 58 620 [ jontueny £5/014L
o4 ag L0t ol o 550 06 1 4a
oT o L1141 13 R229 S0 o8 Tenua]) $S/ELIDY
85T e 201 % SEL (374 o T 44
(24 L33 14 6,24 &t wo %8 o307y Psterdrad
x4 ool o5 ul oEr f11d 58 T 4q
0L 001 6 ol Li153 %0 ¢4 jongoy SN
e (354 081 (4 001 b11) L] 144
08 og 24 s8¢ 001 <0 o6 Josisoly £S/L1L/9
5T oz $6 st e 810 % T a4
oz oer 6 s L34 sto [ {oqtuay £55/9
sz 05 05 et [’z 20 Eii Y 53
052 oS 06 O£ 846 170 o6 € 54
058 8S 06 [U44 Lg woe it ZJdd4
052 (24 [ ogt 56 0 001 1 ad4d
052 0g 001 831 8 20 01 fostuay ESASUG
a3 1a “ 101 23 o0 a3 1w
oo 2w g o3 | weq ey g wog 1wog “3
Py | sep s g 4 d 1y ay
0y s ¥ q Pug I Pioy My “ N
P gy 19 WL g aep g
Anpyoyosg wo uPnZpgIg paseaday fo 03fq sy j—~g vy



8
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ch a simolns
the same Bbers shown 1 Figore 614 Tt shows that sus

\nemgs 31l elements to » uniform state and adter the current ceases pen:em
a synchronous response to the normal pacemaker A coordinated beat
il then be the resalt and a normal rhythm will ensue {Onas, 1953)

.~ THE PREVENTION OF FARRLLATION—THE ACTION OF
ANTIFIBRULATORY DRUGS

Y/The Lterature deahing with the ibrillatory drags s dous and
sumerous sttepts have been made to Yenew recent wpportant contriby
uans {Daves 19461052, DiPslma and Scholiz 1950 Van Dongen end
Teal 190 Sokolow 1951) In thus laboratory the actions of several
satfibrillatory agents have been studied dunng & peniod of several years
In some cases the object of the investigation was to evaluste the thera
peut.c effeck ot s p \f pound ot senes of cowpousds, i
wmost wn.lances however the maw mterest was directed toward determs
nation of the rel fup between antsfibrillatory action and the p )
changes 1n cardhac excitability which might explam this action. In the
present d thus latter emphasis wil} be d  the onginal
pubhestions (Gilbert, et 8 1951 Woske e a1, 1953, Mk ot al,
1954 Belford et al. 1956} can be cousulted for detatled studies of any
parhcular drug 1
QUINIDINE Qumdine sulfate was admumstered by means of two differ
enttechnuques In one senes of experiments the compotnd was injected by
means of 4 constant intravenons dnp at rates ranging from 530 mg/kg/hr
with 8 10ts] do.e of § 25 w0g/kp In 2 second wnies w tular dose yange
was employed but the wnjections were delivered from a constant speed
syrnge within & penod of 10-20 munutes Results from both series were
comparable and will be discussed together In ali ceses the mjection Tate
was slow enough to psevent any marked prolongation of sntraventrietlar
conduction time. Sumlarly hypotenston (mean blood pressure below §0
mm. Hg ) was avorded 1n most instances and all expeniments reported are
those 1 which mean Blood pressure rematned above this level for the
duration of the test penod
In & numbee of

P y Yepested § o

tration of qumdine 1 the Hood ;:r?made sioaltanecn y :nd\!‘:e::ll:ﬁz
of exaitability or vidnerability Finally 1n most cases tests of exertabulyt
vere contmued nntd the blood levels of the admunistered quimdine h:{i
duusushed #0 that any changes m excitability recorded danng and follow
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Fioune 61 A Diagram of bebavior of imndividual myocardial fibers dariag fbnllanon
showing a short diastole (D) the absolute (ARP) and relstve (RRP) refractory
periods

B Termunation of mncoordmated actmty by a defibrllating countershock and
restoration of normal rhythmuc actinty (Oras Acta physiol. Lat Amer, 1953)
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g drug administration could be evaluated with respect to both pre-
and post teeatment control + alues (see also Wegria and Royle, 1918}

L Effects on auncular exentability and fibrillation thresholds The
changes an aunicular excitability resulting from admnsstration of quint
dine sullate were qualitatively sumlar to results reported by others
(Moisset de Espanes, 1037, Wedd et al, 1942, Goodman and Gilman,
1955) The magnitude of these ch gea, however, was defimitely Jess than
would be expected from the classical studies of Lewis (1921, 1926) on
the dog ventricle In representatine experiments the total refractory penod
was prolonged by apprauimately 50 meec, the absolute refractory peniod
by 20 msec, and thus the duration of the relative refractory pertod by
30 msec The recovery of exertability duning the relabie refractory penod
vias sfowed, as well as prolonged, so that thresholds during this wmterval
of the cardiac cycle were considerably elevated above controt values {Figure
62 and 63) The dip 1 the strength interval curve, when revealed by
control observations, was not abolished by quimdine and d the
same relative position 1n the relative refractorv period Minimum thresh
olds during the dip, however, were elevated 1n proportion to the alteration
produced in the remaimder of the curve (Figure 62 and 63)

The level of resting bility, as indicated by thresholds for evtra

systoles dunng d le, was defimtely changed by quinidine Diastohe
thresholds were consistently elevated, by as much as 40% above the control
values Thus, and the mncrease 1n total refractoriness, were the most prom
nent changes encountered [utra auricular conduction velooity was slowed
by the dases of qunidine cmployed, interelectrode conduction tmes
were incseased by about 10% n most cases, although such changes were
mare p diately after drug ad ( see also Brown,
1952)
Concomutant with the above changes m excitabihty there was an sboll
tron of fibrillation resulting from suprathreshold rest pulsus apphed at
any interval of the cycle (Figure 63) The mummum blood concentration
of quimidine producing abohtion of fibrillation was found to be approxs
mately 36 mg/l, & sumlar blood level was necessary for the changes
in excitability mentioned above

Although there was often a temporal cowncidence between the prolonga
tion of the total refractory period and the abolition of fibriflanion, m
other expenments this relationstup fatled to At times the boun
dary of the total refractory period was extended without any sigmficant
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M Recor - Tecot
1 Y P o ek, B W ;“ o
o e e e
3 1 9 17 34 34 100 l:g
ke 1 15 18 35 32 % ?
T 1 10 12 145 12 2 22
80 1 14 19 40 13 e —“
3 1 126 155 475 18 06 1
81 1 1 10 kL 22 kil 41
93 b3 15 132 31 27 135 308
“ 1 5 115 148 kil » -~
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Average ua 160 31 22> 95 405
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1 the auncle thresholds during the zelative refractory penod were con
widersbly elevated the emtire strength intervel curve bewng shifted up
and to the night the dips although sevealed by stunoh of greater antenmty
than dunng contral condibions mantaimed their usual positrons n the
relative refractory penod.

Changes 1 the level of restmg excitability were more promunent 1n the
case of the ventnicle than 1n the case of the auncle As shown by Table
8B the everage mereate 1 diastolic thresholds for stimub of 2 wide
range of durations vaned from 80-110% This increase 13 of real sigmf
tanee sinct 1o Most expenments diatolic thresholds yeturped toward
control values aiter an adequate lapse of time. The doses of qumdine
employed produced only transient changes m mtraventneular conduction
tune As in the case of the auncle the minmoum Klood level of quwding
resuling 11 the changes discussed ahove was between 3 6 mg /L Sumilarly
1t was not possible to relate an alteration 10 any one specific parametes
of exetabulity to the sbolition of BhrWauon 1 all wstances the most



248 EXCITABILITY OF THE HEART

change 1a vulnerabihty, mn other cases, fbnllatson could not be produced
at times when the total refractorness was Little changed from contral
values Sumlarly, a lack of correspondence was obeerved between changes
m the absolute refractory period and vulnershihty (Table 7) The mp

6 of these find will be & d below, 1 a section devoted
to the selationship between changes n bility and antifibnllatory
actions of all drugs studied

2 Effect on the ventricle The effect of qumcine on the exextabiity
of ventnicular muscle was quite simular to that deseribed for the aundle
In terms of the relative magnitude of the changes 1n refractorimess, howeser,
there were significant differences i most instances In representative expen
ments the total, relative, and absolute refractory pertods were prolonged
by 50, 30, 20 msec {Fiygure 62 and 63 respectively } This change was
not encountered m il cases, however, as can he seen m Table 8A As

Tase 8
4 Changes in the Absolute Refractory Period (ARFP) of the Venincle and
Admimstranon of Quiudine

Dot Lo trot Max Rer v Bz
B s ARP ARP ARP Chap R cor
mee  mre e e v
65 1 130 180 140 384 77
72 1 180 190 160 55 ~110
” 1 130 150 150 153 153
80 1 160 190 190 19 19
83 1 180 190 17 55 —55
87 1 150 170 140 133 —68
93 1 145 170 150 12 34
94 1 190 235 215 236 13
a5 1 132 145 115 74 —15
Aversge 155 180 159 161 22
65 13 90 100 %0 1 [
72 13 110 140 10 27 1]
ki 13 80 20 o 123 125
80 13 115 135 130 173 13
83 13 130 130 120 ] ~17
87 13 85 105 i1 235 —59
93 3 120 135 % 125 ~21
[ 3 185 190 155 23 9
95 3 120 120 105 . —125
Average 112 7 108 U1 ~24
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t was noted 1n & numbes of experiments {excluded from general con
ndleuuon) that when the roeen blood pressure fell below 6065 m}\%
the admumstration of the ususl doses of quudine failed to produce the
wsaal changes 1n eather excitshulity ot vulneratnhty A smifar observatson
s been zeported by others (Wegna and Nickerson, 1942 Wegna and
Boyle, 1948)

€ PROCAINE AMIDE Ttbas long been known that cocane and procame
bave 3n anbfbrilstory action Cocmue (Herman and Jordan, 1931) has
tome P achian agawmst fibnll of the heart by durect stimn
lLhon or epuephrnechloroform action  Procame pot only protects
agatnst fbrillation by anesthetic agents (Shen and Sumon 1938 Burstein
and Merangan: 1940, Long et al 1949 but also tends to prevent pro-
duction of auncular futter and fibnilation by ather means (Hircchielder
ond Tamaceles 1942 Brown end Acheson 1951) This drug has an
entibnilatory schion on the ventrcle (Var Dongen 1936 1938 Wiggers
and Wegne 1940, Wiggess and Piners 1940, Dawes 1946} More
tecently procame smude (the diethyl hyl ammde of p b
said) hes come into genersl nse (Wedd et 2], 2952 Maller et al, 1952,
Zspats Diaz, 1952) There 13 styong similanty between s achion and
that of qumdsae, 1t 18 less potent 1n many schions than procamne of guim
dine but appears ta have some compensatory advantages {Newman and
Cark, 1950 Goodman and Glman 1955y ™
In studses of the action of procasne amde (Woske et a1, 1953} on
bility and vulnerability to fhnll of the auricle end ventnele
techniques symalar to those employed i testing

g the action of quimdine were
nted The dose employed, 3040 mg/kg was admunistered wtravenonsly

&t a constant rate dunng s ten minute ntervsl. Blood levels were deter
mined by the method of Mark et al., (1951}
1 dunculor excisabiity and fibnllation The tatel refracta
nod
was wereased much more than the absolute thus the prmz }‘; the

relative refractory phase were most affected (F)
conrse of return of exestabily e e s e

17 1o the drastobie level was somewhat pr

longed by this agent but the vonfiguration of the strength intaryal c!;:xv:

:u ess:;hnl\y :i)}: dslame before and after drug admimstrauen The major
Up 1n the exenl ity recovery curve

o of ey e Ty W23 not consstently altered by full
Changes 1a the level of restin,

Although there was Litde slteran,

g excitability were somewhat com )
on 12 diastolc thresholds to test eh;;ct
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frequent assoctation, h r, was bety the elevation mn duastohe
threshold and a decrease m vulnerability Untike the auncle, howerer,
fibrillation often was not abolished by the doses of quimdine employed,

although sts production by a single test pulse was made more difficelt
1 terms of current requirement
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Troure 64 The effect of procane amude on conduction (A) m auncle (Duve P)
and ventricle (Drave R} a9 related to blood level of drug on aurculer and ventrculsr
diastohic thresholds (B} on far {C) and ler (D) re Note
aholition, of yulnesability (crosshatched area) m C dunng drug action {Woske
etal ] Pharm & Exper Thersp 1953)
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Yle tendency for the refractory penods to retumn to control values
even though the Blood Tevel fell quite markedly

The threshold of resting excitabiby w the ventricle was changed even
more markedly then that of the auncle by sumylar concentrations of the
procaue amude ‘Thus thresholds to test shocks of 01 m ec. duration were
increaced hy 60-70% m representabive experiments “This change 1n exet
ability was related to the blood level of the drug (Figore 64B) nmeds
ately fter mjection bt after an ynterval of nme exatability began to
setarn to or toward normal 3t a wouch faster vate than the blood level
Taterelectrode conduction times 1m the ventnele were wncreased sightly
by the wual levels of procaune amude (see Figure 64-A} but the most
marked change occurred 1 AY conductimty Aunculo-ventriculsr con
duchion tume was often wncreased by as souch ss 100 msec., and with

Iugher blood levels tran ient partial or complete AV discociation was
produced.

The doces of procame amde d

ployed were adeq to pletely

prevent the mtation of fibnllaton m some cases and to produce &

marked elevation 1n thresholds for multple extrasy toles or fibnllaven

1 others This stnking change 1 vulneralility m the absence of any

sppreciable alteration 1n the duration of refractorimess will be discussed
more fully 1n & subsequent sechon

ISOQUINDLINE COMPOUNDS Numerous other compounds having

i xet hip to qumdme and procawe have a simlar ank

i!‘i::‘ﬂnntor‘{ acion (Dawes 1946 1952 Burno 1934] Several new snty

atory agents were tested 10 a
e Sy o Tr o ‘u: hmxxsd‘sencs \ng exvtn:nfnls Tv«o, of

dibydrochlonde] and SKF 532 [l—(2—d;etbylammoeﬂ:ylmmno)‘-—3 pro-
Prlisoquincline) were studied and present snteresting comparssons with

quemdune avd procaine amide. The results of th
summanzed briefly below o fose cxpenments vl be

1 detion of SKF #2531 This agent was employed 1n doses of 12550

mg/kg and admimstered by slow wtrs
o el T :ﬂ'ecL o th‘: h!venou: wnjection Blood levels were

her dose )
In both the aancle and ventrcle, dxditohv: bees!::ledha ::":al“ :;::ws.
& wide vange of durations were moreased by as much as 1];0-2 o
nbcv:d:untml values The duration of the absolute and relative xe{raolo%
Sen wn; increased from 1540% Tepresentative txpenmenlsc E)’
uzanion of the total refractory period was thys prolonged quite mukedlye
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of long dotation, when n short test pulse (01 msec) was employed
dinstohe thresholds were elesated by approximately 50% dunng the
penod of mtial hgh blood fevels of procamne anude Furthermore the
magnitude of the mcrease 1n threshold wos related to the blood fevel of
this agent (Figure 64-B) However, even though the blood concentration
of procaine amude r d elevated, the thresholds for short pulses dunng
dsastole always returned toward controf values It appears that factors
other than the concentration of the drug in blood and tissues at any one
time should be considered i estimating 1ts effect upon cardiac responses

It was found that & blood level of approximately 20 mg/l was neces

sary to produce a ficant af md 3t bilsty Above
a blood level of 20 24 mg/} there was a sigmificant prolongation of mntra
auncular duction time the ranging from 10 60 msec and

usually amounting to 20 30 msee (conduction was measured between the
night and left suncular appendages) This change was also related to
the blood level of procame amude, as seen an Figure 64 A Blood pressure
changes did occur when this agent was injected, but the technigue em
ployed 1n the expernnents reported here resulted mn a transment drop of
only 1020 mm Hg mean pressure

Armnenlar fibnilfation could no Jonger be induced by single test shocks
after the admimistration of this agent n the amounts employed Fusther
more 1 several instances a long lasting spontaneous fibsillation was
promptly abolished by mjection of procamne amide This change wn vulner
ability 15 demonstrated in Figure 64-C The relationship between exett
ability changes and vulnerabibty will be discussed below, along with
results obtamed from the ventncle

2 Ventricular excitability and vulnerability The refractory pentods
of the ventricular my dram were little infl d by the same concen
trations of procmine anude found quite effective an the case of the aunicle
(Figure 6+D) The absolute refractorj period was incressed by less
than 20 msec 1n representative expeniments, a change only shghtly greater
than that which mght result from sp farly, the
duration of tatat rel Iness Was never d by more than 30 msec
Despite the fact that the boundaries of the refractory peniods could be
aceurately d 1, st was wmy ble to relate changes therem to
the blood level of procaine smude with the exception that no alteration
o refractormess vesulted from procaine amude blood levels below 20 mg/!

bt
Dunng a persod of one to two hours sfter » single mjyection there was
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These results sze seen 1 Figure 65 A and B Interelectrede conduchon
tme 1 both chambers was increased by this dose level though not to
n great extent. O Al U chythy nese d
mmedsately after the termnation of the injection

In both the anncle and ventricle SKF #531 promded mgficsnt
azamst fibnilation in that thresholds for multiple ystol
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doction
These resalls aze seen m Figure 65 A and B Interelectrode con
tume 10 both chambers was mcmmd'by x!u? d'cse lml; r:hough not t:
& grest extent. O i y »
mmediately after the termunation of the 1jection
1n both the sundle and vemtncle SHE 3531 provded ngmﬁu:nl
protechion agamst fibrillaben 1n that thresholds for mulple
were markedly increased and often only foug test shocks at the hughest
tntenaity delivered by the shmulator {30-40 s } cowldd ehoat thus Tesponse.
As shown by Teble 9 results wese nuformly better s the aunde than
10 the ventncle but 1n neither case was 1t possible to selate the penod of
[ agamst fibnl 1o axther the elevation of diastolic
thresholds or to the prolongation of the refractory periods 1 all snumals.
2 Action of SKF 532 This latter compound was employed 10
sumlar doses aod wnyected st the same rate as SKF 3531 Although the
changes 10 exeutability resulting from this agent were of the same fype
s descnbed above for the methyt line, the magnitude of change
1n refractariness and dusstobe exeitabiiity was much less (Figure 65C
aad D} Protection agamst suncwlsy Shnflaton was obtained at a dose
level of 25 e /ky und euccessive doses were mcreaungly effective demon
strating some action. The antifibnllatory potency of this agent
for the ventricle was less than for the auricle and sgain 1t was not possible
to relate degree of protechion against the snduction of fibnilation to the

2 of chenge 1n yef; or diastolic 1 all cases
SUMMARY In conclusion 3t con

be stated that ali the anhfibnlistory
druge tested &d seduce vulnersbility o the production of fibnil
by electrieal stimulavion. These drugs caused definte prolongation of the
uresponsive o1 yefractory penod and an even greater percentage mse
n thresholds A slowing of conduction also ocenrred The stowing of the
recavery {ollowing acvity and the decrease 1 excitabihity showed no

quantitative correlation with the change 1z fbnllshon threshold Tt
reasonahle to sssume therefore, k priserti i

that the actions of antbrillatory agents
:;nlv: more \is:n A. d::,“ change m excitabiity snd the length otf; the
ractary pery stion of the ach

btlg"m s action of sayfibrillatory drugy will

t *hould be etated that & pumber of experim:
special control ts

i:nem connection with thuy stndy of Sbriltatory and mhﬁbnlln::y d;en

,m;;; Abe! of expenments the efiects of blood pressure changes wf:e

ccause qumdie end some of the other antifibnllatory agents
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Tawne 9~The Effects of Certmn Isoquinaline Compounds on the Dog Heort

Dian o | Ref actory P riod Cond ction T
Threat Comment
= sy L Avwotue | ot Aue Av | qms

Dose

831 A, Aunicle—Maxmmum Effecy

.
50 35 120 7% 280 50 33 Fibrillstion abohshed
Multiples present

25 106 43 27 40 n 0 10055 Protection
Fibrslistion sbolisbed

25 w 83 33 22 19 | ~35 { Occasonal mulnples

531 A Awuncle—~Masxmmum Protection®
50 8 100 100 280 50 33 Fibrillagion sbolished
25 106 43 27 40 n 0 Fibnllation abolished

25 17 63 33 22 19 ~35 Fibniflanon abolisbed

531 A and 5324 Vemntle—Maumum Eflect*

25 | 17 15 1 0 [ 0 | Maltiples abolished!
25 | 255 | ~7 |—~13 50 33 150 Fibnillatson abolisbed!
25 0 8 10 40 n [ Fibnllation abolisbed
50 123 4 7 — — «— | No protection

!

*Values expressed as percentage changes from control values
15324

often affect blood pressure It has been reported that quimdme fails to
act as an antifibriflatory agent if blood pressure 1s too Jow (Wegna and
Nicherson, 1942) In this serses of expenments low blood pressure Jesels
were produced by hemorrhage and high levels by transfusions and clamp
1ng of the abdommal zorta The effects of periods of acute hypotension and
hypestenston on cardiac hilaty, Juct: and vulnerabihity to
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fibrlabon were pesther very grest mor of a constant pature in en!‘x;r
the normat or denervated heart, Cuttmg the sympathetic fibers l]o e
east &d cause a shght transient lowering of excatabibty The conclusion
drawn was that blood pressure changes in themsclves did not determine
the actions of drugs nor did they have a defimtely calculable effect on those
aspects of heart sction under investigation These conclusions however,
should not be taken to indicate that long lastng Hlood pressutz changes
resulung 10 an ampared blood supply, anoma, Blood cathon dioxide
2nd pH changes would not affect cardiac exestsbibity and vulnerability
to fibnilation

A second eties of control stadies was carried out because most expers
ments wece petformed on smimaly anesthenzed with membatal In this

serzes dogs were decerebrated under ether or a very short acting barhitu
rate, Tests of cond bitity and fibnl; were
rmade and then pentobarhital was gaven m quantity sufficient to produce

a degree of anesthesss normally attamed A tranwent rse 1 threeholds
a pralongstion of the refractory period and a decrease i vulnerabihty
were found smmethately sfter 2n ntravenous injection of this drug but
the effeets spon breame mmmal Intrapentontally injected doses had
o specific depressant mehon on the heart antit dose Ievels were much
higher than the range generally employed

It was fejt that the snuifibrllatory actions observed an thiy study of
drugs were neot secondary to their transient effects on blood pressure not
modified by the effects of the anesthetic employed

tald

AGENYS ENHANCING VUINERABILITY TO RBRILATION

Before entering anto 2 discussion of the possible mode of action of the
snufibrillatory drugs ot 15 of nferest to compare therr effects on the

various patameters of excitabilty and response with changes resulting
{rom egents known to enhance the vulne:

rabibity of the m
the same acbythmss The Ghollsbon producns endence of 3w
P &
of quite different drugs have been goted and the major emph
placed on sympath and th Ef bt
sdditton reference will be riade to mmor .

studies n ilfustrating certamm
somts The conchusions drawn are based preipally on 8 consgadcmuon
of _ir}:; H:mm of drugs most thoroughly fudsed 1 this laboratory
*t statement that can be made 19 that the c
ardiac effects of
drags which have been shewn to produce Gbrllation under speaific com;x
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uons are so diverse that it 29 probable that several different mechansms
are mvolied and fibnllation may result from a vanety of drug actions
Drugs which are good antfibnilatory agents under normal conditions
actually produce fibrillation mn other circumstances For example, procamne
amude 1s reported to induce ventricular fibrillation i all hypothermic dogs
(Covino et al, 1955) Fibrillatton 15 merely a disorganized activity of the
fibers of the myocardium and this might be produced in several different
fashions

THE EFFECTS OF HYDROCARBONS, AMARIN AND VERATRUY
ALRALOIDS 1t 15 well recogmized that certamn of the volatle anesthetics,
a number of other hydrocarbons and volatile hafides and qumie a few
other drugs are likely to cause fibnllation or more particularly to so
affect the heart that sympathetic nerve I or epinephrine admin
sstration will cause @ precipitous mitistion of ventricular fibnllation
(Dawee, 1952, Goodman and Gilman, 1955) The drugs of ths category
which have been studied to some extent in this Iaboratory are chloroform,
benzene, amarmn and veratrum alksloids

1 Chloroform Levy (1911, 1913, 1914) found that ventricular fibnlla
non could be induced in ammals under hight chloroform anesthesia by
ingections of epinephrine but under deep anesthesia this sensitivaty 1s Jost.
Reflex or direct excitation of cardiac sympathetic fibers has the wame
fibnllation producing effect 1n hightly anesthetized animals It was found
that cyclopropane has a sumlar nction to that of chloroform and that
numerous other sympathomimetic amines and related drugs will act to
imtrate fibrllation 1n association with these anesthetics (Orth et al,
1938, Meek, 1940, 1941 Rennick et al, 1951, Deterling et al, 1954)

Sasaki (1921) and Acierno and DiPalma (1951) have obtamed ent
dence that chloroform depresses excitability but shortens the sefractory
pertod It has been found with the techmques employed 1n this laboratory
that chloroform 1n small doses does often shorten the refractory persod
end may increase excitabiity shghtly Greater concentrations have &
defimte depressant action rasing threshold to )} and prolong
the refractory perzod beyond the control duration The vulnerahbity to
fibrillation eliested by test shocks 15 not sigmficantly altered n the de-
nervated heart by this agent It 19 concluded that the combined depressint
and exatant action imtated by the drug i situations during which the
vag and the sympathetic nerves are also brought nto action 1s really
responsible for the occasional occurrence of fibnllation duning chloroform
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anesthesa (Salter 1952 Ruker et al., 1955) This conclusion 18 supported
by the following enidence.

The rise 1n artenal pressure on epinephnne ynjection secrms to contribute
%o the development of fibnllahon (Murphy et al, 1949} The reflex activa
ton of the vagus which depresses pacemaker tissue {Hoff and Nshum
1934) at a time when epumephnne tends to merease automaticaty would
favor development of ectopic beats Tt 13 also recogmzed that vagus stunu
lshon and acetylcholine can promote fibnllation (see later) Atropine
tends to prevent development of arrhythruas under these enesthetica
(Seevers et al. 1934) Parasympathetc sympathetic snd ganghome block
g agents also tend to prevent fibrillation (Meek, 1940, 1941 Troch,
1953 Glassman et a1, 1953) Depressants acting on the heart also increase
susceptibility to fibnllation untl they have caused 2 deep depression and
this hkewise snggests that a hyperexcitability coupled with some selective
depression may be contnbutory (Levy, 1920 Whte et al. 1955)
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TavLe Y0—The Effect of Amanin on Properties of the Meart Muscle m a Sawple

Expensment

Control Asan Aok
value Sme/iy Ve

mec e maes

Aunicle  Absolute Refractory Period 127 168 183
Relative Refractory Period 46 2 8

Total Refractory Penod 173 210 mn
Interelectrode conduction time 40 50 6
Veniricle PR Interval 3 % 120
Absolute Refractory Period 161 181 %

Relative Refractory Period 50 ki) 110

Total Refractory Pertod 211 2.9 300
Interelectrode conduction time 40 50 50

2 Benzene This drug, hke chloroform, m weak concentrations has
little effect on diastolic threshold and does not markedly lower thresholds
to fibrillation It may shorten the refractary periods of the aurcle but in
higher concentrations defimitely lengthens the duration of refractoriness
The Gibnillation which results from the combined action of this drug and

pinephrine 18 also p bly due to a mixture of excitatory and de
pressant effects on the heart

3 Amarin hydrochlonde The cychic amdme denvative 2, 4 5t
phenyl dihydro iminazole 18 known to cause profound bradycardia and
a slowing of conduction 1n the heart When epinephrne 13 admmstered
following amarm the combined action of these drugs causes fibnilaton
{Fastier and Smurk, 1948) A series of expersments was pcrformed m
which a determination was made of the eflect of this drug on exoitabilitf,
the duration of refractory pertods and the vulnerabihity of the dog suricle
and ventricle to fibrillation by single electrical stimult It was found that
doses of 5 to 10 mg/kg of body weight rases the surcular diastolie
threshold by 30 to 50 per cent (from 048 to 071 ms on the average)
and the ventricular threshold even more markedly (from 028 to 046 ma )
Both the absalute and relative refractory perods are prolonged (Figure
66) and conduction 1s slowed i auncle, ventrcle and specsalized conduct
g tissues (Table 10} Fibrllation thresholds are actually raised by the
smaller doses of amarn and 1n some nstances fibnilation could no longer
be produced by mngle electnic shocks of 20 to 30 ma even when apphed
during what had previausly been shown to be the vulnerable period
Doses of drug higher than 15 mg/kg did frequently produce a slow

L
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disorganized beat of the ventuicle and epmephnne did cause Hbnillstion
and 3 fadure of cardiac pumping action

The depressant action of smann does mhally decrex e the vulner
abiity of the heart to Gbnllation by electncal stmuls Excessive depres-
sion, however dly results 1n d of the heast. A muxture
of depressant and excitant actions creates a situation to which the heart
18 most vulnerable and the achion of amann coupled with that of epine-
phnipe canses immediate Sbnllation Attempts 1o drive the heart faster
than usual after amarin has slowed conduction hkewise produced fibnlla
ton Thus stady of amann gives good endence 1 support of the hypothens
that fibnilation can result from a moluphenty of causes enhanced exart
abibity excessive depression but most readily from a maxture of exeitatory
and depressant wnfluences {see Fa.tier, 1951)

4 The veratrum alkalowds It 1s known that n Jarge doses veratrum
alkalowds cause cardite arrhythmias and eventually induce ventncular
tschycardia and fibnilation (Arayer and Acheson 1946 Goodman and
Gilman 1935 Rosterhtz et ol 1955) In expeniments dewgned for the
study of excitafnlity conduction, the duration of yefractonipess and vul
nerablity to fibnilation 1t was found (Matsuda et 2}, 1953) that & crude

Taxee Y —The Aenon of Veratrum Alkalods on the Auncle od b entricle of the

Dog Heart
Dowe ¢ Aot ¢ § Resuee | in bl
ol R | Kb o1 | R ey | Dlascl PR | Beeror
vl oty petod | Toremald | et ooy na
et m e
Aunicle
Cryptenamine
Exp. #5 Control 9% 45 0 a3 X £
03 10 se 158
u 035 10 »
120 80 80 040 22 44
09 135 6 200 042
o it 42 138 52
L] 05 043 us 65

Yeamncle Verstnne

0T
Exp #7 Conwa 19 55 0% Im;or;u
Y Wloe ) ms o || o3
0% Hymo)ow | om | oy
w | o7 .=
10 1o -
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of veratram alkalowds (S B Pemek & Co) cryptenamune
I:edp :;:: ::vudme produce & moderate prolongation of the total relrnc!or§
peniod of the auncle and ventnicle of the dog heart. Both the absolute an
relative refractory pemods are prolonged excitability 15 decreated and
conduction, parheularly m the AV bundle 1 markedly slowed (Table
11 Figure 67
Smfl?n doses) of the verstam alkalowds used ether did not change the
threshold of aunculer and it loerability or defimtely raised
1he threshold 24 d threshold was not d (see also Wedd
and Drury, 1926) In one out of 12 experuments employing such small
doses fibnllstion eonld not be produced by single shocks of three tumes
the strength which was required to fbnllate the entnicle before druog
adoumstration and i the other 11 dogs fibnilauon thresholds were
elevated. Following 1mjechon of larger doses of these drugs despite the
prolong of ref and the & d hility, the heart
became mote susceptible to fibrillstton by sigle stmuli applied dunng
the vulserable penod (Figure 67 see also Gulson, 1939) The dips and
the vulnersble perod fell later and later 1n the cycle as refractonness
was prolonged. It was fonnd that after mnal mnjection of these alkaloids
ppl ¥ ) of 0.5 mg or more of the veratrum
alkalods lly produced & slow fibrillatory process in the ventricle
which could be abolshed by hock. These drugs definuely do

not ebolish §bnllation once 1t hay been established (Krayer et al, 1935)
More definite wformation was o

btained when s study was made of the
action of veratrioe on the b P ls of lian hearts
The changes 1 dly and |

g 1nduced sction
votentsals were very defimte. In these latter experiments transmembrane
potentsals of auncular and ventricular cells of the dog and rat heast were
yecorded by plass capilfary electrodes with a tip diameter of less than
one kx;uc;on In prepenog the fissues for sudy the heart was excised
:{:x;gs ‘::lm the :nuihehzod uu:nal end the desired portions of musele

¥

solution. This bathung

AiF

solutio w: natntaned c. 2 o
n maintained st 37° C, and serated
with a muxtare of 95% oxygen and 5% carbon diomde In the earlier
experizents of thas aenes verstnine alkalog (S B Pemck & Co) w.

u;ed 2nd subsequently the alksloid cevadine was employed. The xnu]lhs
obtaned with the two however were practcally the same

Veratnne produces two distinet changes 1 the behanor of the cardiae
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souscle 1n terms of membrane potennial. One 33 marked prolongstion n;
repolanization, and the other 13 an 1ncreased tendency to spontaneaus an
repetiive achmty Both of these changes were ub:cned 1 all the hearts

£ repol
tested 1n auncles as well as 10 les The p g of rep

tson oteurs first 1o the final postion of the recovery hmb of the ackion
potential  sub ly the L ccormes p ly slower

end longer lasting {oflowing the sl spikelike depolanzation (Figure
67 end 68) The depree of such prolongation depends upon the concentra
tion of Terstrane, ligher concentrattons acting move rapidly and produc
tng more marked prolongation Dunng the phase of prolonged repolanza
ton produced by achon of verstnne there often occurs & plateas like

portton with a shight slope termnating 1n & fnal phase of quick tepolart
zahion

Tn addison to the prot of repol
the tendeney to spontancous finng of the heart muscle This spontaneons

actwity occurs tn preparations of both rat and dog hearts The rhythm
of the spontaneous finng 15 somewhst rrregular with an average rate
of 30 to 60 or more per minute. Each excitation occurs st a time when
repolarization of the preceding achon potenuial 13 almost completed The
tpontaneoms achvity appears n runs lasting from a few seconds to several

mnutes

The rats heart 18 much mare senmtive to veratnne than that of the
dog In the latter five to ten tumes the concentration of the drug 1e requiced
to produce the same degree of change. In the rat, while repolarzation
normally requires 50 to 100 msec  veratrine prolongs it to 5 or 10 seconds
or even more. In the dog on the other hand, the normal repolanzation
Phase lasting 200 ta 250 msec 18 prolonged by veratrine to only 5 or 6
seconds Rat bearts show 1n addition to the changes deseribed above a
h ype of gp depol 12 & rep osaifla
mx\‘ 1 membrane potenhial or a repetitive spike that appeary dunng the
ged phase of repol Thas type of spont: actinity 13
brought sbaut more easily when {ollowing the exposure to hugher concen
trations of veratrine, the tissue 15 washed by fresh Tyrode solution In
&e dog a sumilar tendency to spontaneous actnity of this type 13 sheerved
u:ﬁ\:yr;mm\arly true when hugh concentrations of these alkalowds are

Stmulahion duning vanons phi
phases of veratnne-prolonged repol
tesults i varogsly graded electneal xesponses the refpon:sp "t:‘:l;::h“
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placed earhier mn the cycle beng smaller In some expenments on tats 2
second mingle stumulus given ot definite anterval durning the repolanzation
process 33 followed by multiple fining, while stmuls st other ntervals
produce only a smgle response Veratrum alkaloads not only cause changes
which render the heart and s individual cells vulnerable to Sbrllaton
by applied stumauls but also cause 8 periodic spontaneous wtnnsic ongin
of fibnllatory activity A b of slowed cond and an 1m
balance of effects on the excutability and refractoriness of various cardiae
cells may explain the increased vulnerability of the heart following sdmn
sstration of this drug

THE EFFECTS OF SYMPATHOMIMETIC AGENTS The effects of
pnephrine and nor epimephrine were compared 1n s series of experiments
on the vulnerability of the ventricular myocardum Hearts were driven at
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Fioynz 69 A Insent
val curve under control condiions Graph depicts the effect of Tepinephr:

fhulistion thresholds 1—just prior to 2—1 minste 32 munules angd 45 mnutes
Iollowing 1njection of 2.5 ml. of & 1 25000 dilution wthun 5 2.5 munte intersal.

B Effect of 1 praeph on it Inerabality  Co as m{ .
1—jast prior to 22 minutes and 3--4 minutes after wjectson of 183 mL;
1 25000 dilution within 2 15 minute interval Extras (}, Multyples (o) (Hoffman

et al., Circulsnon Research, 1955 )
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a rapid rate dunag control tests s (hat ventricular escape from the dnive
stumuls would not oecur following injection of ether agent. In all cases
Bilatersl section of the cervical vap was pexformed to prevent AY Hock
durng the period of hypertension Tesultng from exther drug (Hoff and
Nehum, 1934, Lenel et al., 1948 Hofiman et o} 1935)

The chlonde salts of lepineph and 1 pineph st & dilson
of 125000 were myected inito the external jugular ven Ly mesns of 2
mechamcally doven syringe The imjection rate of these solutions was
vaned m different expenments from 05 to 45 ml/min and the tolal
volume 1njected varied from 05 to 10 wl An anterval of 1 to 1% hours
elapeed between injections n most expenments

1 The effects of lepinephrine on vulnerability The mject of Lepine
phnse had 2 aud profound effect on the vulnerability of the
ventricle to smgle test stnuh {Hofiman e al, 1955) As seen Figure
69 A when a 125000 schunion was injected at a Tate of 125 ml/mum,
the mummum hnflayon threshelds were often lowered to levels only
sightly sbave the threshold for a single response, Lowest thresholds were
obtamed from 1 to 3 munutes after the start of mjection Subsequently,
greater dufficulty m produeng fibmil was d even to the
extent that the heart became fess vulnerable than before drug admims-
tration In most amimaly this period of lessened vulnerability persisted
from 10 to 30 munntes prior to the return ta control values

Flh sluwern fra!:? of tnl‘ecuon 05t 07 :nl/m.m) although the early

was reprod the o
dimns hed vulnerability was greatly decreased of :;;cn:do?::e :::a:i
was the gbservation that, even when the mjection penod was prolonged
;‘9 10 10 ounutes the phese of lowered fibnlfation thresholds Jasted only
ta 3 munntes A mmilasly transient change charactenzes the eflect of

epmephrioe on testing exeitabibity {see Chapter Viil) Ths
;'mnn of epinephnne has also been repon’;d by others (‘v’:"""] 02
nckerson, 1942) gre o
2. The effects of Lnor-epineph
nephrine on rulnerabiity Lo
whb:‘n yjected 1n the same concentration and at lhersxmen ::hcepl::pbr:e
)ab“;e:rodnud smalar changes 1n vulnerahility As seen 1 Flgux:p@);
P ‘;m thresholds were towered markedly smmedtately following th
V(i;h“m ::\:e::um; and, a(;ex 2 to 3 minutes returned to controlltfluc:
3 yates of mmyecty eased
followed Just a8 1m the case (Z:Ce;:epm:ﬁ of der venershiley
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Ficome 70 A The effect of repeated injections of ] norepmephene on ventncular
Inerability  d duesbilty of effect G as in Sgure 69
Date 25 ml of & 1 25000 diution within 2 minutes
B Companson of efieets of 1 epmapheme and 1sarepinephrine on digstolie thres
holds and lowest fibnilation threshold in the same dog Dose lepunephrine 35 ml
Inarepmephune 27 ml (Hoffmen ef af Cieculation Research 19553

With both amines, the effect of a single dose was quite constant 11 &
gwen anymal Even repeated adnmmstration produced no permanent change
15 the control values {Figure 70 A)

3 Relanonship between fibrillation thresholds and resting excitability
In most expersments there was a close temporal correspondente between
the effect of the sympathomimetsc amines on the level of resting excitability
{see Chapter VIII} and on the fibnllatron thresholds As demonstrated
1n Figure 70 A and 70 B and Toble 12, the pertod of maxsmum vulner
ability corresponds closely to the pertod of maxymum lowering of diastolc
thresholds Sumlarly the penod of decreased vulnerabihity wass more of
less coexstent with the elevation of dastolie thresholds above control

values
The correl bet the de of change in the fbnllshon

and diastohe thresholds was leas exact The per cent change n each of
these vanables at different times after injection 1s shown m Table 12
While 1n some cases the magnitude of change 1 both 19 remarkably stmilar
1n other mstances a large change in one 1s accompansed by a manor van
ation m the other It 13 hlely, however, that these resulls are at Jeast
in part due to the testing technique since the sumultaneous defermnation

— o



FIBRILLATORY AND ANTIFIBRILLATORY AGENTS 269
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holds and lowest fbrillation threshold in the same dog Dose lepmephnne 35 m!
Inor-epmephrine 27 ml (Hoffman er of, Circulation Research, 1955)

With both amines, the effect of a single dose was quite constant in 2
gven ammal Even repeated admumstration produced no permanent change
1 the controf values {(Figure 70 A)

3 Relananshp between fibnilation thresholds and resting exerabilidy
In most experiments there was s close temporal correspondence between
the effect of the sympathomimetic amunes on the level of resting excitsbslity
(see Chapter VIII) and on the fibnllation thresholds As demonstrated
n Figure 70 A and 70B and Table 12 the penod of maximum vulrer
abihty corresponds closely to the peniod of maximum lowermng of drastolic
thresholds Simularly the persod of decreased vulnerability was more of
less coemstent with the elevation of dustohe thresholds abose control
values

The correlation between the magmiude of change n the fibnllaton
and dustohic thresholds was less exact The per cent change in each of
these vansbles at different bimes after wnjection 1s shown i Table 12
While 1n some cases the magmtude of change m both 19 remsrhably sunilar
1n other mstances 2 large change m one 1s accompanied by 2 mmor van
ation 1n the other It is biely, however, that these results are at least
1m part due to the testing technique since the 1 determnation
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thown that these drags have sunilar though less marked effects on cardiac
eautability when changes 1 blood potasstun Jevel are prevented (Siebens
et al, 1953) In addition, 1t has been poted (Chapter VIII) that the
adminisiration of etther of these sympathomimehc agents causes only &
wmall decrea.e 1 the duration of Yefractoriness and a $auly marked
tresse 10 whraventricular conduction veloesty The possible relstionships
between ol of theee alterations 1 cardiac exaitabibty and the marked

wmczease 1n vilnersbibity resulnog fsom epinephnne and novepinephnine
wll be discassed subsequentl:

s ¥

{ THE EFFECTS OF ACETYLCHOLINE AND VACAL STIMULATION
a‘he effects of yagal i} and of leholine on lerabil
of the auncular myocasdiem were studied both an intact bearts and 1

usalated preparations of auncolar muscle. The detauls of the methodelogy
10

4
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of the fibrillation and diastohc thresholds was mmpossible Thus, at lest
during the tme when excitability was changing rapidly, similar conditions
mn the myocardium may not have obtaned at the time the two measare.
ments were made

4. Effect of rate of njection Entlier studies of the effect of epmephrne
and nor epmnephrine on the bility of the dog ventricle {Siebens et
al, 1953) demonstrated that the change in diastohe threshold produced by
these drugs was dependent upon the rate of injection of the test solution
Slow mjection produced a shght fall i threshold with s prompt retum
to normal, more rapid administration gave nse to a more pronounced fll
followed by a persistent nse to levels well above the control values It
wos of nlerest to attempt to determine whether this same relationship
obtaied in the case of fibnillation thresholds and a number of expenments
were performed with this objective However, the very limited duration
of the early drug effect and the difficulty encountered m messuring the
lowest fibnillatian threshold made an exact quanttative relationship be
tween rate of myection and magmtude of effect imposuible to obtawn It
was possible, h y 10 blish that more ramd njection of either
epmephrine or nor epmephrine gave rise to a greater lowermg of the
fibrillation thresholds than did less rapid mjections In & number of
expeniments with both agents, sufficaently slow snjection fmled to produce
any detectable increase in valnerablity In add the phase of
resistance to fibuillation rarely followed slow admimstration and ahmost
always accompamed the elevation of disstohe thresholds that resulted
from rapid injection

5 Companson of l epinephrine and I nor epmephnine In a number of
experiments the effectiveness of similar doses of both epinephnine and nor
epmephrine was compared mn the same ammal As shown 1 Figure 70
and Table 12, both sympathommetie drugs had smular qualitative and
quantitative effects with respect to both the early phase of enhanced vulner
abihity and the subsequent phase of el i fibrillation thresholds Further
more, there was no dufference between these amines either mn the fre
quency with which fibnllation followed thew use nor s the ease of
defibnilation by means of countershock

As stated 1 2 previous chapter, the ch m
(d and 1 from epinephrine are always

with marked changes in the level of serum p { and d
ectvely) Thus the changes i valnerability can be relsted to vana
18 electrolyte although 1t has been

1 T thrpaholds
ted

resp!
tions i the blood concentration of th
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rilation, Local epplication of acetyl B melhylchnl_me {Nshum
:\‘?Hi; lxi‘)il)) and acel?ll::hohnc (Scherf and Chick, 1951) to small
atess of the auncle produce auncalar fibnllation These drugs hkewrse
cause fbnilation af added to the Bud bathing 1solated auncles {West
et al, 1953} or to the csrculation 10 heatt lung preparation (Bum et al,
19,5) Other vagomimetic drugs are known 10 have a fbnllation producing
action (Catrelet and Halpern, 1932) The shottening of the relractory
period whach permats dnwing of the heart at & more fapd rate (De
Fho 1917}, the dlowing of conduction m the suriculo-ventricular node
2 soctated with facilitation of conduction 1 the auncle and the vaned
effects on pacemaker actiity {DiPalma aod Mascatello 1951 Burn 1954)
suggest that the d pubility to fibnll caused by acetyl
choline or vagus action 13 due to a muxture of effects some of which are
nlubitory while others are excitatory 1o nature.

O1HER DRUCS WITH A DUALITY OF

drugs bave Sbnltatory and

o

CTION Numerous other
antfbrilatory efects, There teems 1o be o
p d wth fibrallatory or brillatory action
{(Van Dongen 1936 DiPalma and Schultz 1950, Moe and Mendez, 1951

Brown et sl 1951 Dawes 192 Winbury and Hemmer 1995} It has
been reported thst « fagarme (allocryptopne) will raise fibnilatory
tiresholds and prevent fibrillation alter bigation of coronary arfenes
(Morseet de Espanes axd Navarro 1938) It will stop scomtime mduced
auricular fbnllation and Butter (Scherf 1918) Papaverive has somewhat
the same effects bat 1t has been found that these drugs may salso provoke

fibnillation even 1 the ventncle (Elek and Katz 1942 Wegna and
Nickerson 1942)

A great deal has heen wnitten conterming digitalisanduced arth
(Wegmaetal 1941 Eoselbergeral, \%lg Cf(;dman and Gﬂmmytlt;:!;)s
the protective action of potassiam {Sampson etal 1943 Lownet a, 1953’
Garb and Vestun 1954) and the Polentiating action of calcrum (Baker
and Baker 1925) on this digtahis effect. Studses of the action of carduc
glycossdes on single ventricular fibers (Woodbury and Hecht, 1952) hase
shown that diptoxin oushain and strophagthidin - extrernely high

1 1 thus sh the b
action potential a3 do some of the other dru ¥
ldn tnerease vulnerabiity It can be said lhatgsmwzzhc:’:ee;h :ﬂlbt}lzh .

rags there s enidence of potential mused actions which mipht ev, o

n & dissymmetry of re ponse and the production of axrh)’!hzzuu:‘ma‘E
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employed have been deseribed 1 a previous chapter {VIII) and will not
be repeated The results ob d were as follows

Activation of exther or both vagus nerves zesulted 1 a marked shorten
ing of the absolute refractory persod of the auncle This was accompanied
by a decrease an total xefractormess of greater or lesser extent, depending
on the strength of vagal stnulation Duning ths marked change in refrac
toriness, there was no change m the level of restng excitabibty snd
only & slight increase 1n conduction velocity At this time there was noted
a great mcrense in the vulnerabihty of the auricle to fibullation mduced
by single test shocks As <een an Figure 71, not only were thresholds for
fibrillstion decreased, but the duration of the period of vulnerability was
greatly prolonged In some expermments fibrillation was the only response
which could be obtamed with just threshold stimuli dunng the entire
refative refractory persod and at times suprathreshold shocks resulted 1
this arthythmua even when apphed late m dhastole long sfter the full
recovery of exeitabihty When long lasting fibrillation occurred, addional
vagal acivation shortened the ff interval and often, after the cessatson
of vagal activity, regular thythm was promptly resumed A brsef persod
of overshoohing of control values of excitability, refractoriness, etc was
encountered &t the end of vagal stimulation but becsuse of the hmited
durahon of this overshoot no tests of vulnerabulity could be made before
nermal excitability was restored

The effects of mnjected ylcholine on the t P
the 1solated aurscle have been described 1 Chapter VIII Duning the time
when the duration of the actron potential was markedly shartened sery
rapnd spontaneous rhythms were often encountered These arrhythmsas were
most often regular, but at times a distinct rrregulanity n rate of firng
was evident Moreover, even during regular activity there were aften
short bursts of achion potentials at srreguisr rhythms This spontaneous
activily was not associsted with a change in the resting transmembrane
potential of the wdividual fibers, a finding which mught be sntierpated
from the lack of effect of acetylchohne on the resting thresholds of sunec

1 trals of

lar muscle "
In conclusion 3t can be stated that stimulation of the vagus may tesu

bilaty
toppage of auncular fibnllation but also ncreases vulnera

f::.: ‘P‘P ‘B and vagus Jation 3! the rate of fibmilatron
(Ros)enblueth. 1053) and may have a defibullatory action but when ad
mimstered 10 & non Sbnilating heart st creases valnerability and may
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%ed shortenng 1n the dusation of refractorinese. The shight
:?;;: :ncxonduchun vcloilly also noted 15 probably of Little amportance
1n s deration M hypoth which wually ipcreases the
duration of refractonmess, elevates thresholds and slows conduction also
greatly mereases the vulnerability of the ventncle to fbnllation (Chapter
VII} An sncrease in the concentration of extracellular potasnum on the
other hand {Chapter X) 1s known to shorten refractoniness slow conduction
and, at the uader di elevate thresholds during
&astele These same efiects are slso assocsated with a warked wncrease
1n vulnerability to Bbnilation.

1f stabality of the membrane of heast cells and changes 1a therr trans-
b p ls are dered 1n addition to the usual measure
ments of excitability several other observations are worthy of mention
Werdmamn {1955) has shown that the membsane of heast cella 1s stabil
wed by quiudine procane amde and anhhustaminics drngs which tend
to prevent fibnllaton (see also Fleckenstern and Hardt, 19195 Nerther
the resting potential nor the amplitude configuration and dusation of the
action potential, once 1t has been elierted, ave affected This same techmgue
of studyisg cellular states and ryesp has been employed 1n end
to determine the effects of a number of factors known to mncrease the
In¢rability of the myocardinm to arthythmias (high and low potassium,
high and low calowm  epineph lechohine) Both extr of
d with a parnal depolanzstion so
that the reshing tranmmembrane potentisl 15 quite close to the criicsl
(threshold) level of depol at which sp sctinty ensues
On the other hand, while low calcium 1nereases the absolute magntude of
this entical potential and hgh caltwum bas the opposits effect, 1n neither
case 15 the resting potential chang

ed marked} 3
effect 13 sctually one of stabil the ey m; n‘x Ebe latter the

of acetylechobne on 1solated sngle fbers have been shown 1o ct:x:s:iilb
elterabion v the level of the transmembrane potential. Thus just a¢ (e
the cae of the excrtability stadies, no uniform actien on either the ruhnn
potential or cnitical “threshold” patential can be aserbed 1o thess sev, f}
2gents which are prone ewther 10 camss fbnfiation or enhance '“1:1'

;bllny It can be ead however that the antifibrilatory agents § d‘:
b: ::os;;&l\!ﬁt\ory do have a stabilining eflect on the cardiac ce‘l’lmmen:

it e s
e mpo:lan:to;nlxﬁhn]lat:;y ‘nmon 1o that 1t would tend

current flow at a

are
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(f THE MODE OF ACTION OF FIBRILATORY AND
ANTIFIBRILLATORY AGENTS

In beginmng a discussion of the mode of action of fibnllatory and antt
fibnillatory drugs one of the first statements which should be made 1 that
the allocstion of drugs to such categories must be qualified In hagh con
centrations and under certain circumstances quindine and other of the
antifibrillatory agents may sctuslly increase vulnerability to fibnillation,
the el effects of epmephrine are such as to inerease vulnerability but
later there 1 actually a reduction of vulnerability to fibrillation by elec
trical stimuh, other drugs m doses which decrease exctabshity, prolong
the refractory period and actually rase thresholds to fibxsliation by electne
shock, nevertheless have an effect which sensitizes the heart to fbnillation
by action of other drugs given concurrently

It should be stated also that the studies reported n this chapter do not
demonstrate & defimte and umform relationship between changes m
various parameters of excitability whnch result from o given antifibullatory

pound and the magmtude of the prat fforded enther the auricle
or ventricle sganst muluple finng or fibnllahon Howeser, the results
obtained do permst certain conclusions to be drawn and also certam
hypotheses to be advanced

To deal first with the factors which might be related to the production
of fibnilation or muluple finng, the vanous theones which previous
workers have advanced are discussed m Chapter VI With respect to the
mbisting event, the studies reported here on the effect of sympathomunetic
agents are suggestive Tt has been noted that the phase of enhanced vulner
ability produced by emnephrine and nor epmeph des closely
1 time with & dramatic ncrease n the level of resting excitabihity and the
mirinsic excitatory processes (rate of beat), the subsequent dimnubon
m vul bility 18 tarl ted with a d n resing exet
abshity, although in this case the temporal correspondence 1 less exact The
fact thot both epinephnine and nor epsnephrine cause a shght decresse i
the duratton of the refractory perod 18 less wmpressve m wiew of the
concurrent merense mn conduction velocty It 1s thus tempting to conclude
that the level of resting bilsty 15 the of bility most
closely related to production of vulnerabihity to fibnilation On the other
hand, 3t has also been demonstrated that vagal stimulation produces &
great ncrease i the vulnerabihity of the dog auncle to fibnllation In
this nstance, however, there 13 no change 1 diastobc exertabslity, but
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tection from both expenmm;a&yw& choseal arshythmas Moreover,

the studues of the P no P
;1:6::1: ::m\i between pm!lecuun agn,mu arthythmsas and changes 1n

f or diastolic t

etﬁ;’fr“y sngle concluston 19 warranted on the banis of these studzes 1t
15 2 follows Any factor which results in 8 disproporhiopate change m
the several aspects of cardiac excitabihty 1 kely to snezease valnersbility
to nrhythmiss OF all the changes produced by the sshifibnillatory com
pounds studied 2t 1 the dlevstion 1 Quastobe thresholds (or decrease in
Teating exestability} which seems most clasely related 1o protection from
fhullation Whether this decreased excitababity, 12 turn, results dsrectly
from s cthange m resting b potential, 2 *stabil ! of the
membrane & change 1n the entical * threshold” potential, or from some
other factor as yet ngknown cannot be smd However 1 selected cases
it remmny 2 distanet posabibity that prolonged ref or slowed
couduction might be & sufficient change to produce the observed alteration
w vulpersbiiny The concept that a dispropattsonahity of change in vanous
fuanes of the heart may be responmble for disorgamastion of action and
Ebnllation 1 supported by the well known fact that locahzed agphoatian
of drugs or cold or Joeal mjury often produce fibrillstion More will

Be sasd about selective sennitivaty of different parts of the heart m the
following chapter

Conniderstion of the multiphesty of Iactors and nfluences which mught
disorganize 1he action of the heart cxuses one to be more impressed by
the shility of the heast to mamtam 1ts normality of function than by the
fact that Sbnll; end other arthythmias can be produced
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distance thereby abolishing saltatory cond and reentry by confining
pr 4 to spread through sdjacent and more normal pathways of
conduction

The conclusion that fibnillation may result from multiple causes 1s not
surprising, in light of the demonstration that (Chapter V1) dunng fbnits
tion of ewher the suricle or ventniele the pattern of actvity m the
sndwadual fibers may be quite different, depending upon the mhsting
agent. In some cases the single units fire off at & slow and rather regular
rate, while 1n others the single fiber sctivity 15 grossly arregular with
respect to bath rate of firing and amphtude of each action potential The
actinty of single cells may actually be disorgamazed to such a degree that
segments of the cell became active while other segments are esther de-
polasized or quiescent Disorganszation of achvity in mingle cardac cells
can be consdered the ulimate degree of fibmllahon It sppears that
mmute subdivisions of the cardiac cell membrane and s sssocsated con
tractile tissue retan the capsaty of ongmabing activity and responding

dependently of other el An fibnillatoty drug must h
protect coordinating influences at work 1 a cell and ths cannot be directly
determmed by measurements of b p i or bahty
Thus one 13 forced to conclude that, while there may be some common
imtiating agent for all arthythmias, its nature 19 not necessarily revesled
by the type of information avamlable st present Sumilarly no one anh
fibrillatory action has as yet been found

One additional posnt 18 worthy of mention at this me A cell can be
smd to possess a relatsvely haigh degree of stability, in terms of remstance
to stimulatory mfluences, when 1t 13 1n esther of two states 1) whentis
completely depolarized and before sigmficant repolarization has begun
and 2} when the membrane 1s fully polanzed and bemng mmntained 1n this
condition by & normal balance of factors The cell can be sard to be m
an unstable sstustion when sts i potentsal 1s 1 an drate

state
Since 1t 15 not possible to find a smgle factor or combination of factors

uniformly d with d vulnerability, the zesults reported for
the vanious antifibrillatory agents are more readily sccepted While, in
the case of quimdine, there are ch 1 both ref, 1mess and diastal)

excatability which might protect sgamst fibnilstion according to the
classic concept of Lewis (1925), Lewis and Drury (1926), procane amide
es Inttle change mn ventricular refractormess but affords good pro

produc



219
FIERILLATORY AND ANTIVIERILLATORY ACENTS

Faster F N dogeaghuc features of “Adrenshine Synope™ J Physiols
191 112 3% & specssl reference
F N and Smnk, F H Some properties of amarin with specy
xor:su::e m c::)\mcuvn wath adrenaline for the prodaction of idioventmeulss

thms. § Phynol, 1918, 10s 318,
l'n;'trm. ;. h;:oﬁ G Spencer P W and Williams, H B Effect of electrical
shock on the beart. Elect. Engin, 1936, 55‘03& . e Lokad -
“?:tkm!\tm, Al d uudt.rA Der e hee 1599 27
360.

Gatb S. and Yentur, ¥ "The differential actiony of potassium on tho therapentic
and tome eflects of ouabam ] Pharmacol. & Exper Therap 1954 112 9%

Carrey W E. Auncalar fbrillauen. Physiof Rev, 1928 4 08

Gautrelet, { and Halpern N Fabnll ! é
C R Soc Bul, 1932, 10 931

Gibert, § L, Swbens, A A Hofimas, B, F, Belford I, Woske 1L 3 and
Brooks, C. McC. *Qumdme suncular excitability snd fibnllaton Fed Proc, 1951
10 2%8.

Gilson, A. 8. Agents causing cardiag wupernormalty Proe Soc Exper Bul &
Med 1939 41 1

g Glasman, J M Spector S, Seifter ] Lynch, P R. #nd Oppechemer M ]
Card and of certan L amines and thewr
effect on the sbnormally beating ventnicle Fed Proc, 1953, 12 3.4

Coodman 1. S, xod Cilman A The Pharmacologcdl Bans of Therapeanies New
York, The Macmillan Company 1955

Gressheumer E. M Oppenhewmer M J Ellis, D W, Lynch, P R. and Shapiro L.
“The effect of ether on. eyel k byt Ancathesology 1
25 51

Grumbach, L, Howard, ] W and Memll, ¥ 1 Fuctors relsted to the intiation
of ventneular fibnllation 1 the lsolated heart effect of calwum and potasinm.
Cire Res 1954, 2 452,

Gurton, A. C. wnd Sanesfield, I Fartors concerned 1 clectmeal defibrdlation
of the heart particulucly through the snopened chest. Amer J Physol, 1951,

dréoal
p et

167 81
; l;;im. ILH *The mechanism of auricular fbeillation and Suvter Circulation 1953

Henng W, E. Demonstration der Aufhebung des Flunmerns d
xclzllman Deut med Fochenschr, 1007 32 2567 ek Tfekuon oo
ermana and Jourdan, F Coc
c ’: o s a8 Jourdan, a13e et syncope adrénslino-chloroformique
Huschlelder 4 D end Temaeales, G Tahsbity
e on of expenmental auncular
]9‘2.;;7!7;7;’ procune and other substances, Proc Soc Exper Biol & Med,
Hof H E. and Nbum, L H *The ol of adres
naline in th
nedar thydmy and thewr suppression by mry]pmxhyld:ohn: Z;!ojn;un'n o
mmL&EmrTMmp.)?}kSZZ&S it ] i



278 EXCITABILITY OF THE REART

of the action of varions antifbrillatory compounds® J Pharmacol & Exper Therap
1956 In preparstion

Brown B B ‘A study of factors related to effects af qumdine in expenmentsd
sunicalar flutter® Circulanon 1952, § 864

Brown B B and Acheson G H ‘The influence of procasme and some related
compounds upon expersmentsl suricular flutter w the dog? J Pharmacol & Exper
Therap., 1951 102 200

Brown B B Keyl M J and Wermner H W Relstion of chemica] structure to
casdsac sctions of eome alkanol. eaters of dichh lkyl acids’ J Pharmasel &
Exper Therap., 1953, 101 4

Burn, J H ‘Local harmones Acetylcholme as s locsl hormone for ciltary ntoves
ment and the heart. Pharmacol Rev 1954 6 107

Bum J H, Vaoghan Wilbams E M and Walker J 5 The effects of scetyl
choline in the heartlung p including the of sunculsr fibull
ation’ J Physiol 1955 128 217
wBumo F, Bursters F and DiPalma J R Companson of antifbnllatery potescy

of certan Jarial drugs with dine and procaine amide Cire Res, 199
2 4

B C. L. and M: B A P action of procame sgamnst ver
tneulyy fibnill nduced by hrine dunng cycloprop: b Proc

Soc Exper Bwl & Med., 1940 43 210

Covme B G Wnght R and Charleson D A Effectiveness of several ants
fibrillary drugs m the hypotbermic dog  Amer ¥ Physiol 1955 181 84

Diwes G S Synthetic substitures for qummudimme Brs J Pharmacol, 1986

1%

Dawes, 6 § Exp t cardisc Byth and dine bike drugs®
Pharmacal Rev., 1932, 4 43

De Elfe ¥ J The action of Jehol drenabne »nd other sul on

the refractory pertod of the rabbn suncle Bre 7 Pharmacol 1947 2 131

Deterhng B A Ngm: S H., Laragh J H and Papper E M *The cardiovasculss
effects of mfuson of pineph panepk and nea

k during eyrlopropane and ether h 10 the dog  Anesthesiology 1954

151
DiPslms § R and Mascatello A V Asalpsss of the actions of acetplcholne
stropne epmephnne and gqumdine on heart muscle of the car J Pharmacol, &
Exper Therap 1951 101 263

DiPalma J R and Schultz, 3 E  Anufibrillstory drugs  Mediome 1950 29 123
o Dirken M N J Gevers, § Hecmstrs, H and Huwzmg B H A stedy of de
fbrillaung sgents on perfused sabbit hearts Circ Res, 1955 2

Flek S R and hatz L N Action of papaverine on beart of dog [ Pharmacol &
Exper Therop 192 74 335

Enselberg € D, Croce J P and Lown B Ventcular fibrsilation dus to dsgstales
preparations Circulatson 1951 3 647

Erlanger J Observanons on the physiology of Purkinge tissue  Amer ] Physiols

1912 30 395




281
FIFRILLATORY AND ANTIFIBRILLATORT AGENTS

A N Reneed news of the peleactory peniod in relation
mb;mm.n ipﬁjaltxmm 1t and in relation to cureus movement. Heart 1925,
139
. Ioesen C € and Wedd, A ML *Observstiops relating to
m?:::o: ‘ofD q'n;qmldfneunpun the dogs heart with apecnl referesce ta 1y sction
on thnea) Sbrillation of the wumicles. Hearty 1921 9 55
Tonge § B, Oppechesmer M J, Wester M. R, and Durant, T M The effect
of intravenous procame o the heart, Anesthesiology 1939 10 406
Lown B Wyat, N F, Crocker A T, Coodsle, ¥ T and Levine S A Tnter
relanionship of digitalr 22d potassiat g auncylar tachyeardia with block, Amer
Heart §, 1953 45 589
Mackay RS and Leeds, S E ‘Phymological effects of condenser duscharges wth

to hasue M and 1 Appl Phymol,
193 5 67

Marangon, B A, Buxsters, . 1o and Roveasuse, E. A, Protecting scuon of

chemicals telated to procame on lar fibnll

thewa. Proc, Soc Exper Biol & Med, 1940 4§ 51
Matk, L. C, Kayden, H. J, Steele, I M., Cooper J R Berlin L, Rovensune

E. A end Brodie B B. *The physiclogical disposstion and cardisc effects of procaine

amide § Pharmocol & Exper Therap, 1951 102 5

Matsuds K., Hofmsn B F., Elner ¢ N, Katz, \l and Brocks, C McC. Veratnase
ndaced of repol: il

m the beart. Proc XIT Internat,
Physiol. Congress Montresl, 1953 5%.

dunng cyclop amer

Meek, W J ‘Some cardine e5eety of the mhalant wnesthevies and the sympatho-
mumetse ammes  Harvey Lectures 1940 36 188

Meek W § Cardisc smtomatieity and reeponse to blood pressure ymsng sgents
danng whalation ane thesie. Phynol Rev 1981 2! 324

Miller G, Weirberg, S L. 2ad Pick, A. “The effect of procaine amde (Pronestyl)
i clmeal suricular §bnllaton and Suter  Cirznlonon 1922, 6 41

Mukin B 1 Belord J Hoffman, B F. Silverstesn, E. #ad Brocks
T e of 1 o
(SNF #531) and related ds on and
ﬁhnlshagmn theesholds to eleernical yumolstion of mammalun heart Fed Proc., 1953

Bl P

Mor, € K. aad Ménder, R. *The action of seseral carduac gl
on1d
vd‘o‘nly and ventricular extatability 1n the dog heart, Cu:ulab:: l11‘352; 17: ;;gd"m
[oisset de Espanes, E. Accron de d2 qumdim ¥y <
ch::;nllll del miocardio Rev de lz Sec argent. B»’o!.. 19‘2\‘7“1“; ;:;d"tk e bt
oisset de Espance E. and Novarro M Action de la
fi
dine sar la fbnllanon ventricalare primae produite pulgllcnilem!w:\' f:mh e
ospenmentale € R, Soc Buol, 1938, 127 233 nerene
wﬂmhrv rgd ng::;nv:u. Cd‘o’l n‘h\i Merk, W J “The effect of blood pressure ruee
Trestentog o ?16 propanccpmephnne 1nduced cardac uregolanties.

Nabum, LI sad Hoff B E Production of surrenlsr Sbrillation by apphestica



280 EXCITABILITY OF THE HEART

Hoff H E and Stansfield B *V, Jar fibrill wduced by cold® Amer
Hears J 1349 38 193

Hoflmen B F., Suckling E E. and Brooks € McC  Valnersbility of the dog
ventncle and eflects of defbrallation Cire Res 1955 3 147

Hoffman B F Sicbens A A and Brooks € McC  Effect of vagal stimulation
on cardise excuabiity Amer | Phynol 1952 169 377

Hoffman B F Sibens A A Cranefield P F and Brooks € McC The effect
b and phnne on 1 Inerabil Cire Res 1955

of cpinep
3 140

Hooker D R On the recovery of the beast 1 electnie shock. Amer J Fhyno!
1929 91 305

Hooker D R X b W B and L hy O R The effect of alter
naung electrical currents on the heart® Amer J Physiol 1933 103 433

Rerr W J and Bender W L. P tar fbrll with cardie
recovery I a case of Yar fibnll and lete heart black whie under

qumdine solfste therapy® Hearr 1921 9 269

hosterhtz H W hrsyer O and Matallans A Stadies on verstrum alkalods
AXI Penodic activity of the sino suriculat nods of the denervated cat heart csused
by veratrsiune’ J Pharmacal & Exper Therap 1955 113 460

Kouweglusen W B snd Milnor W R Treatment of ventnicular fbnllation using
 cxpacitat discharge J App? Phyniof 195% 7 253

Kreger O Arora R B end Medman E  Studies on veratrum afkalods XXI
The action of veratramine upon impulse generation in the dog heart J Pharmuco! &
Exper Therap., 1955 113 446

hrayer O and Acheson & H The phermacology of the veratrum slkslods
Physiol Rey 1946 26 383
Lenel R, Vanloo A Hodbard S and Aatz L N Factors involved n production

1 1 h dia mduced by epivephrne dmer J Physioly

of p
1948 153 553
Lape B E 2nd Mason G L. Cardise resusentation and survival Influence of

rate of manual compression type of counter shock and of epinephnne Amer
Physiol 1983 172 447

Lape H E Mills F G and Mason G L Electnic countershock as a cardssc
defibnllator Fed Proc 1952 11 8%

Leeds S E Mackay E 5 and Mooshin K. Prod of gt
snd defibrillation across exposed heart Amer J Physwo! 1951 165 179

Levy A G Sudden death under hght chloroform ansesthena J Physiol, 1911

42 I
Lewy A G The exciing cavses of ventricular fibnllstion i emmals under

chlorolorm ansesthena Hears 1913 4 319

Levy A G The geness of % les under chlorof with
specast ref o Jar fibrill Heort 1914 § 299

Lesy A G Further rerutks on ) ¥ and Yt under

chloroform  Heart 1920 7 105
Lewss T The Mechanam and Graplic Reguiranon of the Heors Beat London

Shaw and Sons 1925



FIBRILLATORY AND ANTIFIBRILLATORY AGENTS 283

Sokolow M ‘The present etatas of therapy of he carduse anbybmiss with qund-
e, Amer Hewt § 1951 42 711

Southworth J L, Mchusick, VA, Peurce E C #0d Rewson, F L “ventnculsr
fbrllaton precapitated by cardisc Cathetenzation  complete secovery of patient
alter 40 mnutes. J Amer Med Aasoe, 190 3 W7
¢ Twoh, B B A atody of chloroform-adrenaline and eyclopropane-adrenaline 1
duced cardro ventriculsr fbnllstion  drch anternat. Pharmacodyn et Therap., 1953
94 175,

Ao Dongen K. Action of some drvgs o Sbrillation of beart. Arch, internat
Pharmacodyn et Therap 1936 s, 53 80

¥'an Dongen k. Action of some drugs on Sbnilsnen of heant (Camphor eurdiaxal,
coramme hexeton, ewetine, arethsne)  Areh. ntemnat Phormacodyn et Therap,
1936, b §§ 22

“Aan Dongen K. “The action of nosocaine o Ebsillation of the beant. Areb. intemet
Pharmazedyn et Therap 1938 60 206

Van Doogen K. sod Taal, A. Remarks on the mechanism of hestt fibnllation.
Arch, interngt. Pharmacodyn, ¢t Therap, 190 81 129

Wesger § Q ad Blackberg S N Stedies in revmfication. 1 Orgamization of
resuscitstion measures. Amer J Med Sci, 1932, 133 281

Wedd, A VM, Blar H A snd Gosselin, R. E. *The actuon of qumdine on the
eold Blooded bheatt. f Pharmacol & Exper Therap 1942, 75 231

Wedd A M Blar H A. and Warser R. 5 ‘The action of procamne amide ¢n
the beart. Amer Heart J. 1951, 47 399

Wedd, A M tad Drury 4. N “Vesstrum wnde i soncolss Stnllavon  Heart
197 12 307

Wegnie, K- and Boyle, M N Correlation between the effect of quunidine sulfste
ou the hestt and 1ty concentration in the blood plama. Amer § Med, 1948 4 372,
Wegna, Ky Geyer J H and Brown, B § “The Ebnllatiop threshold after admin
istration of digtalis and onsbam J Pharmacol. & Exper Therap., 1941, 71 336,
Wegns, R. 32d Nickerson, N D “The effect of papavenne epinephnne and qua
?:t:nrg;:frlmg:;n;sm;oabdd of the memmalan ventncles. J Pharmacol. &

Werdmana §. Effects of ealerum fons and loeal
of Purkinje fbres. J Physiol, 1933 m we::. msivics on eined properies

;‘:'nltt T (;.l, Terotr LD and Loomus, T A. "Effects of acetylcholine on mechanical
h( thcal properties of olated rabm suncle therr relationship 1o genems of
lnwy:;\nna ‘JvPha;matoL & Exper Therap,, 198, 11 473
» Megnan, R and &
e i e - -1.1?. iyl?m;xm eects of (llpftn{?zyﬂ:mvm
qinympm:p’mf;:rmt trrbythmias in the dog. Cure Res, 1955 3 299. -
1gge
1 : o, ¢ mechapiszr and mature of ventrielar fbnllation Amer Heart
Wiggers, €. J *The physiolo
e basu &
Sh;vx“lmmp!\klhoﬂ for sernl deﬁbriﬂ‘:no: 2’:: cl;:n':fml-l.“l‘;:O h!:mﬂ;e:‘l;td“
1ggens, € 7 Defbrllation of the yentredes. Cwe Ress 1953 1 191




282 EXCITADILITY OF THE BEART

of acetyl § methylcholine chlonde to Tocalized regions on the auncular surface.
Amer | Phynol 1940, 129 423

Newman P J and Clatk B B ‘A study of ph Jogical proper
ties of procane and procaine amude Fed Proc., 1950 § 303

Ories O 'Ponble mecamsmo de la defibnlacron miocardics por contrachogue
electricn® Acea physiol Jatinoamenicana 1953 3 147

Octh 08 Logh M D Methsd € H and Stutzman § W “Action of sympsthe-
mumeue amines sn cycloprop ether and chlorof h J Pharmarol &
Exper Therap 1939 67 1

Porter W T The recavery af the heart from fbnllary contractions’ dmer J
Physiol 1898 I T1

Prevost J L. and Battells F La mort par les courants &ectriques—courants altema
bls & havte tenmon’ J de Phynol o1 de Path gen 1899 3900 1 427

Prnzmetel M, Corday E, Bnll J C. Oblsth, R W and Kruger H E. The
Auncular Arehythmias Spriogheld i, Chas C. Thomas 1952

Resmick B R, Parde E. G, Gruhzt € C and Mor € h. Role of thorame

path hwsys in of lar ectopic shythms by epnephrne

snd cyclopropane J Pharmacol & Exper Therap, 1951 181 176

Rijlant P Les fbnllations du cocar de la tortue Arch insernat de Pharmacodyn
e} Therap 1945 70 139 and 211

Huker W F., Depierre ¥ Roberts f, Roy B B and Reslly J “The epnephnine

} & hrine disturbance 1n the cat’ J Pharmacol & Exper Therep,

blueth, A The B of far flutter and aupsclar fibnllaton®

Circylanon 1953 7 612,
Salter W T A textbook of PA

1952
Sampson J J Alberton E C and hondo B ‘The effect an man of potsssium

adminustration in relation to digtahs glycosides with special seference to blood
serum potsssium the clectrocardiogrem and ectopic beats Amer Heart I, 1983

26 164
Scherd D Eftect of Faganne on aurscalar Abrellation Proc Soc Esper ik &

Med, 1948 67 59 s
Scherd D and Chick F B ‘Abnormal cardiac rhythms csused by acetylcholine

Circulation 1951 3 764
Schwartz, § P, Orloff J and Foxr C. Tranment ventncular fibnllayen I The
prefibnllatory persod during blished auricule far ds with 8 note
on phonocardiograms obtamed st such times Amer Heare J, 1939 37 21
Seevers M H., Meek W I, Rovensime E A and Stiles 3 A, “A stady of cycle
propane anesthesss with cspecial to gas y #nd
elactrocardiographne changes J Pharmacol & Exper Therap 1934 51 1

Shen T C R and Simon M A La novocame protege le coeur contra s fibrills
)] drenal hlorof € R Soc Bl 1938 127 1457

arrell § E and Brooks C. MeC.
on essdiac bibty* Amer J

1 Phaladelphia W B Ssunders Company

hon
Gibens A A Hofiman B F, Ensen Y F
1 5

Effects of lepueph snd
Physiol, 1953 175 1




X The Effect of Inorganic lons on
Cardiac Excrtability

K Ha Caand
The actions of an excess and a deficiency of

other 1ons on cardiac excitability conduction membrane o
tential refractoriness and vulnerability to fibriflation are
described and iscussed The mechanism of ::‘tmn of these
ions an tr brane p 15 18 con T

PROFOUND ALTERATIONS 1 the thythmioty, conduchwty and excitability
of the human heart are frequently enconntered as s result of only moderate
alterstions 1n the dectrolyte pattern of the Hlood snd thus an understand
1ng of the effect of morgame tons on heart muscle 18 of conuderable
smportanice n any stady of eardiac fonction It hay already been painted
out (Chapter 11) that the of normal paten
tials m resting cells requires a very definite partition of sons the spshiation
and propagation of excitation 1n cardiac muscle as well a8 in nene and
skeletal muscle cells 1nvolve an jome flux. Caleiwm and potassium 1m
Halance m partiedlar greatly affest the permeabulny, the excutabihty
and the responses of all cardiac tnsyes The absence or over abundance
of other sons hikewis¢ results 1n abnormal states and reactions of the heast,

The dependence of normal heart action on the presence of certam
NOTEAME 108 In proper

bas been app d smnce the
early studies of Rnger {1820-82 1882383-a and b, 1886) Clark (1912,
1913) and others (Lorke 1900 1901 Locke and Rosenheim 1904 Lovatt
Evans 1912} Ringer demonstrated that three cations Na K and Ca**
are essential consttuents of any perfuston Awid if 1t 1s to support eon
traction for more than a few moments. The only essential anion 18 CI »
although HLO; 2nd PO,* are benefical, as 1 the nclusion of Mg and
Dextrose 1n the fioid medium when prolonged actinity 13 desired

Early myographue studes of pestused f10g hearts elearly demonstrated
the major efiects of the three essential cations on rate thythmty, and
contractity (Ranger 186052 183283 1886} A heart perfued w‘xlh &
solution of 075% NaCl sepidly becomes hypod
witerval all mechamea) actv

- P ynamic and after a byief
ce:
Buid results 10 2 temp ¥ Test o of e Ca;’:ﬂ :he Ptd“:;:
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EFFECT OF INORCANIC 10K O CARDUAC EXCITABILITY

e

CHANGES INDUCED IN MEMBRANE RESTING P:})Tlil‘:}'lg;h’l:‘t;e

fect of potassium bas been studied 1m auncle ventricle B

e\w { the roammahian heart. Jn the case of the cat auncle, urige d
'ﬁfer:mox {1903-3) hes shown that the depolanzation resuling from

-8
oo
)

Frevaz 72. Tracwgs of papillary muscle trassmembrave action potentals showing
the effects of Ca** and K Contro) (“—==} tme and voltage calibrations shown
in fgures.

A Low caleum (027 M) 1 the preeence of Jow potsssyam [067 M ¢ 3
and bagh patassiuen (81 mM {—e )]

B. Hith caloom (81 mM) 1n the presente of Yow potassiom 1067 mM { n

\n:- ng potayinm (81 mM {mme e} ]
ect of rhanges 1 toncentration of ealelum alone  Pota: =

T=027 mM & ) and 0027 mM (e mm) e

D The progressive effect of hugh potasnam (135 mM) in the presence of mormal
calowm reducing restng potential and beight of action potental, Sraallest acuon
potegtial ) oot propagated.

Arrows Indicate huight of veveraal of setion Potenua in each cuse,
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each systole becomes less and less complete until agamn activity ceases
with the heart muscle remmming 1 & shortened condition At this stage
the addition of K* once more results in the onset of regular contractions
and tha activity 12 mmntained for a reasonubly long period It has also
been determuned that the relative concentrations of Cs* and K¢ are of
great importance as well as the absolute concentration of each 10n A
relative excess of Ca*, even sn the presence of K, produces a so called
systolic arrest, while @ relative K* excess results an a gradual dimunution
1 the strength of contraction until no systalic force 15 developed

Subsequent and motre meticulous studies have greatly extended owr
knowledge of the role of 1ons 1n g normal mechanical actmty
1n cerdiac muscle (Schutz, 1936, Garb, 1951 a and b, Green et al, 192,
Szent Gybrgy, 1953) These studies of contractility will be considered
the succeeding chapter For the present, discussion will be restricted to
the effects of mnorgame 20ns on the electrical actvity and excitability of
the mammahar heart,

POTASSIUM

Extensive studies have been made of the effect of changes in the con
centration of potassium on all aspects of cardrac function both m mduced
alteratyons in expenimental ammals (Harrs and Madjerek, 1948, Garb,
1951 a and b, Haydo, 1953) and also in spantancous variations encoun
tered as a consequence of disease states in man (see Lepeschhn, 1951}
Small changes 1n the level of K* have profound effects on exentabilaty
and electrical activity of hoth 1solated and 1n aitu hearts, especially when
the level of Ca™ remams constant In man an elevaton of K* from the
normal range of 4.5 millequvalents per ltter to 810 mullequivalents

results 1n slowing of the heast AV block marked slowing of mira
drographic changes In

veatricular cond and pi d electr
additson, there 1s 6 decresse i the force of ventricular systole due to
both the fractionation of contraction and the direct effect of K* on the
contractile mechanism of cardisc muscle Equally severe but somewhat
different disturbances result from an equivalent depression of the serum

Bt level
The mechamusm by which most of these functional abnormalities are
produced can be explamned on the basis of the effect of this 100 on elec
sc fiber membrane, and the role of membrane

trical properties of the cards
} , and the genesis of

P m sp rhyth Yo
the electrocardiogram
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Tiecre T3 Traaings of Pusonje fber transmembrane teuon potentuale. Control

Ca*=21 nd K =27 mM fom—mm}  time and soltage calibtaneny indeated i
8

mx;h K=135 oM {11 aad low [K=035 mM (—~———)] when
Ca* 18 normal (27 mM)

B Gt =Bl ad K =08 oM {~—or—} €A 227 and K =068 mM { )
C. Ca*=21 and K =81 {~~ =81 md K=81 (— )
D K =27 ad =108 mM (~———} K =27 and Ca7=027 @M {

¥

be sutawlated 18 ancreased, 1t on the other hand the restng potentsal
falls below 8 certamn level extitahion can no longer be produced by
stimuly ather than thoee which first cause a transient hyperpolanzation of
the fber membrane This relationship between resung potenual and
threshold sn the case of tkeletsl muscle has been extensnely stodied by
Jenenick and Gerard (1933}

Inview of this Telshonship 1t 15 to be expected that the effect of potas
sum on the excitability of the heart to applied stimul will degend on
both the intis) Yevel of the membrane potential and the magmitude of the
change 1n K contentranion Thus 1§ the level of potastum 19 slowly ele
vated 1 the wtact dog from & notmal value of 3 M to 1012 mAM the
threshold 18 first decreased (as 3 result of partial depolanzation) and
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ncrease in the extracelluler K¥, above certan Trmuts, 19 2 linear funchon
of the concentration of this 1on, a ten fold ncrease resulting 1n a drop
1 resting polential of about 35 mv This relatsonship 13 to be expected
from the known effect of K* on restng potentral disenssed Chapters
I and V On the other hand, when the level of extracellular h* 15 decreased
below 56 mM/liter, the expected ncrense n resting potential fals to
oceur Quite to the contrary, if the level of K* 1n the extracelular flud
1s lowered markedly there 1s agmn a decrease 1n resting potential (Busgen
and Terroux, 1953 2} Furthermore, as 15 true of other aspects of cardize
function, the effect of K* on resting potential 1s partly dependent upon
the sumultaneous Jevel of Ca** In the case of the dog ventncle (Hoffman
and Suckling, 1955), the depolarinng effect of low potassum can be
d hed by a 1 d 1 Ca** and the effect of elovated
K* can hhewise be partly reversed by a simultaneous ncrease s calowm
Ievels Thts wterrelationship 19 shown 1 Figure 72 When the concentra
tion of Ca** 1 the extracellular flud 15 027 mM/hiter, a potassium eon
centration of 80 mb lowers the resting transmembrane potential from
90 mv to approximately 70 my On the other hand, if the level of Ca®
13 elevated to 81 mM the resting potentisl 1s restored to a normsl value
of 95 mv Simdarly, with a Ca** concentration of 81 mM the resting
potentsal falls to 82 mv when K* concentration 13 87 mM, Jowermg the
caleium to 027 mM rest the resting p 1 to normal Sumlar
results obtamed with 1solated Purkunge fibers are shown i Figure 73
These findings, 1n addition to the observation (Burgen and Terroux,
1953b) that the presence of acetylcholme alters the Jevel of resting
potental resulting from a given potasstum concentration, strongly suggest
that the resting potential of cardiac muscle 13 not a simple dsffusion poten
tral Iting from the gradient of K* 1on On the other
hand, the effect of K* can be predicted, if the Ca* concentrabion 18
known, with respect to the change i resting potential that will be pro
duced {Hofh and Suckling, 1955) In add a knowledge of the
alteration 1n resting potential mds greatly sn the interpretation of other

effects of p on cardiac bility (see below)
CHANCGES IN THRESHOLD The effect of changes m the magmtude
b I on the bilty of cardisc

of the resting p
muscle has been disonssed i Chapter V Briefly 1t can be stated that i

the resting potential 13 lowered towards the erstical “threshold” potenhal,
all other factors remamning constant, the ease with which the tissue can
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1005a) have <hown that the capreuty of the fiber to undergo
?:::Sf:inml‘h pzmes\uhty 15 related 1o the lesel of membrane patentual
prior 1o sturslation Thos o the sesting potentsal 18 Jow, the maximui
sodru current ehaited by actty 1 less than narmal, Because of this
decrease 1n mward sodnum euviest, the vate of ne and megrutade of
the action potential are both deereaned R is thrus Ikely that the actien
potential changes elicited by pota.swm are 2 yeault of the depolennag
action of the 10n The change 1 duration of the achon potenal which
16 alko observed 13 of Jess certain origun, however, this more rapid repolan
zetion 11 frequently assocssted with a decrease in wagnitude of the achon
patentsal ragardless of the sgent responible for the latter change. Finally,
st as & change 1 Ca* influences the effect of h on resting potental,
an elevatian of K* antagonizes the effect of bugh Ca* on the duration of
the action potestial {Figure 72 73)

EFFECTS ON CONDUCTION VELOCITY AND AV DISSOCIATION
One of the mo t pronounced efects of an elevahon im the serum h
contentration 13 8 marked decrease 1n the velotity of impulse propagation
Tha f of p can be d for on
the bans of the changes discuseed n the pricedmg sechons Yo the first
place 1t 1s a picessary concomatant of the decrease both in nung
selocity aed magmtude of the action potential tyat the selosty of impulse
conduction wll be decseased {hatz 1947) 'ﬂ\\ effest can be Stsenbed
wn geveral terms as foflows 1t the maguitude of the depolanzation 1n
eny area of the fiber membrane 1 less, the strength of the current flow
vesulting from this depolarization will hkewise be diminished As 2 result
of thus lowered denmty of ©ddy currents preceding the action potental,
the depolsnization of sdjacent segments will proceed less rapudly nd 1
addinon the spread of the eddy currents to more distant tegrons will be
l::;m’i::e ;ﬁec! ni'bolh of these Tactors will be ta dscrease the conduction

p g factor 19 the ! decteass v
polential which within certawn himuts makes exestation more euﬂynﬂ::::?:
At apy nme the net change m conduction velotaty will be & resaliant of
the two changes mentioned end sn most snstances this ne? result 1s
dm;:msh the veloaity of smpulse Propagation °
tno-ventnedar dissociaton 19 noted gnste early w the presence o
f
:mrs;n; p‘eu‘s;mrAn‘ A speesfic effect on !rummlssm: from the
rone 2 1o the AV node 29 the mogt Dkely passibaliey The saon
prpliary muscle and sunde are stB capsble of yepeuive actnty
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then abruptly increased until the heart becomes completely imexcitah
when excesnive depolanzation has been produced (see Figure 58} Sim
larly, o decrease 1n the K* concentration results first 1n an eshanced exc
abibity and subsequently a dep or complete loss of bilsty ¢
stimult of the usual range of mtensity and durstion

CHANGES IN SPONTANEOUS RHYTHMICITY A lowering of extre
cellular potysmum concentration, espenislly when Ca* 15 at a low norms
level, results 1n an enhanced sp thythmiesty {Figure 73) (Garh
1951 2 and b) This mesensed rhythmucsty 1s shown both by normal pace
makers of the Purkinje system (Wesdmann, 1955 b) and also by previoush
quiescent fibers of isolated papillary muscles Sumlarly, sf the level o
extracellular K* 13 increased above normal, spontaneous rhythmiciy o
some fihers 13 occastonally enhanced when the level of k* 1s just sufficsen
1o cause a partial depolarization The most frequent effect of hugh K* eon
centrations, however, 1s a Joss of spontaneous activaty due to excesane
depolanzation {Figure 73) Although changes 1n potassium level affec
the rate of slow diastolic depolarization seen m pacemakers, the enhanced
thythmicsty resulting from this agent 1s also related to the associated
change n resting potentin] which results from changes 1 the K* concen
tration When the fiber membrane 13 depolanized to a level near the
threshold potential st becomes less stable and repetiive firing of multiple
aress 33 bkely to ensue Whether this nerease mn pacemaker actvily
results from the effect of lowered membrane potentyal on membrane permez
bility (see Chapter V) or on some other aspect of those processes which
are normally responsible for maintaiming normal polarization 18 not certan

CHANGES IN THE TRANSMEMBRANE ACTION POTENTIAL The
effect of an alteration m the concentration of h on the actson potentials
of single fibers of papillary muscle and single Purkinge fibers 15 shown 18
Figure 72, 73 Sumlar results occur 1n the case of the auncle (Burgen
and Terroux, 1953 ) It can be seen that the action of this 1on 13 ssuler
11 both hssues, elevated K* causing 2 decrease n the rate of nse of the
action ¥ I, a d or complete loss of the reversal of membrane
polarity, and aleo & shortentng in the dutation of the action potential The
fact that a marked lowenng of the potasstum concentration sesults 1 a
simslar change in the achon potentind (Figure 72, 73) suggests that the
mechamst by which these effects are produced 1s related to the change
tn resting potential and not & direct action of the ton on the c::cxkn!ory
process As hss been descrsbed 1n Chapter V, “voltage clamp” studies
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be found 10 conyunction with the subsequent d of the effects of
calorum on the heart.
CALCIUM
Ia man drtush of caloium bohsm much more §

)
consict of & lowermg of the serum Ca™ level rather than an elevation

wal case with potassium Furthermore within the range encoun

!::d!h,;u;;l: disease asatu even those elevations which do owar are
ot great enough 1n magmtude to produce sigmficant cardiac du
(Hoff 1955) Howeser m order to understand the phyuological role
of this agent the effects of both icreases and decreases 1p Ca concen
tration, must be considered s well as the anterrelahonshups between thus
son and the other con tituents of the blood plasma

As 1n the case of potassium, recent studies of the eflect of Ca™ on
the transmembrane potentials of smgle cardiac fibers provide the most
direct determination of the wany changes which occur and permit under
standing of the changes 1n excitability and electnical activaty which are
known to follow sl m the Rular caleiwm
Results of such studies will be conmidered bnefly below

THE RESTING POTENTIAL The most complete studies of the efiect
of Ca** on memhrane phenomena of cardiac muscle have been performed
with single Bbers of the 1solated Purkimje aystem (Werdmana 19535-b)
In this tissue an increase m Ca** concentration ta four tumes the normal
walue for Tyrode solutran (2 7mM/1) or & decrease to one quarter the
usual concentration has htlle conststent effert on the restng potential
A elight lowenng of membrane potential accompames low Ca* and 2
sumilar slight merease 15 seen 1 the presence of elevated Ca* levels Thns
apparent stabiluty of resting potential 1s encountered only within the range
of concentrations mentianed As can be seen 1 Figure 30 of Chapter V

a more severe depletion of ealerum (approximately 027 mM/1) causes
a marked lowening of the transmembrane

tential even 1o the Purky
systers (Hoffman and Suckling 1905) ¥ ;e e Huthone
Studzes of the 1olated papillary muscle
have revesled a mote marked change m

{Hoflman and Suckling 1925}
Testing potennial 11 the prese:

of changes 12 &e comentiabion of w¥iracdllar Cat Tn this hssl’;e wﬁ
the potassium level 18 within the nsual renge (27 mM) reshing potentials
are oaly shghtly 1nfluenced by alteration of Ca* On the other band
s has been mentioned 1n the preceding sechon, the 2o

level of extracellular
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at a potassum leve] of 135 mM, and smgle fibers of the Purkinje sy ten
at 108135 mM (Burgen and Terroux, 1953 2, Hoflmen and Suckling
1955} On the ather hand, A V conduction n both man and dog 1s bt
al & serum concentration of 89 milhequivalents per Iter (Hofl, 1955}
Tins seasatnaty of the junctional region to K* explass the early onset of
AV dissociaion

ELECTROCARDIOGRAPHIC ALTERATIONS The ehmesan 13 often
first aware of a change 1n the serum A* concentration because of the
changes noted an the standard electrocardiogram (Winkler et al, 1938,
Emstene and Proudfit, 1949, McAllen, 1951) Typreally, these consist
of a decrease in the amplitude of the T wave, A V block of varymg degree
and & marked increa<e 1n the duration of the QRS complex Although
changes such as these are not necessanily pathognomome of an elevated
p level, and although the magmtude of the change i K* coneen
tration cannot always be determined from the electrocardiogram, the
findings noted are frequently a relisble gwde to the nature of the under
lying disturd m electrolyte bal In view of the changes that are
known ta accur m the actiony patentials of single cardiac fibers the altera
tion 1n the ECG 15 not dhffifult to understand (see Chapter V}

THE PRODUCTION OF ARRHYTHMIAS The many possible mechs
misms by which archythiuas can be produced mn the mammakan heart
have been dscussed n ( etail n a preceding chapter However, 1t 13 of
anterest to summanze the mechamsms by which an elevahion of seram
potassiura can Jead to the onset of fibnllation In the first place the
inerease 1n mtnnsic rhythmuety which results from an elevated potasswm
concentration 18 capable of producing one or more ectopic pacemahers
m the myocardm Secondly the decresse 1 conduction veloaty will
result 1 a greater tend far such p k to escape from the
dommanee of normally imtisted activity Perhaps the most potent dis
orgamzing factar, however, 15 the occurrence of local blochs due to 8
greater depolatization of certain aress more sensitive to the effect of this
1on than sre other parts of the myocardium This combination of slowed

3 hytt y provides

conduction, locsl blocks, and 3 ¥
all the ¥ b for fr of resp se-entry, and

fibrsliation

1t 12 known that potassium, which 1s one of the most potent fibnillatory
agents for mammalisn heatts, 1s nlso an effectsve defibnillating agent Dis
enssion of the use of this particular ron to accomphsh defibnillaion will
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srea of a ningle asolsted Puckinye Bber, 23 has been descibed 1n Chapter
V spoptancous actimiy 15 seeh to be sssociated with & slow diastobe
depolanzation. Moderate changes 1o the concentration of extracellular
Ca* {one-fourth to four times nommal) have no effect on the rate of this
dow depolanzation Any observed changes i heart rate result zolely
from the al sn threshold potentsal de
5 modification of pacemeker function.

O the other hand when the Ca** leve] 13 lowered to abont one-tenth
of the nosemal value there are profound changes 1n the k

bed abave and not from

acinty

of Purkinje Bbers As xeen 1 Figure 74C and D not only 1s there a
decrease 1n restng potential but also a marked change in the rate of
drastolic depolanzation The rate of Io ¢ of membrane potential 13 greatly
sugroented end i addition the action potential 13 duminished 1n both
amphtvde and duration Furthermore, at this level of extracellular Ca**

Ficvae 24 Transmembrans action
potential from auncal:
.(r?n)mnonnd ealcium and (B) Jow calerum, Note the :pp::r::":: el b
stk 1 10 10d 50 o ey 12 B

msee. Pacemaker activity recorded

:m P:,;:{: aﬂ‘;;, c:ul:: u!clum:! “:l) 04 norma) ealejum Ill);om'r‘iee ';fk.":;
amplita

i e b saplna 1: v: :uﬂ:mg x2d action potential and yate of diastolie

0 polentis] upstrokey by dotted Lines)
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Ca** has a pronounced effect on the sensitinty of the resting potental to
alterations of the potassium level Thus effect 1s such that the depolannng
actson of K* 15 antagomzed by hugh Ca®, and the lowenng of resung
potential which normally results from & decresse 1m R* 15 hkewsse pre
vented by a low extracellular Ca* {<ce Figure 72 and 73} Thus, 3 hss
been known for many years, the ratio of the extracellular cations 1 of
as great importance a3 the absolute concentration of any one

CHANGES IN THRESHOLD High caleum 13 assocrated with a decrease
and low Ca* with an increase 1 the senstwity of the heaxt to apphed
stimul {Garb, 1951 a and b, Green et al, 1952, Weidmann, 1955 b}
These changes m excitability mught result from many factors, recent
studies (Wetdmann, 1955 a) have d d that most ymportant 18
the level of the entical “threshold” potential at which self sustamng
depolarization eventustes (see Chapter V) When the excitshibity of a
single Purkinge fiber 15 determined by means of two mtracellular micro
electrodes, one ta lead 1n stimulus current and the other 1o measure potet
t2al, the major effect of an ancrease 1n the Ca** concentration 1s to decrease
the threshold potential This alteration sncreases the current strength of
stimulus required to exaite Similarly, a lowermg m Ca** level wncresses
the threshold potential of the mingle fiber and thus the stimulus tequite
ment 1z diminished

Changes 1n excitability resulting from nlterations n the level of exirs
cellular calelum zre not uniform throughout all parts of the heart When
excitabality 15 expressed an terms of the strength of apphed stimuh requised

to eheat a propag; ponse from sp of auricle, papillary muscle
and Purkinje fiber, 1t 13 seen that the specialized tissues and suricle become
letel ble at Ca* which are low but whieh

P
are still high enough to support normal actinty of the ventricular rauscle
A mumilar greater resstance of the papillary muscle to increased Car
concentration 18 also noted (Hofiman and Suckling, 1955) This sclechive
sensihivity of various tissues to change 1 calcium concentrations will be
discussed m greater detail below

SPONTANEOUS RHYTHMICITY One of the most prominent effects
of changes i the level of serum Ca** seen n ammals and man 15 a change
1n heart rate and rhythm Although many of these varistions in yate are
the result of extracardiac factors there 1s also a direct action of caloum
on the processes underlymng spontaneous shythmcaty n cardiac muscle

H ded from a p K

When b action p are
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1n a prolonged po wive siter poteatial smlar 10 shape to that normally
recorded {rom skeletal muscle {see Figure 10) The change n the action
potential of papillery muscle 18 of 2 simlar nature The plateau charac
tensuc of the action potental of this tissue 18 lost and repolanzation
proceeds with a tune course simlar to that found i normal auncle
(Figure 76}

Low calcium, on the other band, has quite the opposte effect. The
suncular schion potenticl 15 prolonged and a plateau often appeass between
the mtial reversal and the phase of repolanzation (Figure 74-A 2nd B) In
the papillary muscle the duration of the plateau 18 considersbly increased
the rate of repalarization however 13 relatively unchanged (Figure 76)
As can be seen 1in Figure 74 B 1n the presence of low Ca* the suncolar
sction potential 18 indstingushable from that of a pormal sentnewlar
fiber High Ca®, on the other hand, converts the ventncwlar action
potential 1o a shape resembling that of a normal auncular fiber These
Eindings suggest that the differences mormally revealed by these two

chambers of the heart may perhaps imelude a difference 1n Ca™ sensitiity
of the fiber membranes.

Fcone 76. Effect of hugh aud Jow cs)
et o trans
tssue A—Control record from 5 yentrcalar 6&::’::“!;::‘?;:: :‘l‘:n f.’!m’"
crum
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Figure 75 Effect of tugh and Jow calcium concentrations on transmembrene poten
tialy of agncular fibers A—Control B—~Ca =108 mM C—Cs =065 mM D—
Ca ==027 mAl At the hugh concentration (B) the fiber responds only to altesnate
aumuls The response in (D) 1s not propagated Time 1n 10 and 50 msec, Stsmufus
artefact before cach potennial (Retouched o show action potential upstrokes by

dotted linea }

drastohe depolanization snd pacemaker actwvity a9 often recorded from
previously quiescent fibers of auricle and ventricle
TRANSMEMBRANE ACTION POTENTIAL Changes i the action
p s nd: ns do the ch mn bibity, that there 38 a
great difference m sensivity of the sunicle, ventnicle, and conducting
fibers to changes in Ca** When the Ca** level 19 increased
to four times normal, the form of the action potential of the Purkinje
fiber 18 wietually unchanged (Figure 73C) On the other hand, ot 8
suralar Ca** level the action potenhials of surscle and papillary muscle
are markedly altered In the case of the aunicle (Figure 74-A and B, 75},
added Ca* results m a change 1 schion potential configurstian eumilar
to that produced by acetylcholine The imhial stages of repolarization
are greatly accelerated, on the other hand, the action potential termunates
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at wncrease 1 spontsneous thythmucity not only of the
::ix‘:ll:n:ﬂi!:km but also ofp all parts of the auncle and ventnicle
Thus low calcium 18 prone to cause both muoltiple foes of uponnneo::

scunty and an mnerease 10 the ease with which the myocardium can
excated It can be concluded therefore that both mncreates and decrexses
1 the level of llolar Ca** create cond i
szation and the
Y 3

ble for disorgan
mtiation of fbrillaton 1n each case however the
A the arrhytt 13 dafferent.

DEFIBRILLATION BY POTASSIUM AAD CALCIUM As has been
noted 1 the preceding sections both potassium and calewm are capable
of intiating ventnealar fibnllation Hawever as has been known for
many years (Wiggers 1923}, the proper adminustration of these agents
18 a0 effective defibnllating procedure (sce Chapter TX) This technique
can be described quite briefly as follows. Dunng fibnllation 1f the chest
1 open concentrated RCl (5%) can be injected durectly 1ato the cavity
of the left ventnitle 1f the anjection 1s followed by effective massage of
the heart, the pota_sium will enter the coronary crrculation and depolanze
the myocardram 1f ol fbers are depolanized fo en adequate extent,
actimty will cease throughout the les and fibnil will be
2bohished. Coninued perfusion of the coronary anertal tree removes
the excess K 1on and the myocardial fibers will repolanze However,
since the conditton of the myocardium dunng recovery from potasnum
depol 1¢ also cond, to fibnll the of this
arshythmia 15 quite bikely On the other hand, 1f the jection of KCl
18 followed by & sumiler amount €aCl, the spontancous rhythmieaty of
the heart 15 50 depressed that the app of multiple kers is
much less Yikely This factor in sddion to the direct a;ugomsm be-
tween Ca* and K usually results 1n the restorstion of coordinated actinity
throughout the ventndes With of effective lar con
trections the coronary flow rapdly restores the extracellalar 1omc concen
trations of the heast to levels at which normal actity 13 resumed

MAGNESIUM  STRONTIUM AND BARIUM
Abnormalites 1 carduae fanction resultin,
g directly f;
alteration 1 the concenteation of Thagnesiura i the b]oog a:: r:oll:nu::ul:
tered 1n man (Smith et 2l 1939 1949 Engback, 192) Similarly, th
;f{:ld of rather wide variations 1 the concentration of this mny,}: "
itlle effect on the excitability or electryeat actinity of the polated l:e:::
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THE EFFECT OF €4* ION ON SODIUM PERMEABILITY One of
the most important actions of Ca* on the function of myocsrdial fibers
18 to change the relationship between the level of membrane potentisl
and sodwm permesbilty By means of “voltage clamp” studies (Weid
mann, 1955 b}, it has been shown that an elevation of ealeium coneen
trahion increases the ability of the fiber membrane to undergo a change
m sodm permeability duning depolarization Swnilarly, the presence of
a low eal level the sodum permeability ehange resulting
fram actrvity The result of these alterations 1 membrane function 1s to
ncrease the nsing veloasty and magmtude of the action potential whes
the extracellular Ca** 33 elevated Thus the abibty of the fiber to respond
and conduct during repolanization 18 sugmented by high calowm levels
and dimmshed by low levels

ELECTROCARDIOGRAPRIC ALTERATIONS The only symficant

lterat m the elect dsogram produced by clinically encountered
changes m serum Ca*, ande from variations i rate and rhythm, are
changes in the durstion of the PR and Q T wmtervals In the presence of
2 Ingh serum Ca** auricul seular d 15 sigmficantl delayed
Although tins delay may result, 1 part, from changes 1n the excitability
of the A V node, the most important factor 18 an augmented vagal actinty
This effect of eslesum on the liberation of acetylcholine 13 clearly demon
strated by the fact that adequate doses of atropme completely sbohsh
the prolongation of PR mterval resulting from an increased Ca™ lesel
Changes 1n Q T interval, on the other hand, are a direct result of the effect
of Ca** on ventncular repolanzation As described above, the major
action of this 10m 18 to change the duration of the plateau of the ventrieular
action potential without altering the rate of the termunal phase of repolart
zation These findings are 1 heeping with the longer or shorter QT
mterval and unchanged T deflect: ded dunng hype and hyper
calcema

PRODUCTION OF ARRHYTHMIAS When the serum Ca** 1s elevated

ta & level three or four times normal ventnculer fibnillation 18 & frequent

occurrence The most Iikely expl for the prod of thus arthyth
mia 18 the marhed elevation of threshold which 18 known to result from
such & calcium excess A d or fete Joss of bility i certain

arens of the myocardium will create local blocks and favor reentry and
repetitive sctivity Also of importance 1s the different scnmtivity of various
myocardial areas discussed above Hypocalcerma, on the other hand,
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15 & great increase 1 spontancons shythmicity not only of the
;e:::l pxcﬂ;‘:\cm but also of all parts of the suncle and ventncle
Thus low colesum is prone to cause both multiple for of !ponuneo::
actnity and an merea e 1 the eate with which the myecardium can
excited Tt can be concluded therefore that both mereases and decreases

1 the lesel of {lular Ca** create cond Hle for disorgan
jzation and the snttiation of fibnllation 1 each case however the
Y Aerl me rhyih 1 &1 \!

DEFIBRILLATION BY POTASSIUM AND CALCIUM As hes beca
noted 1 the preceding sections both potasstum and calcwm ate capable
of imbating ventrncular fibnllation, However, as has been known for
many years (Wiggers 1923), the proper admimstration of these agents
19 an effective defibrllating procedure (see Chapter IX) Tlus techmque
can be descibed quite briefly as follows During fibrillation 1f the chest
15 open copcentrated KQ1 {3%) can be injected directly 1ato the canty
of the left ventncle. If the injection 18 followed by efiective massage of
the beast, the pota sum will enter the coronary cirenlation and depolanze
the myocardiom. If al! fibers are depolaruzed to an adequate extent,
sctivity will cease throughout the les and fibrill will be
sbolsshed. Continued perfusion of the coronary artenal tree removes
the excess K 1on and the myocardial fibers will repolanze. However,
since the condition of the myocsrdiim dunng recovery from potasium
depol 1 & to fhnl the of this
arthythmua 13 quite Lkely On the other band f the mjechon of KG
1s followed by 2 sumilar amount CaCl, the spontaneaus thythmiety of
the heart 15 so dep that the app of multiple Lers 18
much less likely This factor 1n additien to the direct antagomsm be-
tween Ca* and K usually results 1n the restorats
throughout the ventnicles Wath

on of coordinated actimty
of effecive lar con
tractions the cotonary flow rapdly restores the extracellular 1onze concen
trations of the heart to levels at which normal sttty 18 resumed

MAGNESIUM  STRONTIUM AND BARIUM
Abnormaliies i cardise funchon sesoltng &y ect
f
l!xe:dxuon 1n the concentration of magnesium mglbe :sloog !\: ::ll::xrc‘:\:xc
:;m ‘:ix::g, e(er:'xll;: et al, 1939 19[4}‘2 Engback 1952) Sumlarly the
¢ vanalions 1n the concentration of thys jon h
lutle effect on the excitability or electrical actinity of the uoh!cdnbe:xv:.
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D tor obes hand srvesal stnking changes do resalt from Mg when
of teloram 1s &

meln the case of the 1solated papilary wuscle the lovel of Mg i Tyrode
solution can be tncreased from 05 1o YSm ar decrensed to 2610 withoat
markedly changing e fore of the acuon potentiel os the magm!:ﬂe of
the testng yotenhsl. Moreover changes m excitabibty are lght, the
byghest levels of Mg causing a shght xuerease 1 the threshold 1f the
Ca* concentration 35 low Bowever, 8. stmilar elevation 1 g™ often
resubts 1 & marked decrease m the durahog of the nngle fiber schon
potetial sutlar 1o that restiting from a farge Ca* extess (Hofimen and
Suckling 1953 1945) This sunlatity of the action of Ca* snd Mg has
heen known for some tume

When the Tyrode solonon 15 free of botk Ca*™ aud Mg, furthermore,
after one half hour or longer & remarkable increase 1 the duratien of
the ventnenlay zetion potential 13 noted (Figure 77} This chacge can
b2 produced quite eanly by the ad of Seq {ethyl
Uamme tetraacetate), & chelating agent with a hagh affinsty for calerum
and magnesn When both of these 1ons are completely removed from
the extracellular Sud by this means 28 seen 1 Figuse 81 the platesu of
the ventricular sction potential 1 often prolonged from » normal daration
of 100200 misee 4o 93 much 23 weveral sneonds The sub eguent addiion
of Ca* and Mg™ restores normal dlectrical actimity suggesting that 2t 15
the depletion of these 10ns yather than some othet effect of the Sequestreae
whith produces the changes noted (HoBiman aad Suckling 1953)

Strontinm, when sdded to normsl Tyrode solution, epparently acts s
the same manoer 2s 2 swodar smownt of caleram (Catb 1901 b)Y When
the Ca** level 13 conmderably veducrd however, the additon of Sy

esults 1w a change 1n achon polential duration srwidar to that Tesulting
irom & complere deplenon of Tav

228 Mg* This finding suggests thal
when the Ca** level 13 decrcased the Sr”g‘:nay dxsplaceglht Sim‘;;
Ca* from essential sites on the fiber wembsane The fact that the depletion
of Yotk Car and Mg™ produces thus same chayge while low Ca* alone
does not, &lso supgests thet under certatn condrons Mg may be able
10 serve the same function as Ca* gy mawmtaining normal excitshidity and
:e:tncal ;ch;:!y Banaw (Klenfeld ot a) 1953) on the other kand,
> :a:: ! neﬁ “ualfv; E:i X:hc ventneutar achon poteatial of the frog heast

An steresiing aspect of thesa studies 13 the fotm assumed by the action
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potential during complete depletion of both Ca** and Mg* As seen
Figure 77 the plateau of each action potential 18 extremely long and yet
the rate of spontaneous activity 1s high As a result, the fiber remams 1
a depolanzed condition almost constantly This finding may be the result
of a change in the condition under which the membrane 13 stable from
the normal polanzed state to a new condition of stability at a membrane
potential near zero

SODIUM AND LITHIUM

Within a range compatible with life of the intact ammal the extra
cellular sodium 10n has relatssely Jittle direct effect on the excitabihity of
heart muscle An increase in concentration suffictent to cause death from
respiratory failure gives nse to no apprecisble changes m ether heart
rate, regulanty of ampulse formation, or the force of systolic contraction
In addition, cardiac output 1s maintamned until the end Simlarly, although
there are changes 1n the force of contraction and 1n systemmc blood pressute,
a decrease 1 serum Na* compatible with hie gives nise to little change
1 cardiac excitabihity

On the other hand, when 1solated hearts are studied, and severe depletion
of sodwm can be produced, it 15 seen that this 10n has a profound effect
on electrical activity of heart muscle When osmotic pressure 1s mamntained
within normal himits by addition of choline chionde, a marked decrease
1 extracellular Na* results in a slowing of impulse formation, a decrease
1n conduction velocity, A V d 100, and & plote loss of excitability
(Clark, 1913) Recent studies of single fibers of the 1solated Purkinje
system have provided detailed information concerming the nature of these
changes (Draper and Weidmann, 1951) As would be expected from the
10mic hypothesis discussed 1n Chapters II and V, a lowening of the extra
cellular Na* concentration produces a decrease bath 1n the rate of rise
and the mag de of the tr )i action p 1, this, 1 turn
causes a decrease 1n conduction veloesty In addition, low sodium slows
the rate of impulse formahon by decreasing the rate of slow diastolic
depolanization mn pacemaker fibers Below a concentration of 10 20% of
normal, spontaneous activity ceases and propag of the action potential
fails These changes are all promptly reversed when the sodium concen
tration 18 increased to normal levels As 1s the case in nerve, Lithum
proper can sub for extracellular Na* to a limited
extent (Werdmann, 1955-¢c} Although the changes produced 1n the action
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T T, N“

tential are profound of the
iou Lstle eﬂec; on the magnitude of the resting transmembrane potential
Sumlar alterations 1n the monophasic schion potential of the turle veatncle
also ocour durmg depletion of the extracellular sodiom 10n {Cranefield
etal, 1951)

SUMMARY

1 Changes m the concentration of potassium, caloum, and to a lesser
extent soduum have a profound effect on the clectnical achinty and ezt
ability of the mammslian myocardium.

2. 'The most pronomced effect of changes w patassum 13 on the
magnitnde of the yesting membrane potentisl. Other alteraions w cardaac
actmty associated with un excess or defictency of this 1om can be largely
explained on the bans of known effects of the eltered resting potential

3 Calowm i excess can be said fo nerease the stability of the fiber

b sn that thythmeity and bility are both d d. Low
calcmm has the oppostte effect. Other factors of importance are the
effect of Ca** on the permeability of the membrane to sodium and also
the interrelationship between Ca** and

4. Marked sodwm depletion decteases both the rate of mse end
magmtude of the action potential 1 sccordance with the rome hypothens
of electrical actimty Below a certamn concentration sodiur lack results

1 2 complete loss of excitabbty Lathium i proper concentrations can
subsnitute for Na to a linuted extent.

S Magnesium has little action 1 the presence of normal smounts of
Ca* when the concentration of this latter 1on 18 decreased, however

l}v’o!h Mg* and Sr** have a marked eflect on the actmty of the fiber mem
rane

6 The sensitivity of dufferent parts of the heart, auncl
condncting system to several of the norm: e venincle and

2] extracellula
different. This observaton 1s of derabl . C:: den ‘I““f
0 the alterations 1 actmty which resalt from 1on1c wmbalances
7 Most of the changes 1n myocardzal functso
n which
5w 1m dsease states can be clearly explained on the ba::o;nt']:noc“g:ond
efiects of these 10ns on the membyanes of cardize muscle fibers "
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X1 Mechanical Responses of the
Heart and the Excitability Cycle

The mechanical events of the cardiat cycle and their rel2
tion to electrical signs of heart action are described Factors
Influencing mechanical activity and the effect of stimuli placed
early in the cycle upon sub ical r of
the heart are discussed A comparison of the responses of
fragments of heart tissue and the total heart is made Sum
mation of contraction and other related matters are con
sidered

EXCITATION OF THE HEART produces both an electrical and a mechamcal
response As the excitatory process 1s propagated throughout the heart
the associated depolarization of the fiber membranes imitiates a con

tractile process within these cellular el It 1s possible to d t
the electrical resp from the mech 1 to some degree but under
normal es the two are ly linked It 1s, therefore, reason

able 1o anclude 1 a consideration of cardiac excitability and the changes
occurning therein some discussion of the nature of mechamcal activly
m the heart The description of the cycle of events which 13 gnen here
has been derived from that proposed by Wiggers (1928, 1953)

MECHANICAL EVENTS OF THE NORMAL HEART CYCLE

AURICULAR SYSTOLE AND DIASTOLE Each normal heart beat
begins with the ongin of the excitatory process in the pacemaker Propa
gation of this process evokes contraction of the auricles As the auncles

plete their h 1 resp and begin to relax, the ventricles
start their contraction Aurtcular systole lasts approximately 0 11 second
There 15 practicaily no intersystolic interval between auricular and 1en
trscular contractions although there ts an appreciable pause—the PR
mterval—between the ded electrical resp of these chamb
In further description of the mechanical events of the cardac cycle htile
need be smd about auncular systole and diastole save that contraction
begins first near the pacemaker and follows m the wake of the action
al as it 13 propagated throughout the two suncular chambers
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befare others hase stisived
tally excited begin 1o velax
'tlh}::e:al:“mui: degzee of systolsc shortemng The sght rzu;d:;:::ulii
conductson which occurs at the A ¥ node permts the anset of

fore ventculay systole begans
"h;;:;‘;i?z;&dk SYSTOLE Two defimte phases ste secognized du;x:;:
ceatneular aystole namely, ssometne contraction and the ejection Pl
{Fagure 783

120

nm Hg

Ohtt 4 T T (
3 4 set 8 g w©
Ficene, 28, Phases of ventncalar eycle 12, “entrant phasw” 13 isometne conrac
s 35 ejction pesnd showsag minimum, menman (4) 1ed dechining phasen 56,

protodiastole 61 isomemne relasauon phase 19, phae of rapd venwnrcotar filmg
29 penad of slow venmicular Bllng or disstass 10 aunenlar systole

Y lsometre contrartion When the veoincles start contracting th
anrculeventieular valves elase, AU s moment the semlunar valves
are slso closed It 18 not uotd the pressure within the ventnicle has
sitaized & salue equivalent to that 1a the Rorts or sa the pulmonary astery
b the sermlunar vadves open and blood Hows into these darge artenal
trunks The wometric contraction phate extends from the begpnning of
veatricwlar sysiole unbl the e of opeoing of the semlunar valves thus
Tasting for shout 003 second Danng thas period sk the valves are closed
253 no Hood cam exther enter or Jeave the ventricle, Tension mncreases

within the ventricle becanse of contractios of the muscle fbers but Lutte
change 3 shape or volume 1 powible
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2 Ejection phase When the semilunar valves apen, blood 1s ejected
from the ventricles into the aorta and the pulmonary artery, thus creating
the arterial pulse Duning the 1mtial moments of ejection the head of
pressure responsible for volume flow of blood into the aorta or pulmonary
artery 13 small, the ejection rate then gradually increases to a maumum
and subsequently declines The total ejection phase lasts for about 02
second

VENTRICULAR DIASTOLE Four defimite phases can be recogmzed
duning ventricular relaxation and the subseq pause 1) protodiastol
2) the phase of 1sometric relaxation, 3) the phase of rapid ventrieular
filling and 4) that of slow ventricular filing or diastasts

1 Protodiastole When, due to subsidence of contraction 1n the myo
cardial elements, the ejection force created by ventricular systole begins
to drop 1ntraventricular pressure falls below that 1n the great vessels and
the senulunar valves close This interval of change an the gradient of
miraventricular and artenal pressure which 1s abruptly ended by the
closure of the seultnar valves 13 the protodiastohic pertod In aortic
pressure records 1t 15 clearly delimited by the aortic incisura and lasts
for approximately 0 04 second 1n man and 0 02 second 1n the dog

2 Isometric relaxation phase The senmlunar valves close at a moment
when the auriculo ventricular valves have not yet opened agamn creating
an interval during the cardiac cycle when blood can neither enter nor
leave the ventricles Thus isometric relaxation takes place This phase
lasts for about 009 second and 1s termunated by opeming of the AV
valves which occurs when intraventricular pressure falls below that mam
tatming 1n the auricles

3 Rapid ventricular filling Once the A V valses open, a considerable
proportion of the blood accumulated i the auricles duning the period when
the valves were closed flows into the veninicles 1n a relatively short ime
This quick mnflow conshitutes the phase of rapid ventricular filling which
Jasts for about 011 second 1 man and 006 second 1n dogs It 1s not
clearly portrayed by intraventricular pressure records but 1s defimtely
shown by records of ntra auricular pressure or ventricular volume It
should be emphasized that ventricular filing during this phase of the
cardiac cycle 1 entirely passive The rapid filling does not result immed:
ately from any contraction of cardiac hissue

4 Slow ventricular filling or diastasis The rapid inflow of blood just

~
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eserthed does mot ctomplete veotnewlar fllmng Sabeequently 2 more
:lodcrsle end stowly dechiming wflow pessisis because & P’ﬁ;“‘!’: i‘;‘;““‘
1s mumntawed by the blood returning from the periphery o de ¥ 1m'
from the lungs The slow declne of the wfiow to the relax ! \entncd es
1s due to a gradusl buld up of sotraventricular pressure as they are ‘)s
tended The phase of low sentncular filling lasts untl the suncular
systole of the next eycle Consequently sts duration 1s determmed more
than any other phase so far deseribed by the doration of the heart cycle.
1{ the heart rate 1s normal 1t Jasts Tor about 019 and 0.29 second 1 man
dog respectivel;

“isy?\cnplsf)wotyls ACTIVATION OF MYOCARDIAL ELEVIENTS
There 18 widespread endence wdicating that dunng pormal contraction
of the heart not all of the myccardial unity attamn the contracted condition
sumultaneouly A cerfam tume 35 requised to sctivate the whole zuncular
or ¥ lar wyocardmm {Lewts snd Rothschild 1935 Harns 1341}
The activating process ¢an be thought of as beng a recrmting mechamsm
P ly and quekly T more and more fibers anto the
contescted condiion (Wiggess 1928) Therefore 1t ean be assumned that
not all of the myocardial fractons end therr contraction st the same time.
Presumably those that begin to contract first are also the first 10 relax.
The total equence of surface ectivation in the dog heart lasts for 1823

msec It may be presumed that 1n man the total deration will be abont
twice that m the dog
Asynch

Y

y ¥ 13 p d 10 the 1oular
pressure record by 2 reletnely slow moreae of pressure at the begnmng
of the sometric contraction phase Thus period has been ealled by Wiggers
(1928} the “entrazt phase™ When ell the fractions have been activated

!;:Be record chows a steeper and much faster merease of pressure {Figuce
)

This recrmtment of myocardial elements dunng activation has s
wnportsnt beanng on problems of 3

depolanization and repolarzation will no!Jl}ccur a precisely the same
tume i all fikers even 1f they he w close proxumity The complexties of
the saatomical arrangement of the fibers contribute to make even more
sntrieate the asymmetries of the 2ctivation-deactivalion processes 1y any
given pottion of h:art muscle I‘Jurmg the recavery of exetability the
P g m g fibers become of

2 the reations to very strong stimuls,

of X

P in d
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2 Ejection phase When the semilunar valves open, blood 15 epected
from the ventricles 1to the aorta and the pulmonary artery, thus creatin,
the artennal pulse During the mmtal moments of ejection the head of
pressure responsible for volume flow of blood into the aorta or pulmonary
artery 1s small, the ejection rate then gradually increases to a maximun
and subsequently dechnes The total ejection phase lasts for about 02
second

VENTRICULAR DIASTOLE Four definite phases can be recoguzed
durmng ventricular relaxation and the subeeq pause 1) protodiastal
2} the phase of 1sometric relaxation, 3) the phase of rapid ventricular
filing and 4) that of slow ventricular filing or diastasis

1 Protodiastole When, due to subsidence of contraction i the myo
cardial elements, the ejection force created by ventricular sytole begms
to drop 1ntraventricular pressure falls below that in the great vessels and
the semlunar valves close This interval of change 1n the gradient of
intraventricular and artertal pressure which 1s abruptly ended by the
closure of the semulunar valves 13 the protodiastolic period In aortic
pressute records 1t 1s clearly delimted by the aortic incisura and lasts
for approximately 0 04 second 1n man and 0 02 second 1n the dog

2 Isometric relaxation phase The semilunar valves close at a moment
when the auriculo ventricular valves have not yet opened again creatng
an nterval during the cardiac cycle when blood can neither enter nor
leave the ventricles Thus 1sometric relaxation takes place This phase
lasts for about 009 second and 1s terminated by opening of the AV
valves which occurs when intraventricular pressure falls below that mawn
taining in the auncles

3 Rapid sentricular filhing Once the AV valves open a considerable
proportion of the blood accumulated 1n the aunicles during the period when
the valves were closed flows 1nto the ventricles in a relatively short hime
This quick mflow constitutes the phase of rapid ventrcular filing which
lasts for about 011 second 1n man and 006 second in dogs It 1s not
clearly portrayed by intraventricular pressure records but s defintely
shown by records of intra auricular pressute or ventricular volume It
should be emphasized that ventnicular filling during tluis phase of the

ardiac cycle 1s entirely passive The rapid filling does not result 1mmed:
ately from any contraction of cardiac tissue

4 Stow ventricular filling or diastasts The rapid aflow of blood just
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RELATIONSHIP BETWEEN ELECTRICAL
AND MECHANICAL EVENTS

The sequence of mechameal events just descnibed results dfln:x; Alh\;
regulsr spread of excitation over the auncles across the specializ
conductmg system and throughout the ventacles 1t 1s of interest to
examime the exact temporal relationship between this electrical actwity
(end the contraction which 1t ehets. In the case of the intact heatt the

of 8dd le elements makes such a
:mdy quite diffcalt. However 1 & small 1solated fragment of the myo-
cardium such 2s the papillary muscle wheremn the conduction time 1s
very thort xelative to the total durstion of mechanical acvity a reason
able companson can be made between the tume of depolanzation and
repolanzation on one hand and contraction and relaxation on the other
Such a coraparuson has been attempted in the case of 1solated papillary
muscle of the dog and cat ventnicle

LATENCY 1In this work 1sometnic tension was recorded by means of
an electrome teansducer (RCA 35734) and the onset of electrical actvity
by means of an intracellular microelectrode, The papillary muscle was
sumulated at multiple points slong its surface to ehrunate as far as
possible the effect of mpulse propagstion Records obtained from such
a preparation (Figure 79 A) show that the latency between the onset of
depolanzation and the 1mtial development of tension 13 less than 10
msec. It 19 ikely, however that 1f 1t were possible to record contraction
of only a small portion of a mngle fiber, even shorter values would be

obtamed since even in this preparation 1t 13 most Likely that some con
duction takes place and thas |

i of the le clements
13 stll present.
REPOLARIZATION AND RELAXATION The relationships between
depol and repol of the fiber b
and relaxation

ane and contraction
of the papillary muscle during normal propagated actinity
are shown 1n Figure 79B When electrical aclvity 18 recorded from
the spproximate center of the muscle 1t can be seen that the peak tension
¥ reached mmultaneously with the end of the plateau of the transmem
brane action potential and repolarization precedes relaxation by onl,
;hort wmterval (smce the total conduction time n ths prepa:’auonyx:
;: :1‘::, }c‘]ﬂn::z:ddry t:\l;nfr; (:::e:; 1;}:11” Propagation ean displace

= s A

edence of repolanzation and relaxation mggeszp:l::: nt;:eleh?om:!‘:::}::::a
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MECHANCAL RESPONSES OF THE HEART

shown by others
may be cansally related A sumlar xehuvmhxpo hulhbcz\l\he‘: hnnd,yrecu\'ds
{Carbs 1919, Trantwen »nd Dudel 1954) On the : o tion
htawmed under & vanety of condinions, such as digitalis ““eml Jong
(Figure 79 C and iD), thow that npchnﬁuoln 1 o!unA niompcm“ge 4

set o P Prop!
‘();:o:;x:::o:“of mechanical and electnical uc(wﬂy’o( the cat auncle J‘s
produced by acetylchcline (Burgen and Terroux 1953) Thus an ““““:'
ste canse and effect Tefation. tp between the two phenamens 18 not ul;:l ‘hx
sbly present. Tins watter will be dusrn sed below in conjunction with the
effects of heutt Tate on the duration of membrane achity and the onset
of relaxation
EXCITABILITY AND CONTRACTION When |
the intact ventriele 18 d by ding the 1nn pressure
& 1nta!

pulse and the el diogram 13 sumul dy taken 1t 3s seen that the
temporsl relstionshmp between electrical events and contractian iy some
what lecs connstent. A typieal record given 1n Figure 80 shows that
the earfiest recorded development of tension usually follows the peak
of the R wave and the T deflection 1s most often completed during protos
diastole. TF the excitabihty of the myocardium to test sumuly 18 study
umuitaneousty and telated 10 the Jocal el and the !
pressure pulse (Frgure 83-A) abeolute sefractoniness 18 found to extend
from the onset of elecineal actnity untl the onset of relazation and the
recovery of exatability duning the relative refractory period 12 completed
long before the end of relaxaion Thus the end of the irvesponsive penod
precedes the completion of mechanical actwity 1t 1s possible therefore
1o cheit a propagated achich potennial pror 1o the completion of relaxa
tion Forthermore such a premature setion potential does gne nse to

additional mechanical activity As seen 3n Figure 80-B this very early
most often fests stsell as a prok,

P of the phaee
of relaxation although slightly Tater stimult eliest a small inerement m

pressure before the trace has returned 1o the baseline In view of the
adequate {requency reaponse and small dwplacement of contemporary
pressure transdveers the distortion of such recorde b7 mechanical ante-
facts of this natute 13 unbkely It must be concluded therefote that o
partial fusion of conlractions of the normal mammalian ventricle can
oecur Other workers have supported this concept on the banis of a vanety
of studres (D1Palma and Mascatello 1921 Robb 19.2 Whitehorn 1921)
© occurrence of ncomplele tetanus

n the veniricular myocardmy
under unusual condstions will be nentianed below i ™

mechanseal actinaty of
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Frovme 80 A Compocnte disgram showing the time relationship besween s sight
enthiclar pressure pulse and clectrogram and the ahsolute (ARP) and relstve
)

(REP} refractory pertdd Also shown are the Jeveloped
(X—~~—X) and post exirasystolic beats (0——0) ehened dunng diastele snd st

various times i the relative refraciory period

Left Jar pulse and el showing the prol, ¢ ) of
the pul ¢ produced by an electrical chated dunng the T wave Dotted

arrow shows ume of extrasystole
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ansally related. A sumilar relshonship as been shown by others
Tart: c\:j‘) yTxmm\n and Dudel 1944} On the other hend records
obtaned uoder a vanety of conditons such as digptalis antoxication
{Figure 79C and D) show thet repolanization 18 often completed long
belore the onset of el parable disprop te change n
\he durstion of mechanical and electnesl sctinty of the eat suncle 18
produced by acetylcholine (Burgen and Terraux, 1953) Thus an immeds
ate cause and effect yelahonstup hetween the two phenomena 18 not wman
ably precent Ths matter wilt be diecus ed below 1n comyunchon with the
effects of heart rate on the duration of membrane acuwty 2nd the onset
of refaxation

EXCITABILITY AND CONTRACTION When mechanical sctity of
the intact ventricle 15 d 4 by ding the v

pressure
pulse and the electrocardiogrem 1s sumuianeou 1y taken 133 sten that the
temporal relation hip between electncal events and contrachion 18 ome
what Jess consi tent. A typical record given m Figure 80, shows that
the earhest recorded development of tension usually follows the pesk
of the K wave, and the T @eflectron 15 most olten completed dunng proto-
dnastole 1f the excitabibty of the myocardsum {o test tmul 13 studt
simultaneously and related to the Jocal e and the it i
pressuze palse (Figure 80-A) sbeolute refractoniness 1s found fo extend
from the on et of electrical activity until the onset of relaxation and the
recovery of exenabihty dunng the relative refractory penod 15 completed
long before the end of relaxation Thus the end of the atresponste peniod
precedes the completion of mechamecal actinity Jt 1s possible therefore,
to elictt a propagated actich potential prior to the completion of relaxa
ton Furthermore such 2 premature action potennal does give nise to
sdditional mechanical actrvity As seen in Figure 80-B this very early
most often fects atself as a prol of the phase
of relaxation although shghtly later stimuls elicst & <mall ancrement
pressure before the wace has returned to the basebne In view of the
adequate frequesey re.ponse and  mall drsplacement of contemporas
pres.ure transducers the dh tortion of such records by mechancal ar:ey
facts of this nature 13 unbkely It must be concluded therefore, that
partial Tusion of contractions of the normal mammalian vcn{t;cleac .
oceur Other workers have supported this concept on the basis of 2 .
of studies {DiPslma and Maseatelle 1951 Robb 1952 Wh oy
The occurrence of wncomplete . riborn 19:1)
plete tetznue n

n the ventricular
under unasus) conditions vall be mentianed below wyocardiom,




312
EXCITABILITY OF THE REART

70
~460
3
4505
v
0
<
42 T
i
30 3
3
x
a
2@
o
> T 'y o
14 100 oo 300 400 500
TIME ~ msec
mnHg B‘
20—
0~
3
N
O
w\,/‘
i i 1
o 00
TIME~msec

Ficure 80 A Composnie disgram showing the time relationship between a nght
ventricular pressure pulse and electrogram and the ghsolute (Am') and zehnve
(RRP) xefractory peried Also shown are the develaped
{X—-—~x) and post extrasystohc beats (00} elicsted dunng dusmle and a1
varous times 1 the relative refractory period.

B Left vestneular pulse and electrogram showmng the prolongation (-~} of
the pulse duced by an le chicsted dusing the T wave Dotted

arrow showe nme of extrasystole
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THE EFFECT OF CONTRACTILE FORCE OV EXCITABILITY It
as been poetufated 1hot a change 1 the force of contraction Tmay directly
alter the exenability af the myocardium (Salter 1951) Recent work
Jendis to dusprove this contention fn. the case of the mtact dog ventnele
{Woske ct 8t 1903) st bas been shown that both 8 marked inczease 1n
#5 tolse pressure resulnng from partiel sostic constnchion and a decveste
1 pressuse resulting from myocardial fadare gve nse o Do demon
arable change in wihes seshng exeutahility or the duration of refracton
s {Table 13) Sumidarly, Trautwera and Dudel (1953) §ound no change
1 exber the magmtade or durstion of the transmembrane action poten
tuls of the cat papillary mouscle dunng marked allcrations 1 ymtad
trogh = ten von unless over stretehing sod yrreversble demage to the
uscle was produced It has zlso been observed {Woske et al., 1823}
that 1 acue heart farlure prodaced by hgation of the aorta 1 the dog
otaban {017 mg total dose) may bave & marked therapentic efect,
zestonng bt stregth of contracuion to normal, without changing excit
ability No fecant changes 1 thresholds t duct
tmes refractory periods nor the shility to respond to hugh dnving rates
are found i esther the auncle or ventncle dunng peniods of maximom
faree of contractian shostly after igaton of the avnta, dunng fadre o5
after the foree of contraction has been resiored to normal by adminis-
tration of ousban 1t would seem that 1n the therapentic range the glico-
side effect 15 not concerned with excitability nor the durauion of refrac
tonness 1o the failing myocardrum but rether with energy utaluation
during systale proper Wotk of Wollenberger (1937, 1949) Bing = al.
{1949 1950} ikewise nducates Wat the fading heart does not gro er)
use the energy avaiable for contraction and that the digitalis lpco}:xd :
can aflest these processes and thus the mechamcal Tesponses gf}wd,_g
musde withont produciog changes 1n exeitshality Thes qu N alc
that excessive dossge farls to wfluence beth exctabily dmr] e
setnty (Coraboeuf et sl 1953 Stutz e ol 195%) 7 and electncal
Thl:ISSOCMTl(D);V QF ELEC')'R)C/]IL AND MECHANICAL EVENTS

P Y g a complete d betw b 1
&ad electreal ach; e
gers 1953) In mnog ﬁmbﬁif ::h;atbdb:mmy (Gesb Ws1a g
tability and contactdl s possible to show exther tha
electinesl ;chnry 18 sl ob\a::h;::’; a :u‘m s d"" that prop d
there 18 10 Yon, or ander condstions when
ger any recorded mechameal response Jn most cases at 13
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MECHANICAL RESPODSES OF THE HEART

Affeult to decade whether contraction has actually been abo\\:biﬂ ::
hether the tension developed 13 merely less than that which the t1a .
duces employed can record In either instance however, 1118 no\\.;\:rpx >
1ag that at certain tves the membrane phenomena usoc\a\:d wnth prop:

gated can be pled from the usual tile yesponse, 0
view of both the complexaty of the coupling process and the roany {sctors

which are known to nflvence the contractle protems responsible for the
development of tension

FACTORS YNFLUENCING MECHANICAL ACTIVIYY

For many years the major factors controllng the mechameal actinity
of the heart have been well documented These can be subdinded nto
intrynsie and extriosic factors In the former category the mast important
ate the wmital or sesting lenpth of the fiber and the fess well understood
metabolic processes responuible for supply and utlization of energy
Heart rate and the state of recovery of the myocardm are also deternu
nants of the tension developed dunng systole In the xecond category fal}
such vanghles a8 the some composition of the extracellular Amds the
presence of vanous aytonomuc mediators and changes 1 body tempera
tre Certatn & pects of several of these controlling factors have been
tudied 1 some detm) m recent years and will be discussed more folly
than othess 1 the sucteeding sechions

LENGTH TENSION RELATIONSHIPS 'The lenpth termon telation
ehup af the 1solated papliasy muscle 13 stmlar to that found . other
striated muscle Althaugh the determungtion of “sesting length™ 15 some
what urcertain 1f the papdlery muscle 15 subyected to progressive incre.
ments of length, the tension developed during an 4
wncreases up to 8 maumum and then falls off slowly as addinonal stretch
1s produced (Figure 81 A) This effect of munal (or diastolic) length
on systalie tension was first studzed an detal by Frank (1895) employing
the 1solated frog ventricle and later 4 d 1t the wolated \
heart by Starkng (1915) Although there bas been some disagreement
28 to whether 1mbal Jength or mttial tension 33 the major determinant
(Katz 19a5), thete 15 no Yonger any doubt that 1t 25 the resting fiber
gl whucks v diseelly 3808 Yo the spidue tension developed Aurmn
:‘i‘:“g‘:\w‘n}w\m&bmv ,;;f they selahionship m toto to the ntact, ;5

3\ 18 less certawn T v
crdum Lot the domner ‘eo Pw;if;“ of 2 relatively indistensible pen

the ventricle can be stretched by
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Frevre 81 A Contractile tension developed 1n & driven papiliary muscle st differsat
tigl lengths {e——weome} I Il and il show meximum tension sncrement pro-
duced by an extrasystole at lengths less than equal to and grester than optumum
B The effect of sste on systolic tension i & dnven papillery muscle (e~} In
snother muscle maxumum tension developed when dniven as 80 per mm (4) with
regulaxly spaced atimuh tension developed when driven at & bauic rate of 40 per
i with every driven beat followed by a stmulus producing sn early extrssystole

(X) Retum to onginal zate of 80 per yun (Y
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snerements 1 filling pressure. Because of this, 1t 1s most hikely that the
normal heart never attans & length at which the systolic tension 18 de-
creased (Sarmolfl 1955 Rushmer, 1955) In chronic heart disea ¢, on
the other hand with marked cardiac enlargement, 5t 15 quite possible
that over-dstension of the ventnele and a consequent decrease 1n ystolic
force may occur The dramatic effect of measures which decrease central
Yenous pressure 1 congestive failuze strongly suggest that over-distension
1m ths p lar case 1s of p t 1mp

Although the mammalian auricle has been studied less frequently than
the ventnele wath respect to this property, 1t has been shown that initial
Bber length has an effect stmilar to that obtamed in the case of ventncuolar
myocardium {Latle ot 8l 1953)

HEART RATE The effect of frequency of contraction on the systolic
tension developed by cardiac musele 15 rather complex The most detatled
studies have heen made with 1solsted hearts or fragments of 1solated
hearts since 1 thus type of preparation the elimnation of vanables other
then rate 1s more easily accomplished. On the other hand 23 will be
dhscussed later many of the effects of rate clearly demonstrated by

tsolated ruscle preparations are not prominent aspects of the funcuion of
n ntu hearts

The staircase” pt

or treppe descnbed by Bowditch (1871)
18 frequently found sn 1olated amphibian and mammalian hearts After
a prolonged period of quiescence when regular contrachons are resumed
the tenvion developed by each systole increases progresaively to a certain
1f the rate of 15 then d the systohic tension
18 again sugmented (Figure 81 B) This werease of tenson with increased
rate continues until at very fast rates the tension falls and relaxation
from each contraction becomes wmcomplete. Thus resing tension wnere:
al‘!;:;un‘l; tume as the systolic merement fally off N e
en the tranmembrane action potentials are 1
with the 1sometnie contraction nndphem Tate l: x:ce::iegd!:::h:::*mlly
1t can be seen that there 1s an almost parallel shortenng of lhcg’ dura: -
of both the action potential and the muscle teitch both the rate of e
;;d vate of fall of tension being increased at higher frequtncu:(:" v
A) As has been stated previowsly there 1s hitle decy _—
nitude of erther the acuon potential or restn, e an the mag
Tates s1e stpd. g potential untl excesnve

The heart Tate at which the mamug tension 13 developed vares preat]
'y
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Ficure 82 A Tracngs of mmultaneously recorded action potentials and myograms
showing the configuration and amplitude changes recorded at heart ratea of 30
( } 60 {emm—) 120 ( ) and 180 (——) beats per mmute

B Tracngs as 1 A showing the first two e 2 prolonged
rest Fust beat (~~) sccond beat ()
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1 filbng pressure. Because of Yms 3% 13 wost lkely that the
:J:r:!:lﬂ\,:m neverga}:ums & length at which the systolic tenmon 18 de-
creased (Sarnoff 1955 Rushumer, 1955) In chromc heart disease on
the other hand with marked cardiac enlargement, 1t 13 qute possible
that overdistension of the ventncle and & consequent decrease 1n systolic
foree may oceur The dramatic effect of measures which decrease central
venous pres.ure 1 congestive failure strongly suggest that over-distension,
1 this particular case, 13 of p t amp

Although the mammebian auncle hes been studied less frequently than
the yentnicle vath zespect to thiy property 1t has been shawn that mmtial
fiber length has an effect sumlar to that obtained 1 the case of ventrcular
myocardmm (Litdle et al., 1953)

HEART RATE The effect of frequency of contraction on the systolic
tension developed by cardiac muscle 1s rather complex The mo t detailed
studies have been made with asolated hearts or jragments of 1solated
hearis mnce 1n this type of preparshion the elumnation of vanables other
than rate 1 more eanly accomplithed On the other hend as will be
discussed later many of the effects of rate clearly demon trated by

solated muscle preparahions are not prowunent aspects of the function of
i ity hearts

The stacase ph or treppe described by Bowditeh (1871)
15 frequently found in 1sclated amphibian and mammalian hearts After
© prolonged peniod of quiescence when regular contractions are resumed
the tenston developed by each systole wmcreases progresnively to a certan
1t the rate of 18 then d the systalic tension
18 agawn augmented (Figure 81 B) This increase of tension with ncreased
rate contmves untsl, at very fast rates, the tension falls and relaxation
from esch contraction becomes mcomplete Thus Testing tension 1ncreases
&t the same time as the systolic increment falls off
\;h:;x the tr b action potentialy are recorded 3| )}
with the 1sometric contraction and beart rate 18 mery y
1t csn be seen that there 18 an almost parallel s\:oﬂn:;!:i,ip:;?(;:’::;ly
of bath the action potentral and the rmuscle teteh, both the rate of e
and rate of fall of tension bemg incressed st higher frcqumclc:(;,zun:

82A) As has been stated previonst
mituds of exther the nctumppe ey o e il dectege 1 the o

otenb:
Tates are attaned. ential or resting potential untl excesnive

The heart rate at which the maximum tension 33 developed varies greatly
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1 different muscles and also 1u a single muscle when other factors are
changed Typically, however, treppe 15 least marked smmedsately after
1solation of the preparation Also, as fatigue progresses, the contraction
frequency required for optimum tension 1s elevated, On the other hand,
i the case of the intact mammalian heart, sf other conditions are unchang
ing alterations 1n heart rate have httle effect on systolic tension

Hzydu (1953) and Szent Gybrgy: (1953) have explamed the “treppe’
phenomena on the hasis of an increased loss of both potassium and water
from the intracellular space during activity This net loss of potassum
increases the tendency for assoctation of actomyosin and thus augments
the twitch tension  Simlarly, the excessive loss at hugh rates results m
contracture and consequent loss of systoltc increment in tenston Haydu
also postulates that the magnitude of the resting transmembrane potentta}
exerts an effect which favors the dissociation of actomyosn, probably by

a Jow ntracellular pH Thus a decrease 1 resting potential

ts associated with mcomplete relaxabion and the development of con
tractuse

There are cestamn pl m the rel hip between freq
of contraction and systolic tension which are not easily expluned on the
basis of the theory mentioned above Foremost among these 1s the so called
“rest contraction” (Rosm and Farah, 1955) If an solated papilary
muscle (Cattell and Gold, 1941 a) or anncle (Rosm and Farsh, 1955)
18 stumulated at a regular rate and then sumulation 15 suddenly stopped
for a brief intervel the first contraction on resumplion of actvity 13
greatly mcreased 1 magminde (Figure 82B) Since the only transfer of
K likely to occur during the brief rest 1s an mcrease of intracellular
potassium, the augmented tension of the first beats followmg the rest
suggests a contradiction to the theary praposed Stmilarly, the potentiation
of the mifal contraction persists even when the period of quiescence 18
prolonged up to several munutes, an intenval fong enough for pota sum
and water to return to resting quantities mside the fiber Only after rest
pertods of considerably longer duration 1s the tension of the 1mbal beat
decreased and the treppe phenomenon again mamfest

On the other hand, a Jarge amount of experimental evidence supports
the concept that changes i the potassium content of the fiber are mtsmately
related to the tension developed during contraction The positive motropic

effect of digttabs glyconides adrenaline adrenal steroids low temperature
are all d with an m

oy

1
and Jow extr pot
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the et putward Sux of K¢ duning actvity (Haydu 1923) Smﬂaﬂ{d the
decresse m tension resuling from barbiturates procaine cocaine, < ;‘rc
tone and physostigmme 18 secompanied by a decrease 1n potatsium ; ‘l;\x
(Holland 1054) Thus akthough there are sull many a pects of the
problem which have not yet been yesolved the essential rale of the intra
celilar 1ome content 10 tegulating the tendency for actin and myosn
to assoctate 13 beyond doubt To what extent this regulatory factor xs
operative in determuning the changes m systolic tension encountered dunng
normal cardiac activity remamns uncertain

THE EFFECT OF TONS Changes 1 the r0me composiion of the
extracellular fud have a profonnd effect on the tension developed dunng
systole Although there are certain differences between species and between
aunde and ventncle of the same ammal the major achion of certain
1005 can be ummarnzed rather briefly

A decrease 1n the of ol

sodim 13 d
with an increase in the contractile force of the muscle (Clack, 1912)
Such a change 1n sodium concentration apparently acts by means of the
Toss of Na and water from the fiber which occurs {Hajdu 1933) and

ot as a result of al m the flul of this
10n The latter possibility 1s ruled out by the ob ervation that large changes
mn 0‘ Al 3!

tytes tesvlung from vanation m
the glucose content of the extracellulac flud have litle or no effiect on

the force of contraction Thus as 1n the case of treppe the total fiber
content of Na or K appears to be most 1mportant with respect to the
development of tension rather than thewr concentrations

The effects of potassiom are perhiaps more marked than those resulting
from alleration 1n Na  hewever s 1n the case of electnica} athnly n
s difficudt to differentiate between changes directly refated to an alteratian
K and those resulting From & change mthe ratio of K 10 Ca As can
be seen 1n Figure 83 low Dular p greatly the
ometne tension of the wsolated papliary muscle at al) rates 2( acting;
tod dlermed b has the apposte effct. On the other hand o e
1 d m p 23
tension 1s Jowered to or below control vst:es whﬂi ‘ﬁ:;l:::g:naf l‘z‘;
K constant gves 23 great an aneresse 2y Lension s (hat produced b ‘l"
potassiom Hapdu (1953} has po tulated that the chp ¥ oo
Bl e o o
a net o

ange 1o fiber K and water Whether the actions of Ca* are
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Ficune 83 Records obtamed from an 1solated papiiary muscle showmg the effect of
changes 1 the some compostion of Tyrodes selution on the relagionship between
frequency of contraction and systohe tenuon (on the left) and on the maximom
post ext i p of {on the night) Control (Ca=27

=27 mA{}e—e | low potassium (Caz=27, K=065 mb{) Xe~~-~x, Jow potss
atm snd caleum (K=065 Co=06> mM) s~—-A and hugh caloum (Ca=108
K=27 mV) 0o

11, 1

brought about by changing the p of the to potss
shum, or by some other means 1s not certain However the demonstration
that Ca* 1 proper concentration augments the tension developed by
wsolated sctomyosin filaments (Edman, 1953) suggests that this ton may
asct directly on the contractile mechamsm

Many other 10ns have been found to influence the contractility of cardue
wmuscle The complete lack of Mg* has hittle effect on the papillary muscle
of the cat, as does a high concentration of this same jon (Garb 1951b)
Ou the other hand, s the case of the guinea pig aurscle (Holland, 1953)
Mg excess produces a profound depression of the eontrachon Strontww,
sn the presence of a normal Ca* 3 the oo t
force but when the Ca* level 1s low added Se™ gives nse 1o a decrense
w systolic tenston (Garb, 1951 b} NH,* has been shown to mncrease the
tenston developed durmg 1on, while Ba™ sncreases the systohe
tension and antagomzes the action of excess K* However with sespect to
yome imbalances which are encountered in man, the effects of Na*, K*
and Ca* are not only most mportant but also most nearly understood

m tevms of made of action
DIGITALIS GLYCOSIDES B of the great therapeutic smportance
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s been stodied frequenlly m btk intact
Caﬁe‘[i, 1940 P\Voake eral 1933 Senne ¢t sl 1951) Some addibional
formshon ::onctrrung the manner 1 which t rafiuences contrattaldty °\(‘
cardize muscle hay been pronded by recent investigabon Early worl
demomtrated Tt s sgest hus Iitle efect on the contractlity of the
sormal myocardiez only when the contractile force 3y dimmphed does
digtslis esert & posilive wotropic achion The inveshgations of Szent
Gyorgy (1903) and Haydu {1953) provide & ressonable explanation for
these Fadigs The contractle force of the m)otardim seeorshing to
therr work, depends upon the total quanisty of Na end K withmn the
fber Also, substances normafly present 1 the terem mantain the Imel
of (Na plus K ) near the optumum Upder thewe conditions addiponal
foss of electrolyte and water under the anfluence of digatalis, wfl yesult
i tontracture and a decrease 1n aystohic tension On the other hand, when
the condition of the tyocardiam 11 outsde thys opumal range, the loss
of potssum resultmg from digtalis admmstration will tocrease the
tession developed dunng The d (Stotz. <t 81,
190%) that drgitahs fatls to influence the tension of glycerin-exirarted heart
reusile wherein membrane sctvity 13 sbsent, supports the concept that
the setion of thus compoynd 11 samebaw selated to changes produced m
membrane permeallity On the othex band 1t has been shown that excess
K will reverse the toxie sctions of digiaks but Tasls to decrease the
positive wmotroprc effect of thus agent (Garb and Ventun 1954) It esnnat
be sugted with certsaty woreover Yomt no other cfects occur Other
workers bave shown that diptals glycondes merease contraction of ecto.
tayosm Glaments an the presence of certain Car* concentrations and teem
1o have sume effeet on the abibty of the myorardiuma to utilize svalable
phosphate bond energy (Rothhn et al, 2955} The posmbabity remany
:h;:::r: that the mode of action 11 more complex than that suggested

Many studies have described marked chan,
restilung from the adrmmstration of digtales (\g:ldl:l :!" (:l;:! )“;:I“&mx‘lty
4l sgent has been shawn to produce changes 1 the uanun:!:!«m -
zn\mmh of ‘}x’soh\ed han end smphibian hearts ":{'“i
ecTesse an the yesting and action pot: o

achion potential duratfon (Coxnhqez! ::‘i ‘;;xg]a.‘mdsi“;“i\.’\‘f 0;‘;5?&
There 13 some queshion, bowever whether mmlar changes result ﬁv?n
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therapeutic concentrations of this agent In the case of the 1 tu dog
ventricle {Woske et al, 1953) 1t has been demonstrated that concentra
tions of digitahis adeq to pletely restore maximal systolic forer
during 1nduced myocardial failure gie rise to no change m either the
level of resung excitabihly or the time course of the recovery of excia
bibty followng actvity

EXTRASYSTOLES AND POST EXTRASYSTOLIC POTENTIATION

McWilliam (1888) first reported the observahion that a single extra
systole results m an increased systolic tension of the succeeding contrac
tions Subsequently Cattefl and Gold (1941 a) studied this phenomenon
the 1solated papiilary muscle of the cat heart They noticed that the degree
of potentiation 13 directly related to the prematurity of the evtrasystole
and that the effect has a long duration many beats following the extra
systole being augmented i amphtude Moreover, the amount of potenti
ation 15 mereased by the presence of repeated extrasystoles A marked
ssmilanity between this effect of an extrasystole and the  rest contraction”
discussed earlier 38 apparent

A similar phenomenon 15 also observed when mntraventricufar pressare
35 recorded from the intact mammahan ventricle and erther spontaneous
or induced extrasystoles occur The tension of the extrasystole 1s less
than that of the normal contraction and the systohic tension of the succeed
g normal contraction s greatly augmented The ususl explanation for
the low tension of the extrasystole 15 that because of its prematussty fillag
has been madeq and the d hed 1mtial length results in a weaher
contraction (Wiggers 1925} Swumlarly, the additional tension of the
next beat, which usually follows a compensatory pause 18 said fo result
from increased filhng greater imtial length, and thus greater systohc
force This evplanation 1s in keeping with the relattonship clearly formu
lated by Starling (1915) and discussed earher 1n this chapler

Because of the similanty between the phenomenon seen mn both the
solated papillary muscle, at eonstant mittal length, and the mtact heart
1t 18 of considerable mnterest to re evaluate the role of changes m filing
1 the productron of the changes m systohe tenston just described This
has been accomphshed by comparnng she effect of extrosystoles on ntra
ventricular pressure 1o normal hearts where changes both filing and
echion were posable with results obtaned after the right sentricle
ed by a pump (Stebens et al, 1956) In tus latter case,

e}

had been bypass
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the entire venous return to the nght beart was directed 1nfo & large
reservorr so that the Blling pressure of the nght ventnde could be con
trolled. In addstion the pulmonary artery was Tigated to prevent ejection
for this reason contractions were neasly 3sometric throughout and emptying
of the ventnicle durmg systole was not possible. Intraventncuolar pressure
swas recorded from the nght and left ventncle by means of capacitance
anemeters and mdwellng catheters ot <hort cannulae. Changes 1o
diatolie volume were mduced by imjecting or withdrawing known volumes
of bood from the right ventnicle In most cases both the cardise outpat
and systemic blood pressure could be mamntained within yormal hiruts
ahter 1sclation of the mght veninde. In some expenments dilatation of
the night ventncle resulted an imcompetence of the tncuspd vahe results
ohtawed under these condittons were ot valid and were discarded from
consideration
The results obtained 1n this <enies of expermments can be dewnbed as
follows {Stebens et al. 1936) Pressure pulses vecorded from the ssolated
nght ventricle showed sumlar changes followmng an extrasystole to those
obtained from the same vepinicle pnor to 1solaton {Figure 83-B) The
tenston of the exirasystole was decreased and the tensian of the best
{ollowing the extrasystole was greatly wcreased In sddition the potents
ation of the po t-exirasy tolic beat was greater 1w the sbsence of filling
::n mhlixe normal beart As in the case of the isolated papillary muscle
b earher th extrasy<tole the less tensmon it developed and the greater
& tension of the foll M the 3 tenston
'“"‘:;gi(“’“‘ » swgle premsture contraction dechned slowly over a
perod of several beats. The possible role of an altered drastols 1
was evaluated 1 several ways o the Best place, xt Wb
measurable mechanical Tespanse was wot 3 0 was noted that @
nduced eash present following extrasystoles
rdaced calxxLy m the relatve refractory penod  the only change 1n the
s s
P ""Du': pno:n:l” 2 bght prolongation of the descending Linb of the
2 contrachion. However even th 5
wechameal response capable of altening fillin, ,_an Bere was no
estly extrasystoles were wmost effective in an, 2 oty oact beary, these
next beat. In addition the effect of & wmy Eeanng the tension of the
wath that of the mechameally ineff wgle dropped beat was compared
heart and isolated right ven 7stole i both the miact
resultng from the eilmsysgz?:l‘i (Figure 85.4) Agan the ‘Ppotenhiation

as much
the dropped beat even though the :mu greater thag 3‘" ‘Produoxd by
23 longer 1n the

Ompeusatory pause
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therapeutic concentrations of this agent In the case of the 1n situ dog
ventricle (Woske et al, 1953) 1t has been demonstrated that concentra
tions of digitalis adeq to pletely restore maximal systohe foree
during induced myocardial fmlure gie nee to no change 1n enther the
level of resting excitabulity or the tume course of the recovery of excta

bility following actnty

EXTRASYSTOLES AND POST-EXTRASYSTOLIC POTENTIATION

McWillhiam (1888) first reported the observation that a smgle exira
systole results i an 1ncreased systolic tension of the succeeding contrac
tions Subsequently Cattell and Gold (1941 2) studied this phenomenon mn
the 1solated papillary muscle of the cat heart They noticed that the degree
of potentiation 1s directly related to the prematurity of the extrasystole
and that the effect has a long duration, many beats following the exira
systole bemng augmented in amphtude Moreover, the amount of potentt
ation 15 d by the p of repeated extrasystoles A marked
stnularity between this effect of an extrasystole and the “rest contraction’
discuseed enrlier 13 apparent

A sumlar phenomenon 1s also obeerved when miraventricular pressure
15 recorded from the intact mammalian ventricle and either spontaneous
or induced extrasystoles ocenr The tension of the extrasystole 18 less
than that of the normal contraction, and the systohe tension of the succeed
mg normal contraction 1s greatly angmented The usual explanation for
the low tension of the extrasystole 1s that because of 1ts prematunty, filling
has been adequate and the d hed 1nitial length results an a weaher
contraction (Wiggers, 1925) Similarly, the additional tension of the
next beat, which usually follows a compenators pause, 1s said to result
from creased filling, greater intial length, and thus greater s)stohc
force This explanatian 1s 1n keeping with the relationshup clearly formu
lated by Starling (1915) and discussed esrher m this chapter

Because of the simlarity between the phenomenon seen in both the
solated papillary muscle at constant anthal length, and the intact heart
1t 18 of considerable mterest to re evaluate the role of changes m filng
in the production of the changes in systolsc tension yust desenibed This
has been accomplished by companing the effect of extrosystoles on mtta
ventrscular pressure 1 normal hearts where changes in both filling and
ejection were possible, with results obtamned after the rght ventnele
had been bypassed by 8 punap (Stebens et al, 1956) In ths latter case
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latter mstance These results strongly suggest that the potentistion of
beats following an extrasystole ss & direct result of the extrasystale and
15 not related to any change i flhog or 1mitial fiber length

Seseral edditional observations tend to confirm this ympression When
the flling pressure, and thus dastahic size of the 1solated night ventricle
was elevated by known mcrements the tension of the normal driven beats
the le and the post )] were all 4
However the effect of wcreased imbal length was mnch less 10 the case
of the extrasystcle #nd much mote 1n the case of the post-extrasystolic
beat than the effect of the same change 1n smitial length on normal driven
beats. Thas suggests that not only 13 the potentiation of the beat followng
a1 extrasystole not due to added filng but also that the weak contraction
of the early extrasystole 1s a result of the prematunty of the contrachon
and 15 not due 1o any decrease 1n filling or fiber length It 15 appavent
from this latter observation that recovery of ability to contract 1s much

slower than Tecovery of normsl exaitshility at any diastolic tension or
Jength.

“The results of these studies strongly support the concept that the changes
1n aystohic tension of early extrasystoles and slao the increase 15 systohe
tension of the past ystohe beats sre produced by the eatly prop d
electtical response and are not related to any change in ventriculsr filling
or amtial fiber length However, mince 1n the expenments described the
posibility remained that some minor alteration in fiber Jength might
kave gone unnoticed sumlar studes were conducted with jeolsted papillary
muscles, In these experiments 1sometnc tenston was recorded directly
with a sensitive electrome transducer and changes 10 tensson could be
!:;xxtc{;]y observed The results of this work are reported 1n detail élsewhere
t‘“: ‘:zna: et 2l 1956) However several observations are pertinent at

The sole of amiial length or tension an the production of post-extrasys
Sj‘;n::‘u‘on :r;sl evaluated by studping the effect of enxfsys!u\cs u!y\:?:
B o :u 2] Ienglthh: namely, at lengths less than, equal to and greater
_— l:ncw:; !: e first case an increase 1n resting length or tension
aher oo e amphtude of contraction 1n the third case on the
e e ® le::uu i twitch amphtude would be the result of the
eneths ms ) ngth As can be seer 1n Figure 8LA ot ol three 1mbal
e et ii r;xt{’nsyshlc had the usual effect an systolic tengion,

eing greatly augmented It 1s apparent, thereicrc’
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that the effect of extrasystoles 13 not meduated through changes 1 the
presystole length or tenvion of the fiber 'The possible role of heart rate

eould also be evaluated mn this p m the following manner The
papillary muscle was dosven at 3 wide Tange of rates to establich the
optunem frequency of for the develop of tension Subse-

gquenlly the tension developed at this rate during normal dnving stimu
lstion was compared with that resulting from the application of the
same number of stmuli per second, but with every other stimulus close
eaouch o the preceding shock to cavse only a premature contraction As
+hown 1z Figure 81 B the systoh tension duning the production of repeated
exzasystoles was greater than that resuling from any frequency of
regularly spplied drinng pubes. The sole of frequency of contraction
therefore, 18 of minor sportance 1n the production of the post-extrasystolic
fofentiation
It was of interest to record the transmembrane potentials dunmnyg the
production of post-extrasystohie potentiation since 1t has been postulated
that az ncrease 10 the duration of depolanzation 15 Associated with an
d force of Rep tecords obtained from the
pepillary musele are shown 1o Figure 82 A. The great mcrease 1 con
frachle force following repeated extrasystoles was sssoctated with a mnor
:fbmtase wn the duration of the action potential and na change 1n ether
; ; resting potential oy the amplitude of the action potential A simlar
- Yl;a:e : duration 1s seen durmg accelerated heart rate (Figure 82 A)
- o :;:and the augmented tension of the rest contraction™ s
e usP::t Y }; shght increase 1 action potentyal duration (82 B
the duta postud e !’a ateribe the increase 12 “outtaction to a change 1n
s d: of . epolanzation of the fiber membrape,
0 observed that there was 0o apparent change in conductson
contraction, In addwon whey # senes of beats

The ef
oelinlue g:,:; of ‘;ndohlt\g, o} changes 1 the 1000 Composition of the extra
o agents with a posiyve 1notropse ackan {chgytal
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Ficure 85 A Simultancous tracings of the transmembrane action potential and

myogram of the 1solated cat P!Pluﬂf!’ musclc ubowmg the effect of an extrasystole
an both records Controls (:

P {(—~) return
towards normal { )

B Superimposed tracings of & myogram recorded from a dogs papillary muscle
showing the control tension (~——) and the fension changes during repeated pre
mature contractions (——-—)
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additon, epinephnne hay been Teported to sbolisk the ability of the
mammaban beart mocle to summate 8t the same tume &8 1t shortens
de dursuon of refractonness {Whitchom 1934) In wiew of these
apparent discrepancies some re-evalustion of the question of summation
and incomplete tetanvs 1 mammalian heart musdle seems mdicated

Tt bas been demonstrated (Figure 79) 1n the wsclated papilfary musls
that relaxstion normally Jollows acon alter Tepolanzahion Furthermore,
so0n afier any oo contrachen the myocardium 15 capable of developing
e teasion 1f stundated sgun However, m records obtauned from
both intact hearts {Fagure 80) and 1solated muscles (Figure 82} anncom
plete fasion of an esrly le with the preced: 18
often eident. Even under normal conditions, therefore, something akan
to mcomplete tetanus can occnr On the other band the producuon of
fravk summation and wncomplete tetanms resuits whenever there 1s & dis-
grapothionste change 1 the lengh of electneal sod wechamucal actunty
Thus dipptalis 1n bagh doses which vesult 1n a very short action potestial
and complenion of repolanzation long before relatanon, produces sncom
plete tetanus 1 heart muscle exposed to rapid stmul: (Figure 79C and
D) Epiephrine, on the other hand, not only decreases the duration of the
sefrastory penod but also incresses the Tate of Telazabion (Opdyke 1952)

1 this case summation 18 prevented even w the presence of & decreated
respanstve period

These observanons m addition to others mentioned previously, suggest
that althongh repo) of the b ft

both the time
of relaxstion 1n the myocardium and also the tume of Testoration of full
canteaetihty repol 18 separable in tme seq; from rel
Moreover recovery af normal Bilaty and bty and rel
ox{rﬂuu repolanization When this occurs there 19 an mrreaswed probabulity
of abnormat and plete fusion of l actinity

SUMMARY
This cha,

pler mcludes 4 brief desenphion of the mechamcal evar
nts of
the ’nr;nduc eycle and the ssynchrony of acuwty of myocardial elements
n\:ho; ;fw::cd scbnty of cardhac lissnes s evoked b
phal and octurs with & bnef latency after depolanzation of th
!:luzi:n; :n‘x’ehtmmhng‘ exusts between depolarization and xepo\m:ahu:

Tane o

T ot e P;:w: ‘;x;:ebmd and contrachon and relazatian o

hat separable 1 that repol

¥ the propagated
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epinephrine) were also studied (Hoffman et al, 1056) In o case was
there a b bol of the y g effect of i
although the sugmentation produced was less when the contractile force
was imtially high due to any of these sgents Finally, 1t was noted 1 the
papllary muscle, 83 1n the case of the intact heart, that strmub apphied
50 early in the refractory period as to be meffectne in el g & propagated
sction potential had no effect on the tension of the following contractious
The results of these studies lead to centamn concluston although the
nature of the g 1on produced by extrasystoles remamns
In the first place, the role of changes 1n smtisl length or tension, 1 both
the intact and ssolated preparations, 13 of much Jess mportance m produe
mg post ystohic pot than has been assumed on the baus of
the well known Starling law Furthermore, the potentiaton thus produced
18 not due sumply to the change in heart rate The fact that early extra
systoles develop less tension than normal, even when the ventncle 1
optimally filled, shows that the recovery of the contrachile mechamsm 1
much alower than the recovery of excitabibty Moreover, smee mechameally
meflective extrasystoles are still capable of augmenting the force of the
following contraction, 1t appears that 1t 1s the propagated actson potential
which brings about the p of cont follownng extrasystoles
The date develoy of this p on and 1ts Jong durstion are
difficult to reconcile with the theory (Haydu, 1953) that potassium loss
18 the major determinant of the force of systolic contractson An alternative
hypothesis 1 better ag with the exp I observations, how

ever, 18 difficult to formulate at this time

SUMMATION OF CONTRACTION AND TETANUS IN
MAMMALIAN CARDIAC MUSCLE

The t 1s 1 d that of
does not occur m cardiac muscle because of the long duration of the
refractory period, or more correctly the urresponstve periad. Moseover
numerous experiments have demonstrated that under a vanety of condy
trons summation can be produced when the refractory pertod 1s shortened
(Carlson 1906, Burndge, 1920, DiPalma and Mascatello 1951 White
horn, 1954) On the other hand, cooling of the mammalian heart regularly
results n the prod of and plete tetanus dunng

d stumulation even though the decrease im temperature causes 3
B of e mess {7 and Dudel, 1954) In

marked profong
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Bargen, A S ¥ and Tenoox, Ko G On the negalive 1motropic effect 10 the cats
de J Physiol, 1953 120 439

‘“’é:r;m A,; On the sction of chloral hydrate on the heart wth reference \ln
the vouelled phynological properties of heart muscle  Amer ¥ Phywol, 1906 17 )

T, Mk and Geld, W *The mgence ol digalie glucosides on the foree 60’
comtraction of mammalian ¢ardiac muscle J Pharmacol and Exper Therap, 1938,
s

Cattel, MIcK. and Gold T “The relauon of rhythm 10 the Sorce of contraction
of mammalian eardies muscle  Amer 1 Phyuol, 19412, 133 236

Cateell, Mch. snd Cold, H. Studies on punfied digitalis glucosides—the relanon
ship between therapentie and toxic potency J Phormacol and Exper Therop. 1931b,
ki)

Clusk, A T “The action of 10us and hipords opon the frog s beart, J Physol 1913
6

Corsboent E, Laze €. @ and Bastel, I Action de la @gtale sur les potentutls de
membrase o 4 acton d Usew conducteur du coevr de chuen, etey € R Soc Biol,
W N 169

Cumis, H. ] Action potential of heart muscle Amer J Physol, 1949 159
R

I Palina, ] and Maseatello A V Excutability and refractory penod of ssolsted
beart musele of the eat, Amer J Physol 1931 I6¢ 589

Edman k. 4 P Action of cardisc glycosides on the ATP induced contraction
of ghyecnanted muscle fibevs, Acta Physol Scand, 1953 30 €3

EngImann T W Dhe Usabhang: ket der teotropen Nervenwirkungen vou der
Letungsfibigke t des Herzens fur motonische Rewe, Arch | Anat u. Physol,
1902, 1 W

Frank, O *Zur Dynaovk des Wermmuskels Zuschr § Bua', 1855 14 370

Fureh on, R. F and Slea or W Effect of rate of stmulation stropanthsn, epue-
thrme and acetylebobine on comtraction force and acuion potential of 1solated gunes
wig suncles, J Pharmacol gnd Exper Therap 1903 110 29

Cob, S Separability of contractile force and wtability 1 mammabiaa heart
wusele, Amer J Phstol 19212, I64 238

Carb § “The eflect of potassium, ammonium, calaum, strontium sad magnesium
98 the electrogram and Twwogram of mammalian heart smuscle ¥ Pharmacol. and
Exper Therap 19311 101 37
gth‘ S and Vestun, ¥ “The differentis] actions of potassium on the therapentic
lnc:‘ﬂ:cﬂt&:\: of votbaw J Phermacol and Exper Therap, 1954 112 9%

and Cattell, MeK. Mechanism of digsal,
m:‘;“ Bk ot v o Mecha gt sction n shobshung heart
10, 8. Mechonmm of st

1 Pt 1o e o sarease 2zd contescture m ventneular muscle  Amer

Hams A5 “The spread of exeatatg turtl

Amer ) Frpuet e o8 1n e dog cat, aud monkey ventricles,

Marrs, & S aod Madjerek, Z. Effects of udded

SN, ol e, Amer ] Phomel 1908, o1 sy T (2 et Hood



332 EXCITABILITY OF THE REART

may be completed before the onset of relaxation The temporal relation
shup between electrical events and contraction 1s not absolutely fied

Cardiae exertability 13 hkewsse not nvasiably hinked 1 a quantiatne
{ashion with the force of contraction of the myocardium The strength of
beat may change and digitalis and other agents may modify the efficiency
of energy use tn cardiac contraction without change 1 transmembrane
esting and action potentials or 1 excitabihty as determined by apphed
stimult

Factors mfluencing mechamcal activaty are discussed Tension heant
rate, changes ation of 10ns, temperature, digitalis and other
factors all mfluence the contractile process s cardiac muscle Evidence
13 offered both 1n suppart of and opposed to the concept that changes
the potassium content of the fiber are mumately related to the tension
developed durmng

Much of the newer experimental work reposted deals with a study of
treppe hike phenomens The long lasting potentiation of contraction follow
ing early extrasystoles was studied m the whole heart m situ and 1
1solated tissues It appears that though the t b tial

action p
are not changed, the propagated membrane changes, even though unaceom
panted by contraction, somehow affect the contractsle pracesses durmng
subsequent cycles

The relation of this post extrasystolic potentiation to phenomena ususlly
explained on the basis of Starling s Law of the Heart 1s pomted out

Summation of contraction 1 cardwne muscle 13 discussed and possible
expl of the 1 d ponsible for 1ts e

18 gnen
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X n since beats normslly onginate 1n a pacemaker such as
:g:m:hz::‘;“ of amphibis and repules and the nodal tissues of

als
mmugm hearts are dnven by cholinergic neurons and CO"'qu}l‘eﬂll!’;
they are accelerated by acetylcholine Activities of the myogenic hear!
are controlled rather than initiated by neural factors They are normally
maintamed 1n an 1ntermediate state of actity by tome discharges from
opposed autonomic nerves Simce the whibitory nerves are cholinergic
acetylcholine generally wnhibits or slows the rthythmic action of the mam
malian heart. The el d from 2! teants ususlly
show traces of the burst of gang) 1mpulses that ong the beats

These may appeat 23 oseilltions on the cardiographic tracings (Prosser,
1950)

Myogeme heasts of various species differ from each other 1n many
respects For example the pulse rates range from & few beats per minute
m the case of some shellfish to several hundred beats per minute 1n
small warmblooded birds and mammals Clark (1927) gives many
exzmples of the diveruity of heart rates encountered 1n the varous species

Evex within the mammalian group there are Jarge diversities Fagure 86
Bives & comp of the ¢}

and the cellular transmem
brane action potentials of a number of forms The electrocardiograms of
other smmals can be found in publicaions by Fiddes (1929} Prosser
(1920) Lombard (1952) and White (1953) The mmilanty of the
2 diogram of the eel {A ki and Cardot, 1936) 1o an electrical
recording from smooth muscle of the uterus {Borler, 1912) and the elec
tocardiogram of the mou.e to the achion potential of skeletal muscle

emphasizes the similartties of cardise and other 1ypes of mu de.
¥V ARIABILITY OF CHARACTERISTICS These dwersities of property

and action are d by vanous In true hib
the beart rate may drop to a very few beats per minute and durning etress
an"d cloftement the rate may rise to above 200 per munute 1n the same
1 The confi of the el and the duration
of even the \; action p fs of mdividual cells change
enormomly a3 the heart rate vanes At extreme rates, as in fibnllaton
lh!:le ‘)csu\hﬂs bepm 1o Teseroble the action potentials of skeletal muscle
Howed 1 e et s ot s e R lenSon 15
n potentisls show more resemblance to those

of smooth musele (see Chapters V VII vin




Xl Comparative Physiology of the Heart
and Summary and Conclusions

A consideration of comparative cardiac physiology and
& briet summary of the pomnts of major Importance treated
i this monograph are given

Tugse sTUbES of the mammalian heart as a whole and of the function
of sts andividusl elements have led to numerous conclusions and have
revealed several phenomens of great mterest In addition they have served
to indicate many problems which appear to be emsnently worthy of con
tinued myestigat In brief y the mam themes and conclusions
of the monograph can be reviewed under 2 number of headings

SPECIAL PROPERTIES OF HEART TISSUES

Al species of animals except members of the phyla protezos ponfera
and echmodermata possess a ! latory pumping organ which
can be called a heart In therr phylog and ontogenetic development
these hearts originate from smooth and/or skeletal muscle and heart muscle
does appear to possess some characteristics of both In addition howerer,
the heart tissues have developed properties which adapt these orgens o
meet pecubiar functionsl reqmrements of the various species {(Clark
1927) These special properties of heart issues are most hughly developed
m the large mammahien hearts wiich may be considered to be the mot
specialized of all such organs A consideration of the comparative physt

ology of the heart 15 of mterest because such studies provide examples
of special which emph the functional importance of certain
properties acquired by heart tissues

TYPES OF HEART Two basic types of heart exist ne newrogeme
and the myogemic Neurogeme hearts are characterntic of the phylum
asthropoda and possibly some asaidia wiile mollusca and sertebrata
Passess myogenic hearts In neurogenic hearts, beats origmate 1n gangha
Tocated on the heart surface (Hesbecher and Bishop 1935 Carlson and
Johnson, 1953) while sn myogenic heasts the shythmiesty seems fo be e
property of the heart muscle stself In thus latter group there 1s some degree
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i Smodanties and disymtanhies of the hearts of vanous !ptckﬂcc::i
el pessshzed heast tissues can be given furiher consideration 1w c;mn o
b 3 drseussion of the conclusions attawned n thiy totsl etudy o

flenomens of beart action 'The topics of major interest which have been
deadt wth are the following

EXCITABILITY ANDR EXCITATION

ftcan be stated that current theores concermng the nature of the tilcl\\n
ary processes and conduction are applicable to the heart cell ay well as

o nerve fibers There sppears to be a bame sumbanty betneen m'emhnncs
o el wrtable cells Excatation and cond :

are P
10d 2.de from q dufl 1 threshold and membrane poten
tal the nerse, skeletal moxcle and heart muscle cell resemble each other
very tlosely

The cardisc eell 5 has a and P which
coter & parhial permeabibty and 2 pok of the memb by
virtwe of itrmsie ok hy sical Metabohic actinty sustainy

this normal state despte itomsic and extnosic wnfluences which sanst be
cousteracted Thus Junctionally balanced state provides opporunsty for
ereation of un wstalnhity of the heart cell such that impiwging wfvences

Tome 36 B 31

of vanons ansmals

nd action polentiale

(A} Upper Dog hoh lead BCG Lower Ventnosisr transmesmbrane action poten
il vecosded mmultanconsty

) Upper leetrogram from dog auncle Lower Symultsneous treasmembrane
40 potentsat

{€) Upper Teansmembreae scrion patestul of frog venmele Lower Eleetrogram
from frog «emincle

D) Transmembrane action potentisl of excused ravary vertncle
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mtnnc exctatory P snd becanse et bolishes any develap-
exertatory process which may have begun.

me;;: sttxnus vmusv:sy 5{ the amphibia and reptiles and 1 the mammdnls
\he smo-aunsculas pode terve as the pacemakers There 13 8 graded or Sr
of wtng sc thythmicittes 10 the mammalien beart and t‘hn 1 suﬁ'lcx:uthy
umform to permut pred: of beat ongin followning ok e
prmary (the S A node) and even the secondary (A 'V node) pacemakers
Ectopic beats however, can onginate from any portson of‘:he heart since
cardsac muscle 13 comprised of an tion of p

elements and escape from domunation by the normal pacemzker 18 always
2 latent possibility The spontaneous ongn of a beat 15 2lways 1dentifisble
1 n tell by the gradual dechne of transmembrane potential which precedes
the propagated sesponse.

THE RECOVERY PROCESS

Following ezeistion of cardiae musele and the propsgstion of an
mpalse the membtane 13 fepolanzed and other recovery proces es occur
Ia tlus respect, however heart tissues differ somewhst from nerve and
skeletal muscle. In order to function 2s a pump the heart must contract
and relax rhythmcally rather than mantam contraction Skeletal muscle
18 equipped to sustain tension and can be tetanized but after each contrac
tion the heart mu.t altain a tate of relaxation and remamn relaxed long
enough to fill with blood Cardiac muscle and particularly ventriculsr
muscle po.sesses properties which tend to mantain an alternation of
tvstole and diastole thus avording a sustawed contraction Evadence of
the operation of these factors can he deternuned 1n two wavs

THE PLATEAU The b action p ds of ndividual
cardiac cells of certam species teseal a plateau following the overshoot
which indicates a retardation of repolanzation and a defayed recovery
of normal bility This 18 particolarly true 1n far tissue of
lacge mammals but auncular fibers of some hearts {Irogs and turtles)
alsa reveal a bref platesy 1 the secovery phases of the cycle The rapdly
bestng ventnicles of birds and emaller mammals show practically o
plsteau Drugs and other 1nfluences which can change heart vate sodly
profoundly the duration of the platesy and the ecovery phase of the
Beart ¢ycle When the plateau 13 enrtaded the refracto

TY persod 13 gener
sly shortened and the heart becomes susceplible o greater rapiduty of
dnve and a possible wefaency of Pumpng action The presence of the




340 EXCTTABILITY OF THE HEARY

of n parucular kind trigger a regenerative process which caures a Tocal
reversal of membrane polanity

As 1 nene ond shelotal muscle excstation amtrates an rome fux 1
the heart cell whereby the previously excluded Na sons enter the eell and
carry the current that yeverses the membrane polanty thus producng
the upward swing of the action potentiasl The downswing of the achion
potential resultng from an outward flux of K and a cessation of Na
movement, howeser, 13 dersbly delayed, partienlarly 1 ventnealar
cells There 1s an immedinte reduction of the overshoot but a platess
phase antery enes before final rapid repolanzation The cause of ths platess
pentod 13 not known It appears to be peculiar to cardiac muscle and
certamn types of smooth muscle and presents one of the major mysteries
of eardinc physiology

As a result of this Jocal depolarizatson, created by an apphed stmulus
er by actinaty v the pacemaher, a sink source relatronship 1s established
which resuits m an electrotome current flow This 1n turn touches off the
phy sicochernical veactions of the regencratne process m adjacent mem
brane and thus en mmpulse is conducted aleng the specialized and
unspecizhized conducting paths of the myocardum

THE PACEMAKER

The ntrinnic thythnueity of heart muscle 1s & pecular property pos
sessed by all vertebrate cardizc muscle tissues At least 1 pacemsker
ssue, the chyth pp to orgnate 1 sn sustabihty of
the cellular membrane As soon as repolarization has been attamed »
gradunl progressne depolanzabion occurs which reduces membrane
potentinl to a point of mstabilsty permutiing sudden reversal of membrane
polanty due to a sudden wcresse of rome flax Whether this breahdown
should be descrsbed as eaused by development of an intrinme excitetory
process or by a Locshzed defi 1 the hol
polanzation cannot ss yet be decided Only tissues serving s pacemaker
function show this depolanization preceding ongin of the propagated
response . Lor o that

The cells of hughest intrinsie thy serie a5 & p n the
impulses ongnating from them sweep aver the heart umhating achvily
lements of the my hium Thas 38 posssble because cells recover

hility after each well before development of ther

n other
normal
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Twnng the refractory pertod shmul can have only & Jocalized bz!{fect
although there may be & creep or gradual spread of thue cch!nzuﬂ ';;l‘
full normal propagation ean ensue affer recovery of !hecmcm rane | &
Tatency of response obeerved 2 ted Jor by s .
ess and the pernstence ol foted excitatory processes Thus the re ra;:;ut)'(
period 1 hoth 2 peniod of subnormal excitability and also & penod o
irtespansivensss hut only 2 the sense that propagstion of a normal type
cannot begn until the termination of s 1nterval and until normal polan
23m08 13 attamed The refractory phase of the cycle s also 2 penod dunng
whuth Yoead zeachions may permst for suficent Wme to pesmut o change
1 thews ature nd extent belote gving engn to a propagated responee
Duning the vulnerable phase of the refractorv penod stmulation may
eventuste 1 Gbrillation The nature of the local excitatory states ereated
m the heast, putticularly dumng the phuse of submormal excitability,
presenty a problem of sgmbicance.

Altgugh, as stated previondy there 18 practically no penod i the
cardiac cycle dunng which the heart 1s completely unaflected by etimu
letion 1t 18 ble to subdinde the post At 1 penod
1020 at fea.{ two phases Certasnly multiple processes oconr which eventuate
1 & progressive Tecovery of excilabilty aad yespon weness Alhough the
punagle of subdimiion 18 acceptable npd cntena are lacang The
termins] boundary of the telative refractory perod 18 clearly adentified
by stamult of many durations but this does not hold for the boundary of
the phase of sbsolute vefractorness Cenawly the early processes of
recovery dffer from tho & of the later phases 1t slso appears that after
a certan degree of repolatizatian has been attained a rather fixed sequence
of events occurs which 1t fesy subject to modification than are the eather
processes Evidence can be quoted in support of this hypothens but st 1s

ot possibe o present to sllocete centmin processes to the abaolute and
othiers to the relatve refractory penod.

1) The action potentials of mdmdual cardiae cells revezl thyee
phases 2} the utsal depolanzation and overshoot, b} the platean and
c)’xu» pimse‘ of q';unk tepolanzation These phases vary or can be aflected
mE; ; " ﬁ\:; d:?; = p are mvolved 10 yarions
of recovery or at feast that the quantitaties selatyonsh
mamtatned are quite disimylar o and baances
2) The strength-duration curves obtamned at va
riovs ntervals
cydie {all oo Waee categories a) the relatively wniform curves oblt:\::;

i all parts of dhastols and n the supernormal peniod, b) the famly of
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plateau also delays the onset of any mtrinsic excitatory process Nerther
the czuse of the plateau nor the factors responsible for its practscal dis
appearance under some circumstances are known It 1s certamnly true
that an paroxysmal tachy cardin both the plateau and the refractory penod
are so short that the heart remans contracted for too long s proportion
of ats cycle to pernit adeqy filling, tuently a suff volume
of blood cannot be ejected to mamtan arterial pressure It has become
qute clear that more study will be required before it can be decided
whether the plateau 1s due to a deficiency of the recovery processes or to
a delaying action engendered by some reaction peculiar to certam cardiat
muscle It does seem that this delay in repolarization or recovery 1s an
ntegral part of the process responsible for the fact that m cardiac muscle
the duration of refractoriness comncides with the contractile processes Ths
contrasts with the situation found in skeletal muscle where refractoriness
ends prior to contraction

THE REFRACTORY OR IRRESPONSIVE PERIOD A perodic xe
fractoriness and unresponsiveness are characteristic of certain phases of
the recosery process It has been constantly emphasized that these terms
should be employed in a relative sense A second propagated response
cannot be evohed until a certan time lapse after the begmnng of an
mmhial action potential a pertod of relative refractoriness also follows
each action potential and for a time a stmulus of threshold strength for
diastole will have no detectable effect. When sery strong stimuli are applied,

however, 1t app that the absolute refractory period 1s very short It
seems quite probable that mn such cases the stmul have a persishng
effect b of some ab 1 or duff mode of action When one

considers how a stmulus mught act during the refractory period to exert
a sufficently long lasting effect to 1mitrate an action potental after reestab
lishment of normal abulity to propagate an impulse there appear to be
but two possibilities (1) When the membrane 18 depolanzed the only
mechamsm left for carry over of the effects of an applied stumulus would
be a locahized delay m repolanzaton which, of course, could not produce
4 response untl surrounding tisswe had attained a high degree of repolan
zation It 1s conceivable that very strong stimuli may act in this manner
but proof 1 lacking (2) Later 1n the refractory perrod a more normal
form of stmulation occurs After some repolarzation has taken place &
stumulus could reverse this process locally although possibly with grester
than normal difficulty because during the refractory period the processes

of recovery are 1n ascendancy
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Dunng the refractory pertod ehinul can have only a localized effect
although there may be 8 creep or gradual spread of this excitation before
full normal propagation csn ensue after recovery of the'memhn:ae. :l'he
Tatency of respanse ob erved 19 d for by this 1
ness and the persistence of local excitatory processes. ‘Thus the refractory
peniod 15 both & peniod of subnormal exaitabality and also & peniod af
irresponsiventss but ooly m the sense that propagation of a normal type
caanot begn wntil the termumation of thus 1aterval and until normal polar
2aton 15 attamed, The refractory pha.e of the cycle 15 also a penod duning
which local reactions may persist for sulficient time to permit a change
1n their nature and extent before gving origin to a propagated response.
Durng the valnerable phase of the refractory penod stmulation may
eventgate 1 fibnllation The nature of the local excitatory states czeated
m the brast, pamicslarly durmg the phase of subnormal excitability
presents & problem of nignificance

Although as stated previously there 1s practically no pemod in the
cardiac eycle dunag which the heart 13 completely unaflected b;

b

y stimy
lation 1t 18 ble to subdivide the post 1 period
into at least two phases Certatnly multiple processes ocenr which eventuate
map Tecovery of bihty and resp Although the

ponaple of subdinsion 1s acceptsble npd enterna are lacking The
termuns] boundary of the relatwe refractory period 13 clearly identified
by sumuli of many durations but this does not held for the boundary of
the phase of absolute refractonness Certainly the eatly processes of
recovery differ from those of the Jater phases It alvo appears that after
2 eertain degree of repolanzation has been attained 2 rather fixed eequence
of events occurs which 1s less subject to modification than are the earlier
processes Evidence can be quoted in support of this hypothens but 18 38
not possible at present to allocate certain processes to the absolute gnd
cthers to the relative refractory pertod.

1) The action potentisls of individual cardiac cells reveal three
phases a} the imtial depolanzation and overshoot, b) the platean and
C)the phase of quick repolanization These phases vary or can be affected
dently 1nd l, ﬂ:a& d‘gf"m P < are wwolved in various
eas! af
o it A Sk :y e quantitative relationships and halaces

2) The strength duration curves obtaimed at vano
cych“(a“ \nlo!\hxee categonies a) the relavely m:fo‘r“m l:-:::]:,bl:,,:}:;
1 all parts of diastole and 1n the supernormal penod b) the famly of

T Y
stages of recovery or at
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curves obtamned late i the relative refractory pertod showmng a gradual
shift upward and to the right and ¢) a farmly of high intensity curves
obtamned very early 1 the cycle lymg much above and to the night of
the others (Figure 16) This observation suggests that stimult apphed
eatly 1n the cycle may act by different intermediate processes

3) Impedance studies have shown that resstance 15 high both before
mitiation of the action potential and throughout the platesu phase m
heart muscle It drops markedly during depolanzation and posubly
during the quick recovery phase only to increase agam as normal polanza
tion 13 attained Thus withun the total refractory period there are early
and late mtervals of low resistance o current flow

4) Some of the most convineing evidence of different charactersstics
of early and late refractoriness comes from studies of the effects of rate
temperature changes and certain drugs upon the heart. The relative refrac-
tory period 13 not changed but the sbsolute refractory period, as defined
by the commonly employed stimuli, 1s markedly altered 1n each case
This would be very difficult to explan without the assumption that the
chemicophysical processes 1n these two periods are different.

5) The very strong stimuli required to produce an ultimate effect
when placed very early mn the cycle seem merely to have an absolute
threshold requirement When this 1s attaned they remain effective eather
and earhier without additional strength requirement It seems as though
the tissues are merely passive and the effects of the stimulus are unrelated
to recovery processes

6} Early 1n the relative refractory period there 1s absolute refractoriness
to very strong sttmul but not to simuli of moderate strength This “noth
ing” phenomenon can only be ehcited early in the relative refractory
period and not duning 1ts later phases nor during diastole.

7) Finally, duning certain phases of the refractory pertod the heart
18 vulnerable to fibnllation This 1s sufficient evidence to support the
contention that recovery 1s a progressive process mvolving numerous
physicochemical changes It 1s less generally recogmzed that recovery of

bility 1s not 8 thly prog e process 1o the sense that at
certam pertods the heart 13 more susceptible to certain types of stimult
than 1t 19 Iater, after recovery has progressed still further

Generally speaking the action potential of heart muscle and the refrac

subnormality ends with repolarization It has been
lete

tory periad comede,
shown, however, that refractoriness 38 not merely a matter of comp!
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depol At Tow temp the total relfractory penod
;r::i lo'ng:r than does the transmembrane action potential Nor:lnal
exaisbibty 15 not restored by repolanzation of the cell. An explansion
of why foll excrtability 18 restared more elowly than 15 normal membrang
polarustion cannot be given but the cheervation does serve as endence
thot int.rmediate reactions occus between recovery of membrane potential
and the restorstion of normal excitability i beart tissue

SUSCEPTIRILITY TO STIMULATION AT VARIOUS INTERVALS
OF THE CYCLE

THE ACTIO% OF STAMULE Tt bas been found that fate m the
sefeactary persod a local extatation or respon.e occurs under the cathodal
testung electrade which perti_ts untd a normally propsgated response can
occur Of cousse a fupher intensity of stumulation 13 required to produce
tus effect than 15 required to produce & respon ¢ duning diastole. Some-
what enthier m the eycle anedal emrrent of high snten ty sumulstes
more readily than does cathodal curvent flow One explananon offersd
ts that gnodal carrent fow 13 known to md repolanzshon  the
fusue ynder the anode 1 repolanzed and sttans & condition §

# to be affected by the break of the anodal current or by the current
from the distant cathode. The emidence supportiog this conclusion 1s that
when anoda} } 13 pared with 1! by means of &
sugmatic cathode the anodal stimulus 15 more efective at & parbeulsr

mtereal {the dip phase} of the refractory pertod Furthermore when bipolar
il 18 wed the propagated respomse ong: near the anede
dunng the snterval of the dip

THE “NO RESPONSE” PHFNOMENOV The usr of very stong
stunuls reveals a peculiar phenomenon Very early in the relative releas
fory period and also 1 the dip stumuht of high tensity produce no
response and cem to have no effect although shghtly wesker stumuh
Produce extrasystoles multiple extrasy toles or fibnilaton. These stumuh
which e’lx;;n the “nod:;ng';h phenomenon do not produce yrrevernble
wiury The tisues under the electrodes rec

Ty e over normal excitsbility ws

Thus pecubiar unresponniveness to Iugh strengths of
tunul

abserved to ocour 1 both suncles and ventm?zs o: t}:c :c:u}:?;)m
cats and turtles 3t ocours i ssolated yian o

ues also but it has only been
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demonstrated during the early phases of the recayery period, never dunng
diastole

THE “DIP” PHENOMENON Channs of reactions are mvolved 1 exaita
tion, response and recovery During these chamns of reactions there may
be opportumty for srregulanity of progresston of recovery or for osalla
tion occasioned by competitive influences Whatever the cause may be,
an irregulansty which resembles a damped oscillation 13 seen 1 the pro-
gressive recovery of normal bility following tion of the heart.

During the refractory period at Jeast two dips are observed which
can be described as brief periods of unsustained degrees of recovery of
excitability There 1s also a supernormal period mmmediately followng
recovery from this refractoriness These dips are ntervals m the refrac
tory phase of the cycle during which stimuli can more easly than just
before and just afterward produce a local excitatory state which will
persist until a propagated mmpulse can be imtated

Normally there are no visible signs of oscillations or “dips” n the
cellular potentials of cardiac tissue However, the positions of these dips
do roughly coinctde with phases of change 1 the membrane action poten
tial The first or primary dip comncides with the end of the plateau whea
the quick phase of repolanization begms and the second or major dip
coincides with the termmal phase of repolarization

VULNERABILITY One of the most sgmficant pomnts sbout these
dip phenomena 1s that duning these ntervals the heart 15 most vulnerable
to fibnllaton Some factors such as vagus nerve shmulation, adrenaline
and drugs which tend to promote fibullation prolong the duration of the
dips but their greatest effect 15 on the vulnerable period itself As shown
1n Chapter V1, the vulnerable period overltes the dip but thresholds for
fibrillation ate considerably higher than for extrasystoles Influences affect
tag vulnerabibity cause the threshold for fibnillation to approach that for
extrasystoles During vagus stmulation 1t 1s sometumes difficult to find
a lower threshold for extrasystoles than for fibnllation 1 this vulernable

pertod
Vulnerability may be due to asynchronous states of fiber excitabihty

and conductivity It may be due to the fact that 8 period of relauve hyper
excitability 3s followed by a period of regression which serves to disorgan
yze and fractionate the response There may be an mstability of the mem
brane which facilitates repetitive firing at these intervals of vulnerabihty
The statement that can be made with certainty 1s that during the vulnerable



COMPARMTIVE PHTSIOLACY, SUMMARY, CONCLLSIONS 347

penod condiions masstain which potentiate duorganization of ncuon‘ of
eat slements and escape from the wtegrating i of the p

The natre of thus stote and the cause of this vulnerablity 15 not under
staod.

FIRRILATION

Fibriflahon nsually resolls from dusccsstion of actimty n vamous
dements of the myocsrdim This dusociaion 18 po sible because these
mimBosd dlements prasess the sbility to wtiate therr own sctynty or
to respond ndemdondy ¢o spphed sl It has been found however,
{hat this property of wadependence of activity 15 dlto possessed by regments
of 1ndinsdust cardiae fibers and 1n the most extreme degrees of divorgsn
wation even indindual cells do not bebave ay anits Whatever the ininnsic
achivating force may be which causes thythmuc actty of cardiac ns ve
W appears 1o be poseessed by alt portions of the membrape,

B 2 car opmion they Botter #pd Sinllabon cannot be considered to
Ye wvanably due exther 1o a ssmple fixed carcus reovement or to actnty
of muluple wdependent p: k Fibnll ongmnates n and 14
mamtamed by nterachon  yeemiry 18 invohved and this may be due to
return of an 1mpuilze S0 8 previous tegment of muscle niter 3t has followed
an sreguiar path or to escape of intninsic excitatory processes from dome
nanon by normal paceinakers Elevtrotome cuttent flow should be can
sidesed 1o play a very smp Tole wm p % these anchyth
It 15 thoupht that the eddy custents generated by sctinty 1n ome Tegion
may touck off sctinity o adjacent tissges enther by wmbitung & regenerative
process there or by summanng with locally developmg exenstury pro-
cesees These eddy currents would act pnmanly on nearby cells passessing
8t the moment the lowest thresholds Activity conld bus proceed stepw o
’;h;“ a saltstory manner over the heart in 3 random but Tepelitions fashion

s coneept incarporates the essence of bath the eircus mov. 1h
whch 1¢ veentry from per sting actwnty and th Frent theory
which employs the concept of mnulh e £ o ilule focus theory

ple foct of newly imtiated sty Ay

the same tme 1t employs the known excitatory action of current fl
dimg wn wctave or Sepolanzed ares The well kngna phe e o
nerve fibet wteraction whath permiy wrpolses 1o Prenomens of
affects speed of conduetion 1 pavallel muscle sn'ﬂmp bamiers and which
b d into the d of the mech oerve fibers ‘h"":g"’;
atoty activity and 1 the ehology of other velatad o B § 1o b

DRUG 4CT! byt
OV ON ARRHYTHMI45 1) Fibndlatory genpn Evdence
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has bkewsse been produced to the effect that fibnllation does not result
irom & mingle type of abnormality such as shortened refractormess and
slowed conduction Disorganszation can be brought on by imbalance onigt
nating from & number of effects This 1s well illustrated by the fibnifation
produced as a result of excessive doses of some antfibrillatory agents
Prolongation of refractoriness may tend to prevent fibrllation but exces
sive prolongation which causes imbalance with other changes mn the
beart predisposes toward fibrillation The converse generalization can
8lso be made, that drugs such as scetylcholine, adrenalne and many
others which tend to promote fibrillation can also act to gbolish the
arthythmia There tends to be a reversal of the effects of the quick acting
drugs such as epinephrine and acetylcholine and even of vagus action
for that matter This duahty of effect has not been studied intenstely
enough to determune whether the fibnillatory and antsfibrillatory actions
of these drugs are related to one or the other phases of thetr dual effect.
Some correlation has been attempted 1n the case of epinephrine and nor
epinephrine and 1t has been found that fibrillation 1s most easily produced
at a time when these drugs are having an excitatory action, but studies
of this nature have not been undertaken wuth other drugs

2) Anufibrdlatory action Antfibnllatory drugs do not abolish the
dip phenomenon The drugs studied do affect excitability, tending to rmse
the threshold and prolong the refractory period, but have lttle effect
on conduction at therapeutic levels

Changes mn threshold and refractariness are not mvarsably proportional
to the antifibrillatory effect of a specific drug or dosage It appears that
factars other than threshold excitability and duration of refractoniness
are of importance to the productton and prevention of fibrillation It bas
been found that the antifibrllatory drugs stabilize the membrane in that
they tend to prevent change in transmembrane potential by applied stumul
but do not modify exther reshing )s or action p il

Drugs are spoken of as antfibrillatory because they tend to protect the
heart from fibnilation rather than because of any abihty 1o abohsh the
arthythmua once 1t has begun These drugs raise the threshold for fibnila
tsan and reduce the duration of the valnerable periods Quimdine, procaine
and certain other of the antifibrillatory agents will change aurcular
fbnllaton to auricular flutter or may even abolish the arrhythma
altogether, but m the case of ventnicular fibnlianon there 15 very Ttdle
the drug to penetrate that organs thick muscular wall

opportunity for
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1n the abeence of 8 coronary ewculstion dusing Ebrillstion and ths
slone would prevent the stoppage of ventncnlar fbriistion by an sdmn
astered drag

The drugs which are dasnfied s antifibrllatory sgents have a de
pressant achon on the heart. As such they oppose the fitmilatory sction
of decine shmgh anesthetics, adrenshine, ete They might hlewse reduce
& dangerous grachent between hyperactive ot normally xntable tusue
and depressed segments of the heart but since fibnllstion can result from
nohslance due to depressed function adh tion of a dep t drug
u dicated 1n certain Certamly the ratinale ol the
stuation indicstes that wnce Gbnllstion does not onginate from any
ot condition 1t 13 not Feasonsble 1o search for one drup to counteract
2t cond which wught o fibnilabon Until ymore can be
Tearned conterning the baoe proves.es 3n cardiae cell functon and the
tuchanim of fbnllstion search fox new sotfbnlistory sgents and the

;\:hc:i knovn drugs wil havs to he carnied on 11 & mote or less empincal
on

DEFIBRILLATION 1 Sbnlt 3 due to sh d ref,
and slowed conduchion a drug which would esther sceelerate conduction
or prolang ref: should be beneficral. § does prolong
:‘iﬂnvmwug 3 fibnflatron and flutter are due 30 ectopic Yocs of beat
ngm any infuence which would suppress the minnsic excitatory process
thould defibrilinte the heart, Vagal strmulation which does suppreas beat
':;’“Em does often sboli.b suncular fibnliston Matters are not always
mnmp;e. bowever, and 1t appears that many methods of deSbrillaton
mmhu eatng and cooling may work, but all too wfrequently to be of
by mhpncbcak usc Potassima chlonde wall stop cardiac cell activity in
mhhn! bestts #4338 of estrum chlonds 13 then given flormal thythms
- “P;:!oml Tilu grocedure greatly weskens the heaxt and 1 5 hazard
i (munm Bgn‘ ways sequining cardise masage to ad 1 reestablish
E:;;?ﬂ:n:‘m;dmd 33 at 2l reliable and that 15 electne countershock.
soren :! of this method 15 based upon the prnciple that a complete
o B ‘:‘ :i\":l :x :;m ¢ells does give opportumty for the normal
“° rd“"’"“u iy w domwnance and ther unidying control of

hat
ml‘:d‘n;ucem:n&;hmk can attain this end more safely than any other
o the fact that cardsac cells can be domnsted by hugh
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wmtensity shocks at practically any time n thesr cyele and 2 unformaty of
condition established Following termmation of the defibrillating current
the cells presumably repolarize and come under the control of the pace
maher which fires the earliest ympulse Countershock 5f properly spphed
has nio untoward alter effects Nozmal pacemaker tissue may not take
over control of the heart 1mmediately and thus the use of dnving stmul
or massage may be required Defibnilation through a closed chest can
be full phshed Further develop m this field are to
be anticipated Defibrillatory and cardiac dnve apparatus for use i case
of cardiac arrest are now available but both of these procedures are stull
attended by many hazards and many uncertainties of result.

MECHANICAL ACTION OF HEART MUSCLE

The phases of mechanical action 1 the cardsac cycle can be correlated

with the excitability cyele and the changes m p 1 d with
depolarization and repolanzation of the heart
Methods of recording meck ] actions are such that a lesser degree

of precision can be attmned than i the tmung and secording of the
electnical signs of cell membrane responses The primary dip corresponds
to the earhiest phase of the relaxation process and the second or major
dip occurs later mn the dechmng phase of systole Vulnerability 1s thus
d with the 1 stages of rel
The contractile proce .es of hesrt muscle are mtimately related to
membrane activity Stmul: falling 10 the refractory pertod however, can
produce a propagated electrical response unassociated with any record
able mech i xesp The b p can, under certam
become d ted from actinty of the contractile efements
of the cardiac cell Stmlarly contraction of actomyosin has been produced
1n the absence of an excitable membrane
It has been demonstrated that the small amplitude of early extrasystol
1s not entirely due to lack of filhng of the heart. The contractile elements
are qust not able to develop mormal tensions Recovesy of this ability
requres a Jonger time than does the process of membrane repolarization
Although shmulation of 8 beatmg heart early 1n the refractory pertod

¥}
may evoke a normal propagated electrical resp with &
g ble resp: of the tractile tiesue this membrane fesponse IS
ot without effect upon the contractile elements of the celi The next
expected beat shows an enormons augmentation »3 does the second, third
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and tven the fourth subsequent contraction The propagated electnical
respoose though unable to evoke an wnmediate shortemng nevertheless
modifies the ability of the contractile hisve 10 deselop tennon Thus 11
ot » phenomenon of extra filling becau ¢ 1t occurs ssalated strips.
Tt resents anothes problem for «tudy by those iterested m finding sn

pl for the ph which & the ntenuty and nature
of the mechanical action of heart muscle

The phenomena of cardas sctivity snd tesponse can be placed ‘:x tno
categones 1) those such as antninsie hyth y of sctiom, < "
the ability to propagate an 1mpulse ete. are dep
upon wembrane function 2 those lving fiber shostemng pump
2nhon, e build up of tension treppe, ee. apvolve actnly of the con
tractile elements of the heart celf. Activity of the membrans and she
contractile elements 13 generally linked but can be semi independent. The

natuze of s bukage 13 not known but the phenamenon 1 certainly worthy
of {rxther consderstion.

»

Thus many aspects of cardiac function and many of the basic processes
of beart muscle actinity require further study but recent adyvances i mstru

wentation have heen such that problems of a major magmitude can now
be tod

P with some confid Apy snd methods are avail
able for the of prod 4

The contnbutions of thus Ishoratory to the study of cardiac wrtability

base been described here. A & of the app wsed has been

gees Methods emplayed 1 4ns mvestigation and yesults oblamed have
been described. It 13 our hope that we have hereby sssisted progress m
this ymportant field of medicine snd physiology We trust that those who
read Whys monograph may scquire helpful mbormation and have many
suggestians and guestions to propwse. We are confident that some of
these will eventually return 20 s and be of ssstancs our future
wadertadan,

g
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