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FOREWORD

I consider 1t quite a privilege and an honor to be asked to wrnite
the foreword for thus book by Brian Hoffman and Paul Cranefield
Mjy qualifications for this tash may properly be questioned stnce I
have had no personal experience with the e‘(nctmg technique re-

quired for the of the tr: Is from
sngle fibers of heart muscle and this book 13 almost entirely con-
cerned with and d of records ok d by this

method Perhaps however, my long experience m chneal and
experimental electrocardiography may entitle me to express an
opinion about work like the authors are domng with microelectrodes
The actton potentials recorded by a microelectrode placed withm
single cells m the muscle anywhere 1n the heart may be regarded as
the basic sources from which the electrocardiogram recorded by any
type of surface lead arises The mtuation 1n the heart 1s extremely
complicated because so many cells having action potentials of
different duration and form are mvolved Nevertheless a clear
understanding of the different kinds of potentials that exist normally
1 the SA and AV nodes 1o the Fis bundle and interconnected
specral conducting pathways, and rw ordinary atrial and ventrieular
muscle fibers together with accurate mformation regarding the
effects that many factors (changesin rate temperature electrolytes
oxygen supply or presence of physiologic agents like acetylcholine
or ephmephrime and drugs hke digitalis or qunidine) have on these
action potentrals 1s es.ential before many features of normal and

abnormal electrocardiograms can be further clarfied
One of the fields of greatest 1gnorance m clinieal electrocardiog
raphy concerns the T waves Why do some apparently healthy
individusls have flat or mverted T waves m leads where these
W:u es are normally upnight? To put the question m even more
l form why do subjects with normal hearts have upnight

it
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T wases in leads I, 11, and in the left precordial leads, where the
chuef deflections of the GRS completes are also upnght? Dr F N
Wilson provided & partial answer to this question many years ago by
pomtmg out the existence of the “ventneutar gradient ¥ The com-
plete answer, however, must he 1 differences 1 the duration or
form of tr b action p! s duning repolarization,
espeaiaily 1 phases 2 and 3, that exist normslly m ventncular
musele

The problem of the T waves 1s only one of many puzzles that may
eventually be solved by the systematic use of techniques for regis-
tration of action potentials from mngle fibers 1 the heart Much
hight has already been thrown on the reasons why cells 1n the S8A
node and occasionally elsewhere setve as pacemahers, and nforma
tion pertamng to AV conduction and excitabiity of various types
of heart muscle fibers which may proie to be the key to the genesis
of many of the cardiac arrhy thmias 1s rapidly bewng collected Need
mare be sard to emphasize the potential value and importance of
the ratters discussed m this book?

In Chapter 1 the reader will find a discussion of the techmque for
obtamnmg action potentials from single cardiac fibers o survey of the
dxﬁexent types of vecords to be fmmd 1m vanous kinds of fibers and

some d of the rel kb these records and those
obtamned by external leads Chapter 2 1s devoted to the electrieal
properties of ble cells ond o vy of the facts known

regarding the omie basis for the resting membrane potential and the
action potential Chapters 3 4, 5, 6 and 7 are concerned with
detailed discussions of the action potentisls obtamned from muscle
cells m the atnum ventncle smoatnal node atrioyventnienlar node,
and Purlinge fibers respectively These chapters not only pomt
out the vanations in the records found normally in different species
but summanze avmisble data concerring the effects of many
factors such as vanation m rate or temperature changes in sodium
or pota slum content of external medium or presence of acetvi-
choline or epinephnne on the action potentials obtained from the
vanous cells Although much of the material pre<ented (some of 1t
previously unpublished) was obtamed by the authors or by others
1n thewr laboratonies a great deal of work done by others 1s presented
and discussed When differences mn results or mterpretations have
appeared, these diserepancies or divergent opmions have been
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clearly stated and the need for further and perhaps better studies to
settle the questions mvolved has been pointed out I was greatly
pleased to <ee that the authors have not faled to apprectate that
some of the conclusions answg from recent work by them.clves
and others had been predicted from much eatlier studies by that
great phy.iologist Joseph Erlanger (see Chap 6)

Chapter 8 15 devoted to a dicussion of the excitability of heart
muscle cells using both cathodal and anodal stimuli The results of
the e studies are very interesting particularly those obtamed by
anodal stimuli, since they appear to have direct bearnng on the
“supernormal pha e’ of conduction occastonally seen mn humans in
high grade AV heart block and m other arrhythmias Much of
Chapter 9 13 coneerned with summary and electrophysiologic mnter
pretation of matenal presented earher 1 the book This procedure
15 excellent and helps greatly to emphasize and fix 1n the reader s
mind many of the important matters pre<ented previously This
chapter coneludes with s discussion of a possible 10n1c mechanism
for repolanzation I am not m & position to say more than that this
proposal seems to be a logieal and reasonable one

Ths book summarizes the important information available and
adds much new matenal in this 1 ery mnteresting and rapidly develop-
g field It should be of great value to physiologists or phy 1cians
seriously interested 1n electrophysiology

Frankhn D Joknston M D
Heart Station

Uninversity Hospital

Ann Arbor Michigan






PREFACE

The electrocardiographic record of the electrical activity of the
whole heart depends upon the shape of the action potentials of the
vanous cells of the beart and upon the sequence of activation of
those cells The development of the method of microelectrode record-
1ng has made possible & new degree of precision 1n our hknowledge of
the action potentials of single cardiac cells The technique of single-
cell recording 13 only ten years old but a great deal of work has
been done on the heart 1n that time It 1s our hope that the presenta
tion of the results of that work which we have undertaken tognein
this book will be of use not only to physiologists but also to those
wterested m electrocardiography e have also touched very
briefly upon results obtammed by new methods of studying the
sequence of activation of the heart It 13 not too much to hope that
10 the next five or ten years new studies of the sequence of actnva-~
tion will be combined with the results of single cell studies to
provide electrocardiography with a more systematic foundation m
expenmental electrophystology than 1t has previously had

We are grateful to all our friends and colleagues who have helped
and encouraged us n this work Our indebteduess to the men to
whom this book 1s dedicated 13 twofold We bave found therr pub-
lished papers valuable and stimulating and one of us (P F C)
studied for some years with Dr Eyster and Dr Meek We have had
many valuable discussions with Dr Silvio Werdmann of Bern and
with Dr Antomio Paes de Carvalho of Rio de Janeire each of whom
has also been most generous about sending us unpubhshed materal
‘We have also benefited greatly from our association with Dr Kopro
Matseda, Dr Walmor Carlos de Mello Dr Morns Klemnfeld,
Dr Jackson Stuckey and Dr JohnJ Eelly all of whom either have
helped us m our re earch or have assi.ted us by dscussion and by
supplying unpublished mformation

il
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We both ove our mterest mm cardiac excitability ta the studies
of that subject which were mtiated 1 the Department of Phys-
1ology of the State Unnermity of New York, Downstate “Medical
Center by Drz O«car Omas and C MeC Brooks e are further
indebted to Dr Brooks for s general encouragement of our
studies of cardiae electrophysiology

Much previously unpublished research from our Iaboratory 1s
reported i this book That recearch was supported by grants from
‘The Amenican Heart Assoetation The New Yorh Heart A sociation,
and The National Hewrt Institute of the Umted States Pubhe Health
Service (US P H Grant H-3916) The manusenpt was completed
and submitted to the publisher on July 15 199

Brian ¥ Hoffman
Paul F Cranefield
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1

RECORDING TECHNIQUES

Three qute different techniques are used to record electrical
activity directly from cardiac muscle One employs conyentional
umpolar or bipolar surface electrodes mn close proxiumty to unin-
jured tissue, the second employs one lead 1n contact sith mnjured
musele and another which may be either close to or distant from
the site of injury 1n the third and most recent techmque one mtra-
cellular microelectrode 1s pawed with an extracellular lead to
record the transmembrane potential of a single cardiac fiber
Although we have attempted to treat most of the subject matter
of this book 1n terms of resuits obtamed by means of the imtra-
cellular microelectrode certain important aspects of cardiac elec
trophyswology hase as yet been studied only by other methods
This chapter describes those methods and attempts to show which
of them 1s appropriate 1o the study of certam problems

TRANSMEMBRANE POTENTIALS OF SINGLE CARDIAC FIBERS

Recordimg the transmembrane potential of smgle fibers by means
of an miracell lectrode provides an and sensitiye
mdex of the electrical changes associated with activity of excitable
tissues One Itmutation of this method 1s that only local changes in
the “mngle cell or part of a cell can be detected with a single electrode
Moreover the delicate glass microelectrode 1s easily brohen or
dislodged from the cell under study Many special precautions are
necessary m terms of the properties of amphfiers and recording
equipment 1 order to avoid artifactual distortion of the records

1




2 ELECTROPHYSIOLOGY OF THE HEART

However, this techmque permits the most accurate determnation
of the magnitude and time course of the transmembrane action
potential and also suceeeds where other methods fal, 1 demon
strating the pecultarities of the exeitatory process m the smoatrial
and atrioventricular node An understanding of microelectrode
methods 1s thus essential for any comprehension of modern cardiac
electrophy siology

Microelectrode Methods

1t 15 possible to record the electrical activity of a single cell orof a
single umt of the cardiac syncey trum by using 2 microelectrode of the
tvpe introduced by Ling and Gerard (1949) Such a mcroelectrode
15 a fine glass capillary pulled to a tip diameter of less than 1 4 and
filled with o concentrated electrolyte The electrolyte acts as a
conductor which 1s msulated except at the open tip, by the sur
rounding glass capiilary The outside drameter of the microrlectrode
t1p 15 entrcal Ling und Gerard showed that in order to record the
transmembrane potential of single fibers of frog sartortus muscle
the tip of the electrode must be 1 g or less 1n diameter, larger elec
trodes damaged the fiber membrane and gave erroncously low
values Somewhat similar estimates of size were obtained by
Woodbury, Hecht and Chnstopherson (1951) for frog heart and
by Nastuk and Hodghm (1900) for frog <artorius In general these
estimates of the critical size can be accepted To record potentials
from certamn very small cells such as the hbers of the smoatnal node
and parts of the atrioventnicular node or from small nerve fibers and
cell bodhies 1t 1s necessary to employ electrodes that are considerably
less than 34 uin diameter For studies of large cells such as the grant
axon of squid 1t 18 hkely that a somewhat larger electrode tip 1s
permissible

A number of different substances have been employed to Fll
microelectrodes Concentrated potasstum chloride 15 used most
frequently, although other electrolytes and even mctals are some-
tumes substituted (see Shanes 1958) Theoretical considerations
of the generation of junction potentials st the electrode tip ns well
a3 the results of actual expenmentation {Nastuk and Hodgkin,

1900, Adran 1906 Shanes 1908) have led most workers to use a
3 molar solution of hCl Tilling 13 most eastly accomphished by
botling the electrodes beld on some surtable mount, until all the
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air 1s replaced by the LCl, other technques mvolve filling mn a
vacuum filling first with alcohol and then KCl and filhng by
capillanty In our hands the first of these methods has proved
sunple and reliable for work i which the microelectrode 1s employed
ta record the transmembrane potenttal When the electrode 15 used
for other purposes the compo ttion of the electrolyte used for fillmg
will differ Thus for studies of the pharmacology of the postsynaptie
membrane of the myoneural junction electrodes may be filled with
acetylcholine curare, or other substances If a current of the
appropriate polanty is passed through the electrode, calculable
quantities of the electrolyte can be ejected from the tip (Nastuh
1903) This techmque can be used when the electrode 1s erther
extracellular or intracellular in position, 1n the latter case however
the nature of the 1onic species nhich carry current across the cell
membrane 1s unknown and this factor must be considered when
the purpose of the mnjection 1s an alteration of the 1ome composition
of the mntracellular fluid

The electrode 13 commonly mounted directly on a micromanipu
lator and the electrode tip 18 introduced into the cell during direct
observation through a microscope If the tissue under study moves
vigorousty this method may fail 1 which ease 1t 13 possible to
suspend a short microelectrode from a very fine flexible wire
{Woodbury and Brady 1956), the electrode tip 15 lowered against
the surface and allowed to peneirate under the influence of the tissue
movement Although this latter method has many dicadvantages
1t does permit records to be obtamed from moving tissue for long
penods of time

Use of the mtracellular mreroelectrode to record the transmem-
brane potential of a single fiber requires speeial mput circuits
amphfiers and display apparatus These have recemtly heen
reviewed (Grundfest 1957) and will be mentsoned only 1 summary
Because of the high electrical resistance of the microelectrode
(5 to 50 megohms) and the requirement for mmmmal gnd current
a cathode follower mput 1s employed Also since the large electrode
resistance and relattvely high capacity tend to give a poor response
to hugh frequency components of the signal 1t 1s destrable to employ
some form of input capacity neutralization (Amatmek, 1958)
Direct coupled amplifiers of extremely low dnft are necessary if
measurements of the resting potential over & prolonged pemod of
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time are to be meamingful Finally, the recording device should have
a frequency response capable of following transients up to 30 ke,
standard electrocardiograph machines are thus of little value 1n
grang a farthful record of either the nsing phase or amplitude of
the X action p

The Contour of the Cardiac Action Potential

The Resting Potenttal If a microelectrode 1s advanced slowly
through several layers of cardiac cells sudden sharp shifts of poten
tal are recorded During these shifts the mreroelectrode records
either no difference of potential or becomes 80 to 90 mv negative
with respect to the external reference electrode These potential
chinges are thought to represent the appearance and disappearance
of the transmembrane resting potential as the electrode enters and
leaves individual cells In general 1t s felt that the shifts m poten
t1al do 1n fact represent the resting potential of the mdividual cells
for the following reasons

1 The potentsal appears abruptly when the electrode 14 advanced
a very small distance remains constant presumably while the
electrode 18 advanced farther within the cell and then dicappears
abruptly during a further small displacement, presumably as the
clectrode leaves the cell

2 If one electrode 1s mserted m the cell and another one 1s
1nserted 1n the c<ame cell as close as possible to the first, no change m
the potentral ded by the first el de 18 seen (Draper and
Wetdmann 1901) this obscrvation shows that the msertion of an
electrode does not 1n 1tself alter the resting potential to 2 measurable
extent

3 The transmembrane potential recorded by an intracellular
electrode 1s altered by all the vartous agents which are known to
alter the demarcation potential (Hodgkin, 1951)

4 The t brane resting p 1 ded with an mtra-
cellular electrode exceeds the demareation potential by o consider
able amount This would be expected from the shunting of the
demareation current through the extracellular flurd

5 When the transmembrane potential recorded with an intra
cellular electrode 18 excessively low, 1t 13 often noted that the elec
trode 1s broken and that its tip 18 large enough to have damaged
the ecll membrane
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6 All of the observations on resting potential made with small
electrodes which puncture the cell membrane are comparable to
those made on the gant axon of the squid with an electrode inserted
directly 1nto the sxopla.m through the cut end of the fiber (Hodghuin,
1921)

7 ‘The number of cells judged from the number of resting poten-
tials recorded during the penetration of several Iayers of muscle
accords reasonably well with the number of cells determined by
hustological exammation (Cree e et al  1958)

The resting potentials recorded from the heart muscle of varous
species and from different functional types of cardize cells range
from 50 to 90 mv (Cronefield and Hoffman 1928a) The exact quan-
titative meanng of the values for the resting potential obtained 1n
this manner has been subject to study and enticism (Adnan, 1926,
Shanes, 1908) 1t 1s generally agreed that if the electrode 1s suffi-
clently small and 1s filled with 3 molar ACl the ob erved value of
the potential may be 1n error by not more than a few millivolts

The Action Potential If a microelectrode 1s mserted into a cardiac
cell and the cell 13 excited, the transmembrane action potential 18
recorded The <hape and amphtude of the action potential vary
coneiderably from one species to another and from fiber type to
fiber type In general the action potentmals recorded from all
cardiac hibers resemble tho e of other excitable cells in showing an
wmitial rapid depolanzation or upstroke They differ howeser from
the action potentials of most other eveitable cell> m showing a
prolonged depolanization and a slow delayed repolanzation
Schematic action potentials of three types are shown m Fig 11
The action potential in Fig 1-14 1s typreal of many types of ventrie-
ular cells The imtial rapid upstroke 1s labeled phase ¢ 2 phase of
early rapid repolanzation 1s labeled phase 1 a prolonged phase of
slow repolarization (often called the plateau) 1s labeled phase 2 the
termmal pha e of rapid repolarization 1s labeled phase 3 and the
d:astohc peniod 15 labeled pha.e 4 An action potential from a

ly rhythmic p Ler fiber 13 shown m Fig 118
This action potential 1s charactenzed by the presence of a slow
depolanzation during phase 4 which eventually reaches threshold,
thus results 1n excitation and mn the mitiation of the upstroke of the
locally ansing aetion potential In such fibers the upstroke veloeity
seen 1n phase 015 usually somewhat low The action potential shown
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-20
“%Or o 3
~60
~80 4
-100
Fie {1 &ch records of t b gotion

recorded from

ventnele (A) stnoatnal node (B) and atnum (€) Sweep veloeity 1n B one half

thatin A and € Ordinate scale in mv See text for discussion
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m Fig 11C 15 of the form recorded from most mammalian atnal
fibers and from ventnicular fibers of certam small mammals which
do not show an 1soelectric ST scgment m their electrocardiogram
In such fibers there 13 hittle or no plateau Pha.e 2 of repolanzation
15 slower than phase 3, but 1t may be quite brief and 1ts slope 13
sufficient]ly steep so that it can hardly be called a plateau The
period of imtial rapid repolarization (phase 1) 13 sometimes present
and sometimes zbsent 1t 15 particularly prominent 1o fibers from
the einoatrial ning, bundle the His bundle, and Purkinje system, and
the avian ventricle

Attention must be called to the fact that during the termmnal
phase of rapid depolarization as well as during the 1mtial part of
the pertod of repolanzation, the mside of the cell becomes positive
with respect to the out ide The degree to which ths oceurs, 1e,
the number of millvolts by which the inside becomes positive with
respect to the onginal reference potential 1s known as the overshoot
or reversal An overshoot of 15 to 20 mv 13 normally recorded from
fibers of atrum and sventncle In the case of the spontaneously
rhythmic pacemaker on the other hand the overshoot 1s normally
reduced or absent The over~hoot 18 of great 1mportance for modern
theortes of the nature of the action potential and 1s discus<ed n
detail in Chap 2

The Tr brane Action P Is of Speafic Fiber Types

Each fiber type discus ed below 1s the subject of an entire chapter
m this book The survey given here 1s intended merely to provide
a general orlentation as a background for the treatment of the
10nic theory given in the next chapter

The Atrium Actron potentials which are typical of two of the
fiber types found 1n rabbit atrum (Paes de Carvalho et al  1959)
are shown o Fig 12 In Fig 1 2B the action potential of the con-
tractile fibers which make up the atrium proper 1s shown It can be
seen that there 18 no diastolic depolarization that the upstroke 1s
rapid and that there 1s no well marked phase of imtial rapd
repolarization (phase 1) There are slow and rapid phases of repolan
zaton corresponding to phases 2 and 3 but the phase of slow
repolarzation 13 too rapid to be called a plateau Figure ! 24 and ¢
shows the type of action potenttal which can be recorded from
specialized atrial fibers These fibers occasionally show pacemaker
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activity and slow depofarization during phase 4 In the abeence of
slow diastolic depolanzation the upstroke ends mn a peaked over
shoot, tnd there 13 commonly a relatively well marhed phase 1 as
well a8 a clearly recognized platesu

N \ renm
A L \
—
—————
A A
: L L‘T
M M

° N N

Fio 12 Transmembrane setion potentials recorded from smgle atnal fibers of
rabbit heart Top trace in each record 1s hine of zero potential Vertical sgnal
at nght 1n A represcnts a soltage calibration of 100 mv (A) Fiber of en ta
termmalis (B) fiber of museult pectinats {C) fiber of smoatnal nng bundle
Electrode withdrawn at end of reeords 1n B and € to check zero reference Jevel
Time cahibration between A and B represents itervals of 100 msec

The Ventricle 1t 18 extremely unusual for ventrcular fibers to
deselop pacemaker actrvity or to show any dwmstolie depolarization
The action potential of dog papillary musele seenin Fig 1 3B shows
no diastolic depolinzation, a rapid upstroke, s slight pha e of
mtisl rapid repolanzation and & rather well marked plateau
Such action potentials are charactenistic of ventricular muscle from
the majonity of mammals In rats however, 1t 1s common to see
potentials simlar to those shown m Fig 1 34, n which the phase
of ‘slow repolanzation ” 13 rapid so that there is no clear platcau
This potential, recorded from the papillary musele of a rat, re em
bles in certan respects those recorded from mammahan atrium

Fibers of the Conducting System The Purlunje fibers of the
mammahan heart show an action patentinl di tinctly different
from that of ventricular muscle The action potential 13 prolonged,
aud this increase n duration results chiefly from the presence of a
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well marked platesu or phase 2 (Draper and Weidmann, 1901)
The phase of mtal rapid repolanzation (phase 1) 1s also well
marked, so that the membrane potentsal durng phase 2 14 often
near the reversal pomnt Purkmje fibers also have o tcndency to

develop slow d lic dep 1on and

p

L_L

=100 =100

+30-] a

—]:30

wcmsec 200ms!c
Fig l(} Transmembrane action pﬂtentm]s recorded with en ntracellular
from a gmgle ber of rat heart (A) and dog, heart (B)
Upper trace 1n each record 1s line of zero potential and shows time marks at
mtervals of 10 and 50 msec Ordioate shows voltage calibration 1n mllivolts

A \ B

—_— Y
Fia 14 Transmembrane potentisls recorded from two sites m sn 1solated
preparation of dog Purkinje fibers (4) Control note slow depolarization during
phase 4 termuating 1 & steady lovel of resting potential (B) and (C) changes
induced after addition of epinephrine note merease m slow depolanzation
during phase 4 appearance of pacemaker activity at eite of recording electrode

shown on lower trace n € and the assoctated changes 1n the rismg phase and
amphitude of the action potential

activity Figure 1-44 shows an action potential of & norma] Purkinge
fiber of a dog heart, Fig 1-4B and C show an action potenhal from
the same fiber after add of ) and d t of
marked depolanzation during phase 4

Fibers of the Smoatrial Nede As mught be expected, fibers of the
sinoatrial node show well developed spontaneous depolartzation
durmng phase 4 This spontaneous depolarization 1s the basts for the
pacemaker activity shown bv this tissue (West, 1955¢ b) Action
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potentials from these fibers are distinetrive m many other ways
(Fig 15) The nsing veloaity of the upstroke 1s usually low, the
resting potential 1s reduced the overshoot 15 diminiched or absent,
snd the phases of repolarization differ from those seen mn atrium

ventricle, or Purkimje fibers A distinetion 13 made between fibers
which show spontaneous diastolic depolarization and fibers which

A-———"J\_——/—"J\
L
B N ——J

c 2

F1¢ 15 Transmembrane potentials recorded from single fibers of the smoatnal
node of rabbit heart (A) True pacrmaker fiber showing gradual transition
from phase 4 to phase 0 Top trace 1s hne of zero potential (B) Latent pace
msaher showing more abrupt transition from pha cs 4 to 0 (€) Simultaneous
records at a slower sweep velocity from pacemaker fiber (bottom trace) and
latent pacemaker (top trace) Calibration between A and B represents 50 mv
and 100 m.ec See text for discussion

act 29 true pacemakers This distinction 18 based upon the trans

tion from phase 4 to phase 0 If the spontaneous diastolic depolariza

tion proceeds all the way to threshold so that phase 4 and phase 0
merge smoothly, the fiber 13 thought to have reached threshold as
the result of its own wtrinsic depolanzation and 13 <aid to be a true
pacemaker (Ing 154) On the other hand if the slow diastohe
depolanzation 18 abruptly imterrupted by the appearance of a rapid
upstrohe (phase 0) as 13 seen 1n Tig 1 5B, the fiber 18 believed to
have been excited by a propagated impulse before 1ts own depolars

zation reached threshold Such fibers are said to show pacemaker
activity and are regarded as latent pacemakers
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THE CARDIAC ELECTROGRAM

Records obtaned from cardize muscle by means of umpolar or
bipolar leads 1n close proximity to active umnjured tissue are called
cardiac electrograms to distinguish tbhem from clectrocardiograms,
which are recorded with leads distant from the heart The electro-
gram mdicates the potential diff between two points on the
surface of the tissue or between one pomnt on the tissue and a
remote point The potential difference reults from activity of, or
mjury to the tissue under study An electrode close to the tissue
18 often referred to as the actie lead 2 remote electrode 1s ususlly
called an ndifferent lead this term does not mean, however, that
the remote lead 13 not influenced by changes in potential onginating
1 the tissue

The umpolar electrogram 1s recorded with one lead close to or
contact with cardinc muscle and the other lead at some remote
pomt The bipolar electrogram employs two o called active leads
both in clo<e proximity to the tissue 1n some cases these leads may
be quite widely separated on the muscle, but in most 1nstances they
are kept as clo.e together as possible In this latter case they have
been described as contrguous bipolar electrodes (Harrs 1941) or
differential electrodes In general, the unipolar electrode 1s used to
obtamn 1nformation concernng the voltage time course of the ST
segment and T wave contiguous bipolar electrodes are most
frequently employed to time the arrval of activation at one site
However there are a number of pomts whieh should be considered
1 modification of these gencral principles

The Unipolar Electrogram

Typical unipolar electrograms recorded from a strip of parallel
cardiac muscle fibers 1mmersed m a relatively large volume of
electrolyte are shown in Figs 1 6and 1 7 Ascan be seen the record
shows a pair of biphasic complexes the R and T waves separated
by an isoelectric ST segment The polanty employed 1 these
records 1s similar to that used m clinical electrocardiogriphy with
positivity of the ‘active’ electrode recorded above the line of zero
potentisl In Fig 164 the record of the transmembrane potential
of a single fiber has been mmultaneously recorded from a location
immediately adjacent to the unipolar surface electrode It can be
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seen that the 1nitial complex of the electrogram corresponds m time
to the upstroke of the transmembrane action potential and the
T wave to the phase of repolanzation Close inspection of the same
activity recorded at o higher sweep velocity shows that the rapid

AT T T g T
— J

J, J

f 1

B =T T T =

—

—y A
Fie 16 Transmembrane action potentisls recorded from dog papillary muscle
simultancously with unipolar (4) and bipolar (B) electrograms Top tracoin A
and B shows time marks at intervals of 100 and 500 msee Second trace from
topin A and B shows line of zero potential Driving stimulus artifact precedes
el ctrogram deflections Honzontal bar at nght of A shows voltage calibration
of minus 100 mv See text for discussion

plus-to minus deflection of the imtial complex 1s virtually simul

taneous with depolarization of the underlying fiber shown i the
upstroke of the tran<membrane actwon potential This record
demonstrates that as would be expected (Macleod 1938) the
ntnnsic deflection of the electrogram signals the time of depolariza

tion of tissues in the immediate vicimty of the active electrode

When on the other hand the distant electrode 1s close to the heart
or otherwise poorly located the meaning of the mtrnsie deflection
18 less certan Simalarly if the active electrode makes firm enough
contact with the heart muscle to cau ¢ even shght local injury the
rapid po 1ive-negative deflection may no longer indieate the on<et
of loeal depolanization These two difficulties has e led recent invest:

gators to munimize the value ot the unipolar electrogram in timing
local exartation The cffect of distance of the tissue from the nctive
electrode 18 also worth mentioning As the active electrode 13 moved
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farther and farther from the tissue the magmtude of the potential
difference resulting from activity decreasesrapidly More important
the rapid po 1tive-negative deflection becomes less and less aceurate

ag an mndicator of the instant at
which underlying t1 sue 1s depo
larized (Medrano et al, 1907,
Itatsu 190%)

The umpolar electrogram 1s
quite u eful for studying the
direction and 1n some 1nst :nces
also the velocity of the spread of
activity 1 cardiac muscle The
three records shown i Fig 17
have been obtained at one end
m the muddle and at the other
end of a strip of parallel fibers
When the recording electrode 15
at the site of origin of activity
the 1mtial complex of the elec
trogram shows only an imtal
rapid negative deflection fol
loved by 2 sloner return of the
trace to the zero line The record
from the muddle of the strip
shows a slow, positive deflection
as activity approaches the elec
trode, a rapd positive-negative
deflection synchronous with local
depolarization and a slow return
of the trace to the zero lne as
activity recedes from the elee-
trode Fipally when the elec~
trode 1s located on the last part

T

1T

c

Fra 17 Umnpolsr electrograms re-
corded from an 1solated dog papillary
mu cle immersed in a large volume of
Tyrode solution Top trace mm A
shows time calibration at mtervals of
10and 50 msec A B and C show the
umpolar electrogram Trecorded from
oneend from the muddle and from the
other end of the muscle Drving
stimul applied to muscle st end em
ployed for C See text for discussion

of the strip to be activated the electrogram shows only a slow posi-
tive deflection which termintes 1n 2 sudden return of the trace to
the zero Ine as activity reaches the electrode site Thus whether
used to study a small solated preparation of heart muscle or local

acinvity m the intact organ (Stebens et al

1901) the umpolar

electrogram usually gives useful information on the position of the
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electrode relative to the pomt of origin of activity and the direction
of the spread of depolarization relative to the electrode Changes
1n the velocity of propagation can be estimated from changes 1n the
total duration of the R wave, but for aceurate measurements of this
sort two or more sunultaneous records {untpolar or bipolar) from
different locations are more satisfactory

The umpolar electrogram gries the most useful records of the
87 <egment and T wave As can be <cen in Fig 1-7, when records
are obtained from 2 muscle stnip the T wave 15 opposite 1n polarity
to the mtial deflections The magmtude of the T wave varwes
directly with the rate of repolanzation and with the temporal
dispersal of repolarization throughout the preparation This 1s
illustrated 1 Chaps 3 and 4 The duration of the T wave corre-
sponds 1n a less accurate manner to the duration of the state of
nonhomogeneous polanzation during recovery The umpolar clec-
trogram gives a useful indication of the voltage time course of the
transmembrane potential during the S7 <egment In most records
this segment 1s drsplaced somewhat from the Ime of zero potential
and the amount of displacement vartes with the rate of change of
membrane potential during the plateau similarly local differences
1n the slope of the plateau are reflected 1n appropriate changes i
the position and the shape of the ST segment

The Bipolar Electrogrom

The bipolar electrogram (Fig 1 6B8) recorded with contiguous
differential electrodes 13 uced primanly to time activation of 3
Jocalized area of mu cle When the mass of cardiac tissue 1s large
this technique 1s often superior to the umpolar record On the other
hand when the propagation velocity 1s low as in the sinoatrial and
strioventricular nodes contiguous bipolar electrodes are of httle
use since the potential difference between the two electrodes 1s
neghigible For the same reason the T wave obtamed with close
bipolar electrodes 1s useful only for rough timing of repolanzation
Turthermore the shapes of the R and T complexes are more difficult
to interpret than those obtained with umipolar recordmng techniques
The amphtude of the R and T waves of the clectrogram recorded
with close bipolar clectrodes depends primanly on the direction of
spread of activity when this spread 1s at a nght angle to the hne
joung the electrodes the amplitude of the deflection 15 minimal
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In <ome instances widely separated bipolar leads can be employed
to record actwvity at two different sites on one channel of the
recording deviece Finally, 1f the bipolar electrode 18 1n contact wath
jured tisue the records obtaned cannot be employed to time
loeal activation Under a condition where njury due to pre sure of
the electrode on the tissue 1s likely the unipolar techmque 1s always
preferable snce mn the bipolar electrogram the effects of injury
which normally appear 1n the ST segment and T wave may be
obscured Turthermore, local mjury will result m slovang of the
mtrinsic deflection of the unipolar record, while with bipolar elec-
trodes the resulting change m amplitude of the R wave may be
mterpreted as resulting from a change 1n the direction of spread of
acthity In cummary electrograms recorded by means of close
bipolar electrodes find their greatest usefulness 1o tuming local
activity 1o etther the intact heart or in large masces of cardiac
muscle

Before concluding the section on the cardiac electrogram it
should be noted that records obiained with capacitor coupled
amplfier« are generally unsatisfactory Not only are the slow
voltage changes of the T wave and ST segment obscured but also
slonly sprendng depolarization simlar to that of the snoatnal
node region 13 less readily recorded

The Relationship between the Transmembrane Potenhial
and the Electrogram

Many efforts have been made to relate the shape of the trans-
membrane potental to the shape of the electrogram Little how
ever has been added to tbe general ides advanced by Burdon
Sander.on and Page (1880 1881) that the electrogram 15 1n some
mathematical sense s derivative of the monophasic potential (Fig
16) It seems necessary to remark that efforts to reconstruct the
shape of the transmembrane potential from the Jhape of the electro
gram have become pointless now that the transmembrane potental
can be measured directly It 1s furthermore noteworthy that such a
reconstruction requires a knowledge of the b ch 18
tics, conduction veloeity and syneytial structure which 15 on the
whole laching

‘There are neverthele.s certan rules of thumb which are u eful in
understandiug 1 a quahtative manner why certain changes in the
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transmembrane action potential result in cerfan changes 1 the
electrogram It 1s roughly true that the more rapidly the voltage
change across the membrane occurs, the greater the amphtude of
the corresponding complex m the electrogram will be Ths 1s true
for electrograms obtammed with either unipolar or close bipolar
leads This rough rule explams the difference 1 amphtude of the R
wave and the T wave in the electrogram The amplitude of the T
wave would be expected to approach the smplitude of the R wave
if repolarization were to occur as rapidly as does depolarization
A changen this direction can in fact be noted when atrial repolanza
tion 1s accelerated by acetylcholine (I'g 3 5) Generally speaking
the rapidity of conduction mfluences the amplitude of the electro
gram recorded wath close bipolar leads In principle if the steepness
of the change of transmembrane potential at a point remams con
stant and conduction velocity is slowed the amphtude of the
cotresponding component 1n the electrogram will be inereased

The Monophasic Action Potenhial

It 13 possible to record a monophasie action potential with surface
electrodes if one electrode 1s 1n mmtimate contact with mnjured tissue
Although mjurv ean be produced by a number of mean< (cutting
crushing burning pressure application of concentrated LCl, ete )
1n most Instances signs of mjury rapidly disappear However, 1f
mjury 1s produced by suchmg a hit of the cardiac muscle mto the
recording, clectrode and i the suction 15 mauntamed (Eyster, Meek,
Goldberg and Gilson 1938) monophasic action potentials of con
stant amplhitude and shape miy be recorded for many mnutes
Records obtained by this techmque do not show the true trans
membranc potential Thev do, however, record the demareation, or
mjury potential which s a vanable fraction of the resting potential
The e records aiso gine a reasonably accurate indication of the
voltage time course durning activity with certamn exceptions noted
below When the record obtamed by the suction electrode 13 com
pared to the record of transmembrane potential recorded with an
intracellular microelectrode (Figs 18, 1 9), the following pomnts
are clearly seen Tirst the magmtude of the suction electrode record
18 gmalier than the transmembrane nction potential and the relative
magnitude of the rever al or overshoot 15 different (Tig 18)
Second, the upstroke of the suction cleetrode record 1s slower and
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Fre 18 Comparnson of the overshoot or reversal of potential as recorded with
s mucroelectrode and a suction electrode from an 1s0lated cat papillary muscle

In 4 s microelectrode record 1s shown with a zero reference ine At the end of
the record (arrow) the electrode 13 withdrawn to check the reference potential

In B and ( the slow development of a monophasic potential 13 shown durmng
several beats after the application of suction (arrow) to a emall suction elec

trode In D the suction ts released (arrow) to check the reference potential A
small monophasic action potential persists for a few beats after the release of
suction Calibration represents 100 mv and 200 msec (Hoffman Cranefield

Lepeschksn etal 1950)

Fra 19 C of tran ction pH

(dotted a
recorded sumultaneously with a su ton electrode from cat papidlary muscle
Sumilar amplification employed for both types of records Sine wave calibra-
tion 60 eps 60 mv m smphtude (4) Both electrodes located clase ta the
orgn of actvity (B) microelectrode moved to oppomite end of muscle
See text for discussion {Hoffman Cranefild Lepeschkin ef al 1059)

recorded through an
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sometimes notched (Figs 19, 1-10) Finally, the remainder of the
monophasic action potential accurately depicts the rate of change
of membrane potential during recovery (Fig 1 10)

The cuction electrode may be paired with anather electrode which
)8 Temote from the heart to obtam a umpolar monophasic record

o

Fio 110 C of b action recorded very close to

gether through an intracellular microelectrode {top figure) and & suction elee
trode (middle fipure) The gaimns are adjusted to make the spparent amphtudes
the ssme In the bottora figure the two traces are superimposed o show th

snmular time course of repalatization A stimulus artifaet s apparent i all records
bdnlral;bs% \;psuokg of the sction potential (Hoffman Cronefield Lepeschkin
el al

It may also be pared with an electrode on the beart muscle whuch
13 very clo<e to the injured area to obtan o bipolar or differential
record In exther cacse & monophasie action potential will be obtamed
the rapid upstroke of which corresponds to the time of arrnal of
activity at the site of the suction electrode (Fig 19) (Hoffman,
Craneficld Lepeschhin, et af, 1950) When the suction electrode 18
pawed with another electrode distant from the mite of mjury, the
monophasic action potential s distorted to o greater or lesser
extent by the electrieal activity recorded by the distant electrode
Although the differentia} suction record ean be employed to time
the arnval of exeitation at the electrode aite 1t 1s not the technique
of choiee However the suction electrode 1s very convenient for
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determining the time course of repolanization It 1s particularly well
«uited to the study of tissue 1n whieh 1t 18 difficult to uce intra
cellular microelectrodes, such as the intact hearts of large anmmals
and most hearts 1 situ where movement of the heart breaks or
dislodges the electrode tip

EXCITATION OF HEART MUSCLE

It 15 often desirable to study the effects of current flow on heart
muscle In addition to the use of suprathreshold electrical driving
stimult to imtiate activity 1 qurescent preparations pulses of cur
rent are used to determine the threshold of heart muscle at different
times throughout the cycle of activity (Brooks et al 1905) In a
more general ense the effect of the pa.sage of current through the
membrane of an excitable cell either at rest or during the action
potential may provide important information about the nature
of the membrane properties which underlie excitablity Thus the
passine electrical properties of cardiac cells are measured by the
use of very weak electrical polanzation of the fibers (Werdmann
1922) the local response 1s revenled by use of subthreshold electrical
stimult (kao and Hoffman 1958) and the nature of repolarization
has been partially clarified by the use of anodal current pulses
applied to the fiber during the action potential (Cranefield and
Hoffman 1958b)

The use of electrical stimuli to study cardiac exeitability has
recently been described 1n detail (Brooks et al 190> Cranefield
Hoffran, and Slebens 1957) If one or more mtracellular miero
electrodes are employed during stimul, 1t 18 possi
ble to measure the change in membrane potentml which results
from the stimulus current moreover 1if one of the intracellular
mieroel des 1s used as a it clectrode one can not only
study the exeitability of a single cell but 1n addition obtamn informa
tion about the passive and active propertses of the membrane with a
degree of accuracy beyond the reach of other methods In subse
quent chapters specific aspects of stimulation techmque will be
described m relation to their to certam probl m
cardiac electrophysiology
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EXCITATION AND CONDUCTION

Excitation and conduction the two aspects of cardiac electro
physiology with which this book 15 chiefly concerned, depend upon
<omewhat different properties of the ccll In a certain scnse, exata
bility 1s the more fundamental property, 1t may ewust m cells
which do not conduet It 1s n property of specialized membranes,
and 1t appears to rest upon the ability of such membranes to mam-
tain certam specific pe rmeabilities to 10ns and to alter those permea
bilities 10 a special manner Cellular metabohism enters mto exeita
bility 1n two quite different ways It provides energy sources for the
mamtenance of the structural and functional properties of the
membrane It also provides energy for the maintenance of an
unequal distribution of 10ns between the mterior and exterior of the
cell In principle the fundamental properties of an etaitable mem
brane are ndependent of this latter aspect of cellulir metabolism
and could be revealed merely by placing the membrane between
tno solutions of the appropnate composition Becaus=e of that fact
and beeau ¢ hittle 13 known about the role of metabolism in sustan
mg the membrane or 1n sustaming the 1ome gradients attention 18
directed to a conmideration of the permeability changes as the basis
for membrane exeitability

Conduction depends upon the fact that certain cells which have an
excitable membrane also have anatomical and electrical properties
which ordinanly ensure that 1f one arca of the membrane 1s cxaited
to full actinaty that area wall excite adjacent areas The clectrical
properties of the extracellular flind the cytoplasm and the mem
brane are all involved 1n providing & mechamsm which permits
conduction

20
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ANATOMICAL AND PHYSICAL ASPECTS OF CONDUCTION

The Anatomy of Excitable Cells

The ultrastructure of exeitable cells has recently been studied
rather mtensively by means of several improved techmques, and
the resulting excellent descriptions of the fine structure of nerve
(Fernandez Moran and Brown 1908) and sheletal muscle (Porter
1926, Bennet, 1906, Porter and Palade 1957) have permitted
certain tentative correlations between structure and electrical
activity (Hanson and Huxley 1905 Hodglun 1957 Huxley 1907
Huxley and Niedergerhe 1909, Huxley and Taylor 1958) Electron-
microscopic observations on fibers of the cardiac syncytium (Moore
and Ruska, 1907, Mwr 19572 and b) smilarly provide a reaconably
clear demonstration of the fine structural details of cardiac muscle

The outer hmiting membrane of cardac fibers the sarcolemma,
appears to consist of tno dense layers separated by a less dense
structure or <pace This complex 13 approxumately 200 to 3004 1n
thickness The outer layer of the sarcolemma the basement mem-
brane appears to be umnterrupted for considerable distances The
mper laver or plasma membrane n contrast seems to be eontinu
ous with certamn intracellular structures such as the intercalated
disks and endoplasmic rettcutum The former of these structures 1s
composed of two layers of plasma membrane separated by a space
stular in appearance and width to the space between the mner and
outer layers of the sarcolemma The endoplasmie reticulum 1s &
complex tubular structure which 18 1 mtimate contact with the
nuclet and myofibrils and with the sarcolemma at the level of the Z
and M bands The lumen of the endoplasmic reticulum 1s thought
1o be continuous with the clear space which separates the mner and
outer dense layers of the sarcolemma Other aspects of the anatomy
are qirte sumilar to skeletal musele All the elassical bands of skeletal
muscle are present n cardiac fibers the mjofibrils are separated by
dense chams of mitochondrs and are seen in cross section to be
composed of regularly spaced filaments Two aspects of the struc
tural details revealed m these studies are of particular mportance
w relation to the electrical properties of cardiac muscle Anatomical
evidence strongly indicates that the imntercalated disks are not
crossed by the myofibrils or other intracellular elements and thus
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effectively drvide the cardine syneytium mto separate cells or units
If the intercalated disks have an electrical reswtance comparable to
that of the membrane of other excitable cells, the disks would be
expected to have an appreuable effect on the longitudinal flow of
current and thus on conduction Also, if the mner layer of the
sarcolemma 15 the site of the <elective permeability which charac
terizes excitable membranes 1t might be expected that the currents
associated with electrical actnvity would have a distribution eorre-
sponding to the anatomy of the endoplasmic reticulum Finally, the
relatively high electrical capacity of the cardiac membrane as cal
culated from the external dimensions of the fiber might result from
the great area of membrane afforded by the intercalated dishs and
endoplasmic reticulum (Moore and Ruska 1957)

At present expenimental data, both anatomical and electro
phystological, do not permut an answer to these questions In this
chapter the term b will be employed to d a3 struc
ture or group of structures which possess certain electrophysiological
charactensties and the cardiac syncytwum will be considered as
composed of long uninterrupted fibers 1e 1t will be assumed that
the intercalated disks do not represent & major barner to the flow
of longitudinal current It 15 Itkely that new information will require
some modification of both these usages

Passive Electrical Properties of Excitable Cells

The Lxtracellular Flird and the Cytopl Both the extracellul
flud and the cytoplasm conduct electric current This 1s s0 because
of the presence of small morganic 10ns and also to some extent
because of the presence of larger organic 10ns The resistance of the
extracellular fluid may be varted artificially (e g, by replacement
of the extracellular flurd by isotonre sucrose) but in general its
reststance 1s less than that of the mtracellular flurd Potassium ions
male up a large part of the small mobile charged particles in the
cytoplasm The general opimon 1s that some ntracellular Lt 18
bound to protemn but that most of 1t 13 diffusible much of the flow
of current 1n the cytoplasm thus depends on movement of this 1on

Membrane Resistance The fact that a potential difference of
about 100 mv exists ncross the membrane of excitable cells shons

that the cellular p a to current flow
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Since the flow of current in Jtving tissucs depends upon the move-
ment of charged 1ons the membrane resistance represents the
permeability of the cell to charged 1ons Membrane resistance can
be determuned by passing current through cells exther with the ard
of extracellular electrodes or mtracellular electrodes If one micro-
electrode 15 placed inaide a cell and another 18 placed just outside
the application of an emf between the two electrodes will result in
less flow of current than if both electrodes are either inside or out-
side the cell This obseryation shows that the resistance of the mem
brane 1s hugher than that of the extracellular or intracellular flud
Measurements of this sort have been made for heart muscle and
exact values for membrane resistance where known, are given m
the chapters on the vanous fiber types

Membrane Capacity If a small current 18 suddenly apphed across
the membrane of an excitable cell 1t 1s found that the transmem-
brane potential does pot change abruptly but reaches a new value
rather slowly At the polanzing electrode the transmembrane
potential reaches its new value with an exponentially delay ed rise
(see Fig 2-1) It s therefc that the tabl
pos esses capacity The exact values of membrane capacity may be
of great importance 1n some fibers stnce a sufficiently high capacity
may slow conduction veloesty Also the presence of both resistance
and capacity i the merabrane confers on the fiber 1ts so-called core-
conductor properties

The Core Conductor The excitable cell 18 more or less ¢ylindnical
and 18 very long 1n relation to 1ts diameter The cytoplasm conducts
current as does the extracellular fluid which ds the cell
The pre.ence of a resistive and capacitative membrane means that
the cell possesses the same electrical properties as a telegraph cable
or core conductor and may be represented by the diagram shown 1n

Fig 22 The cable or cor of the bl
cell are of derable mmportance mn d The fact that the
{ransy of the b 18 lagber than the longituch

nal resistance of the extracellular fluid or the cytoplasm 13 especsally
unportant smee 1t means that the flow of current which results from
the application of an emf at one powt spreads slong a relatively
great length of fiber Thus spread of current 1s referred to as electro-
fonae spread

‘The two cable properties of chief interest are the time constant
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Fio 2-1 The electrone spread of s 100-msec snodsl pulse apphed to a smgle
Purkine fiber The transmembrane potential 1 recorded at 005 059 161
200 and 4 o2 mm from the applied polarization (Werdmann 195%)

and the length constant Both may be evaluated from the type of
mformation <hown 1n Fig 2-1 The length, or space constant
determines the degree to which the steady state value of the electro-
tome potential falls off with inereasing distance from the apphed
voltage Ina cable this fall-off 13 expres.ed by the sumple relationship

P = Peei @21
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where z = distance from applied potential
P= dxsplacemeut o[ membmne potentml atz
Py = daspl 1 at site of voltage
application
¢ = base of natural logarithms
A = length constant
Since the final steady state values of P are conaidered membrane
capacity does not affect the velue of A From Eq (2 I) 1t follows
that the electrotomse potential falls off by 1/¢ 1n one space constant

o
R.
n
Fio 22 A crewt model of the excllable cell Rn membrane remstance Cm
capacity fa, fun " oy

See text for discussion

The space constant for Purkmje ﬁbers 18 about 2 mm (Weldmann
1922) so that the el t of b
© mm from the smite of applied voltage would be 1/e* or about
5 per cent of the applied change

The membrane time constant r., 13 defined by the relationship

T = Bl 2-2)

where Cn = membrane capacity, uf/cm?
R. = membrane resistance, ohm-em?

The sigmificance of 7., 13 that a small displacement of potentsal

leaks away to l/e of 1ts 1mtial value m one .,
ducl, of depend

upon the core-
conductor propemes of the excitable fiber and upon the abihty of
the membrane to develop a rapid change of potential When a small
area of membrane zs depolarized by the application of a cathodal

Jus the d rapidly b tive so that
the excited pomnt reanhes a very different transmembrane potential
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from that of the unexcited fiber The excited point n fact becomes 2
cathode with respect to the unexeited fiber The flow of current
between excited and unexcited tissue 1s directed along the length
of the fiber by virtue of the core conductor properties so that the
region adjacent to the excited site 15 depolarized sufficiently to
become excited itself Conduction of excitation along the entire
fiber thus results It will be seen that conduction may be mmpaired
either by a decrease mn the amplitude of the action potential, 2e

by reduction of the degree of depolarization at the excited pownt
or by a change m the core conductor properties such that longitudi

nal spread of the depolanzing current 1s impaired Thus conduction
veloeity can be reduced by increasing the resistance of the extra

cellular flwid, 1f the resistance of either extracellular fluid or intra

cellular flurd were to become great enough, conduction would fail
entirely

THE IONIC BASIS OF THE RESTING AND ACTION POTENTIALS

e have seen that the primary event 1n conduction of an 1mpulse
down an excitable fiber 1s the development of depolarization at the
excaited point The depolarization so developed serves to excite the
adjoinng area of the membrane and so on along the length of the
fiber In thentact heart certain areas show spontaneous depolariza
tion, so that naves of depolanzation regularly pass over the heart
m the absence of any external simulus As was shown in Chap 1,
the excited srea of the cell 1s not merely depolarized but in fact 2
reversal of polamization 1s scen This reversal which was first
detected 1n the glant axon of the squid has now becn seen 1n nearly
all excitable fibers The theory developed to explain this reversal
m the giant axon (Hodghin 1951, Hodghn 1957) has had so much
1nfluence on recent expenimental studies of the electrophysiology
of the heart that 1t 1s necessary to examme 1t at this pomnt The
presentation which follows 1s a simplified verston of the theory the
1ast majority of evidence for which has been derived from studies
of fibers other than those of the heart It should be emphasized that
this theory has not by any means been shown to be generally
applicable to the heart Nevertheless in recent years it has occupted
ad t position 1n 1nfl the pl and nterpretation
of experiments concerned with cardiac electrophysiology
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An Electrnical Model of the Membrane

If we examune an excitable fiber with the aid of intracellular
recording we find that, when the fiber 15 at rest, its wmtenor 1s
about 90 mv negative with respect to the extertor of the cell The
potential difference across the resting membrane may therefore be
repre ented by the sumple diagram seen m Fig 234 I on the
other hand, the fiber 13 conducting an mmpulse as the impulse

A

outside

tnside

outstde

L-

_‘_* +20 mv

F1¢ 23 Elementary model of the membrane (A) The resting !
active fiber bee text for deseription {4) Fhe resio fher (5) the

inside
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passes the microelectrode, 1t 18 found that the inside of the fiber 13
about 20 mv positive with respect to the outside Thus the state
of the membrane at the pomt of maximal activity may be repre-
cented by the diagram shown 1 Fig 2 3B It 18 apparent that two
batteries of proper strength which are connected, as shown in Fig
244, with a key which would throw firt one battery and then the
other 1nto the errewit could serve as a simple model of these two

oulside

i § % -90 mv
-90 aw b 1: +20 mv

inside l

Fi6 25 Model of the membrane corresponding to a resting fiber Sec text for
discussion

tates of the membrane The “action potential * produced by such a
model would conust (Fig 2-4B) of a resting potential of 90 myv
(1n.ade negative) seen when the key 13 11 position 1 anin.tantaneous
reversal to a plateau of 20 mv (inside poutive) when the key 1810
position 2 and an instantaneous ‘“‘repolanzation’ to minus 90 mv
when the key 13 returned to position 1

All that 13 needed to mumic faithfully the ehape of an action

potential bemdes two such batteries 13 & means of achieving a
smooth transition from the stage at which one battery dominates
the system to the stage at which the other one does s0 Ths can be
achieved by using two resistances capable of large vanation one n
sertes with each battery asshown mn Fig 2-5 This astangement of

2l forces and ¥a h f: one
but 1t can readily be seen that by s switable adjustment of the
reaistances any level of potential between the extremes may be
obtained Furthermore, by imposing a sustable change 1n resistances

23 a funetion of time, & switable change 1n potential as a funetion of
time will result
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The lonic Basis of the Membrane EMF

The question anses, therefore, whether or not anything can be
found in the exaitable cell which might correspond to the ewemt
shown i Fig 25 A possible source of potential difference 15 readily
found 1n the uneven distribution of morganie tons and in particular
1 the distribution of potassium and sodwem Under switable condt
tions any uneven distribution of morgame 1ons I an agueous <olu
tion can act as a battery or concentration cell (<ee Hober, 1043,
Davson 1951 Bayhss 1924) If, for example solutions contamng
unequal concentrations of K+ are separated by 2 membrane selec
tively permeable 1o Kt 1t will be found that the potential which
anises can be deseribed by the Nemst refation

h4
Bx = T ln ]
or at 37°C Ex = 615 log %\T‘% {23

1 which Ex 15 the potentanl difference attributable to the concen
tration dafference of X+ K+ and It are the concentrations
(strictly the activities) of It msxde and outside the fiber and B, T
and F are the gas and the Faraday
respectively Stnee 1t 1s possible in some exc)table fissues to obtamn
rather accurate measurements of K+ and het we can predict
quantitative values for Ex from the above formula The values for
patasstutmn concentrations of cat heart muscle (Robertson and
Dunthue 1954) are

{KH = 1ol meg/1
{h.*} = 48 meg/1
R H/IK+] = 81
50 that By = 01 51lopg 31 = 926 mn
On the other hand the distnbution of Na* 1s exactly oppo tte to
that of K¥, 10 that there 15 much more Nat outmde the cell than
wside In fact the values for cat heart from the same study sre
{Na *} = 159 meq/1
{Na*] = 6 5 meq/1
{Noj*f _
[Nav) = 78

so that  Ewx = 615 log 8042 = 84 my, mside positive
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If therefore, we accept the godim and potassium concentration
gradients as a posuble source of the two opposing electromotive
forces which the excitable } 1y develops at rest
and dunng activity, we may redraw Tig 2 2 by mserting I'x and
Ex for the emf s (T1g 2 6) It will be noted that the value obtamned
from Ex 1s shghtly larger than the value given for the transmem-
brane potential of the resting fiber and the value of Ex 15 much
larger than the value of 20 mv given for the active fiber The reasons
why this 1s so will become clear later

oulside ‘
Ry R
E, . _ Ew ~90 mv
92 mv = = 84 mv
Inside l

Fic 26 Model of the membrane corresponding to the resting fiber Ex the
emf resulting from the h* concentration gradient Rx the resistance to flow

of K+ Ey the emf muumg from the Na* concentration gradient Ry  the
resmance to flow of Na*

Having identified the sources of emf with the Na*+ and K+
gradients we must ascertamn the meaning of the vanable resistances
1 the model If we consider a mingle element say the K+ emf, and
write 1t 1n terms of Ohm & law (Ohm 1827), we obtam

Ex = IxR

where by Ix we mdicate a current flow 1 which charge 15 carned
by means of the movement of K+ jons If the source of the emf 1s
the unequal distribution of K* 1ons and 1f the current corresponding
to this emf 13 carried by the movement of h+ 1ons, then the restst-
ance term must correspond to the resistance to the flow of h+ 1ons

through the membrane and we may write
EBx = IxRx

The resistance to flow of & speaific substance through a membrane
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15 the reciprocal of the permeabihty, te,
1
Re fon

where Px 15 the K+ permesbihty If the sbove equation 13 wnitten
m terms of conductance,

IK.
Be= 2

the conduciance term Pg ds to the permeshility of the
membrane toward Kt 1ons A sumilar analysis leads us to identify
the other resstance term with the remistance ¢o fow of Na* 1ons
and to label our model 8818 done i Fig 2 8

In order to obtam s 3! 1 model of 3
smoll umt of bl b m 15 'y to 2dd an emf and a
resistance term to allow for the coninbution to the transmembrane
potential of other 1on species and to add a capacitative term to
allow for the membrane capacity This model contamns all the
properties of the b y ta d be the voltage
changes assocated with activity snd recovery provided that the
time course of the permeabihty changes i1s known If the core-
conductor properties are included by addng the resstance of the
cytopk and the t of the Hular flund, one obtams
the model (Fig 2 7) on which the differentinl equations of the
Hodghin theory are based (Hodgkin and Huxley, 1902b, Hodglan,
1957)

The espeet of this model with which we are primanly concerned
a4 the moment 1s that part which corresponds to Fig 25 In Fig
274 we sce the state of the model corresponding to the resting

b The K+ biity i3 gher zhan the Na+ permen
biltty, and the 113 d ted by Ex The
tran membrans potentml 18 Icss than Fx because the No* permes
biltty 18 not neghgible so that there 13 an TR drop across the Na*
ciremt which opposes Ex Ssmilarly i Fig 2 7B we gee the state of
the model corresponding to the active membrane at the point of
maximum depolanzation Here agaim the transmembrane potential
15 Jess than Ex becnuse the h* permeability 1e still significant in
magaitude compared with the Na* permeabaity
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-90my

+20mv

F1a 27 The model of the excitable cell on which the Hodgkin Huxley equations
are based (A) The resting state of the fiber (B) the active state of the fiber
Ex the emf resulting from the K* concentration gradient Rx the resistance
to flow of k* Ex the emf resulting fron the Na* concentration gradient Ry
the resistance to flow of Na* E; the emf resulting from the concentratton gradi
ents of all otherions R the resistance to flow of those 1ons r  the resistance of

the extracellular fluid #; the remstance of the cytoplasm Ca the membrane
cspacity

The Potassium EMF and the Potassium Permeabilily The model
constructed above says that the resting potential 15 made up
primanly of the emf resulting from the K+ gradient and that this 1s
s0 because when the fiber 19 at rest the permeability to K+ 1
enough higher than the permeability to other ions to permit

of the b potential by the K+ potentral
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\ \
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Fra 2-8 The effect of high external l\* cancentration on the rosung and action
potential o{ an atnsl fiber I h+ B
(and b ) 18 seen m C Gmdual repolan

zation ag external K* 13 washed away 15 scen 1n D Return of excitabihity 13 seen

in E and F Calibrations ;m A represent 100 cps and 100 mv Sce text for
dnuumon




EXCITATION AND CONDUCTION 5

If this1s true then 1t must follow that changes in the h* concen
tration gradient should change the resting potential In particular,
mereasing the concentratton of h* mn the extracellular eolution
should depolanize the fiber and 1t should be posaible to predict the
degree of depolanzation by the Nernst cquation Rather good
agreement of this <ort has in fact been obtaned on many types of
fibers (Hodghin 1901) Tigure 2 8 shows the cffect on the trans
membrane potential of 2 single atral fiber of a transitory marked
merease 1 the concentration of extracellular h+ It wall be noted
that the depolarization leads to meveitability, and the excitabality
returns gradually as the outaide ht diffuses away and the resting
potential r1 es Generally speahmg the greater the h+ permea-
bility 15 relative to the permeability to other 10ns the nearer the
transmembrane potential will approach that defined by the I+
concentration gradient
The Sodwum EMF and the Sodium Permeabilily The detaled
sequence of permeabihity changes which underlies the conducted
action potentasl will be discussed below but 1t 13 apparent from
what has been said already that the crucial event as ociated with
conduction 1s & sudden change in the relative values of the mem
brane permeability to Na* and h+ so that during the upstroke
of the action potential the Na+ permeability of the fiber 1s much
greater than the kit permeability Therefore the Na* emf dommates
the transmembrane potential It follows that the amplitude of the
action potential must depend on the Nat+ concentration gradient
1n exactly the same way that the litude of the resting p 1
depends on the concentration gradient of K* The Hodgkin theory
also predicts that the rate of depolarization must depend on the
external Na+ con Ad m both the litud
and steepness of the nsing pha e can be seen m Fig 29 1n which
the effect of low external Na* on fibers of frog sartorius muscle 18
shown The degree to which this prediction 18 fulfilled 1 heart 1s
discussed 1n the chapters on the fiber types as well as in Chap 9
The S of Per bals Changes Underlying the Action
Potentral The amphtude of both the resting potential and the action
potential can be changed by chauging the concentrations of suitable
sons, but during the action potential the voliige changes seen are
not the result of changes m either Ex or Ex They are rather the
result of changes m the relative values of the Na* and K+ permea
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bilitzies of such a nature as to permut first one and then the other
emf to dommate the transmembrane potential

The membrane of the resting fiber 1s characterized by a rather
low 1onic permeabihty It 13, however, more permeable to K+ 1ons
than to Nat 1ons, and therefore the transmembrane potentral 13
determuned by Ex, the emf associated with the K+ grodient

‘
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Fig 29 The action of low external Na+ on the action potential of a skeletal
wmuscle fiber of the frog (A) Normal (1) and 20 per cent of normal (2) Na*
concentration (B) Normal (1) and 30 per cent of normal (2) Na* concentration
(From orsginal of Fryy 13 W L Nastuk and A L Hodgkin J Cell Comp
Phynol 86.39-73 1950 )

Depolarnzation of the b ncreases the bility of the
membrane to Na* thereby permitting a certam influx of Na+ 1ons
and further depolanization The greater the depolartzation of the
membrane the greater the permeability to Nat becomes and the
more marked 15 the contnibution of Ey to the transmembrane
potential This change progresses to the state of the fully active
membrane m which the Nat+ permeabxhty 13 higher than the ht

permeability and the t potential 1s d d by
Ex At this tume the state of the membrane may be represented by
Fig 2-8B

It 15 obvious that the membrane must undergo further permea
bihity changes to return to 1ts resting state The nature of repolariza
tton 1n cardiac fibers 1s obscure and the theory developed for the
gant axon of the squid can apply only with modification, if at all
Neverthele.s the mechanism of repolanzation m the giant axon
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will be deseribed here for the same rea<on that the mechanism of
depolanization was, namely, the influence of the theory on the for
mation of theories and experiments on cardic tissues

The fully active gant axon reverts tonard its resting state
through changes 1n both Na* and K+ permeability The wntial
change 18 o decrease m Na* permeability, which 15 known as
mactieatton (Hodghn and Huxley 19020) In essence, the sncrease
n Nat purmeabhty which results from depolanization 1s self
liruting and tran itory The general phenomenon of inactivation 1s
discus ed below The main pomnt here 18 that very soon after the
peak of the action potentia] Py begins to fall toward 1its resting
value As a result of this the transmembrane potentisl begins to
return toward the resting level, since the fall in Py leads to a
relative 1ncrea e 1 the contribution of Ex to the {ransmembrane
potential This fall 1n Py toward the resting value would 1n itself
suffice to return the transmembrane potential to 1ts resting value
However another important change aids m repolanization This
change 15 a delayed increase mn K+ permeability Somewhat after
the begmmng of the fall .n Py Px begins to rnise Both the rise and
the delay m the 1 e 1n Px have been shown to result from depolar:
zation,1¢ depolanzation 1s 1n itself enough to cause Px to rnse but
only after a delay The combined effect of a falling Px and a nsng
Py 15 of course to mcrease the contribution of Ex to the transmem-
brane potential and to repolarze or even temporanly to hyper
polarize the fiber

Inactiration of Px Depolanzation produces an mitsal mcrease
m Py and then a deerease The decrease plays a role in the repolar
1zatton phase of an action potential but also has a wider sigmfi-
cance Any depolarization, however small, produces same 1ncrease
m Py followed by mactivation Moreover, nactivation 1s not sim
ply & return of Py to the value 1t had before the depolanzation
It mnvolves, as the term amplies a process which reduces the ability
of the membrane to merease 1ts Py 1n response to a second depolar
1zation The ability of the membrane to develop regenerative

depolarization 13 therefore imactivated Thus may be indicated
schematically by the equation

Availsble Na* carner + depolanzation — active Nat earner —
mactrvated Na+* carrier
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Tf the fiber remams depolarized, the Nat carner will remam
nactnvated If the fiber 1s repolanzed, 1t 1s found that

Inactivated Nat carrier + repolanzation + time —
avalable Nat carner

Time 1s 1nserted 1n this equation to indicate that recovery of the
abilify of the membrane to mcrease 1ts Py after a depolanzation 15
slow compared with the mitial mncrease n Py which results from
depolanzation

e —-———

=
e o e g e
<

time (msec)
Fia 210 The action potential ¥ and the Na* and h* permeabilities gv and gx
of the giant axon of the squid (Hodghin 1957) See text for discussion {(Repro-
duced by permussion of The Royal Sosety )

The mactnation of Py 1s important mn repolanzation because
Jnactisation contributes to the mability of the membrane to respond
with a new depol son dunng the repol 10n phase That 13,
1nactivation contnbutes to refractormess the other cause of refrac-
toriness 13 the high Py dunng repolanization The high P tends to
hold the membrane near Ex and makes 1t more difficult for a cath
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odal stimulus to depolanze the fiber while the inaetivation of Px
means that, even 1f the fiber 15 depolanized 1ts ability to develop
regenerative depolanzation will be reduced

Since the rate of nce of the action potential as well as its ampli-
tude depend on the ability of the membrane to inerease Px any-
thing which causes wactivation will diminish both the rate of nse
and the amphtude of the action potential The most commonly
observed cau e of mmactnvation 38 a lowered resting potentsal Depo-
Janization caused by high external k*, for example will cau<e maets
vation, as will depolanzation secondary to anoxia The e and fall
of the Na* and h+ permeabilities in the squid giant axon 1s shown
m Fig 2-10 It has been shown (Hodgkin and Huxdey 1922b) that
the sequence of permeability changes shown m Fig 2 10 1s adequate

to explam the shape of the propagated action potential of the squid
glant axon

Some Consequences of the lonic Theory

Certamn of the consequences of the Hodghin theory or of any
10me theory of the sction potential which will be referred to in the
following cbapters are discus.ed briefly here

Permeability Change and Membrane Impedance If the crueial
event 1 the development of active depolanzation 1s an increase mn
10me permeability then since 10ns ean move more freely across the
membrane the electrical impedance of the fiber should fall during
the upstroke of the action potential Thus has been found to be true
1 the gant axon and also 1n Purkinje fibers (see Fig 7-12)

Actie Transport of Ions If there 13 any permeability to Na+
when the fiber 13 at rest Na* will tend to enter the fiber slowly
Furthermore if the permeability to Na* increases during activity
Nat will enter 1n greater quantities when the fiber 1s active

Since the intracellular concentration of Na* remains low 1n sprte
of the.e {wo sources of Na* mflux 1t seems probable that some
mechamsm eusts which actively extrudes Nat from the cells
Since this extrusion 18 agamst the gradient of concentration and of
electric field both of which tend to puh Nat into the cell it
seems probable that metabolic energy 18 required for Na+ extruston
Efforts have been made to study the rate of Na* entry into cardiac

cells dunng activity and alvo to study the effects of metabolic
b on the Na* dutnb
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If repolanzation 13 associated with an increased permeahility to
K+, 1t should also be as<ociated with & flow of I+ out of the fiber
Also there 1s & loss of fiber K+ across the resting membrane Studies
which have been made with tracer K+ on atrium and ventricle are
discussed 1n Chaps 3 and 4

Threshold Although the Hodghin theory does not predict the
exstence of o “threshold” 1o a mathematically mgorous <ense
(Fitzhugh, 1955), there 1s a pownt at which Na+ permeability begins
to ncrease very steeply as a function of depolenzation On the
other hand since any depolarization results in some mcrease mn Na+
permeability and therefore in some regenerativeness 1t 13 expected
that actnve subthreshold depol tons or local r can be
seen Such local responses nre seen 1n cardiae muscle and are dis-
cussed 1n Chap 8

Recapitulation

The theory advanced by Hodglan to explam the action potential
of the giant axon of the squid has everted great influence on the
study of the cardiac action potential This theory holds that the
transmembrane potential of resting and active fibers may be
explamed by the presence of two sources of emf which alternately
dominate the transmembrane potential One, the emf rcsultmg from
the K+ ation grad across the b the
transmembrane potential of the resting fiber For this reason the
transmembrane potential of the resting fiber can readily be changed
by changing the extracellular K+ concentration The other, the emf
resulting from the Na+ 1on grad across the b:
gives rise to an emf of opposite polanty to that caused by the h+
grndlent This 13 s0 because the Na+ coucentmnon gradient 1s oppo
sitely d d to the h+ 100

The change m brane 1 o d with activity
docs not come about because of a change 1n exther of the two emf’s
but becau e of a change 1n jome permeability The resting fiber 1s
more permeable to h* than to Na* A small depolanzation of the
resting fiber increases the Na+ permeability and thus mnereascs the
contribution of the Na+ emf to the transmembrane potential Since
inereasing the contribution of the Nat emf increa es the depolanza
tion the fiber po ses<es a h by which depol 100 18
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regeneratne Once the Nat permeability reaches its maximum, 1t 19
considerably greater than the K+ permeability

The fiber would remain depolanzed if the Nat permeability
remaced greater than the K+ permeability Two factors cooperate
1n returning the fiber to its resting state One 1s the decrease in Na+

bility This d d ds on the fact that depolarization

of the membrane tends to reduce by inactivation the huigh Na* per-
meability which has resulted from that same depolarization The
cycle of depolarization — increased Na* permeability — increased
depolanization is thus rendered sclf lmiting by the fact that depolar
ation causes mnactivation and decreased Na* permeabiity Repo
lanzation also depends upon the fact that depolarization cau es an
mcrease m K+ p y The action p ! thus results from a
sertes of mt bet 1 and 1omic
permeabilities It will be seen 1n the followmg chapters that this
theory has influenced attempts to interpret the drastolie depolariza-
tion charactenistic of pacemaker fibers, the upstroke of the action
potential the slow rse of the action potential seen 1n fibers of the
atrioventricular node, the effect of acetylcholine on atral action
potentials and the process of repolanization in all cardiac fibers
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THE ATRIUM

The muscle of the atrium 1s often thought to be a functionally
h tissue which p only gross 1 special
zations Futhermore, preparations of atrial muscle from different
species are usually treated as though their properties were the same
Neither of these assumptions 1s correct The atrium contams the
sinoatrial and atrioventnicular nodes residua of the smus venosus
and the 1cular canal and s of embryonal structures
such as the venous valves (Patter, 1956) All these reveal important
functional differences from ordinary atrial muscle and show distiet
electrophysiologieal charactensties (Paes de Carvalko, de Mello, and
Hoffman 1959) Records of the electnical activity of single fibers
have emphasized differences betneen the atrial muscle of amphibia
and mammals as well as between different fiber groups 1 a single
atnium In this chapter we shall point out these differences and ndi
cate their mmportance to an understanding of the onigm and spread
of activity The sineatnal and atrioventricular nodes are treated i
separate chapters

THE ATRIAL ACTION POTENTIAL

The Typical Contrachle Fiber

1 ded

Configuration A typrcal tr: b action
from a fiber belonging to the main mass of contractile fibers 1n a
mammalian atrium 1s shown in Fig 3 1 There 15 a constant level of
membrane potential during phase 4, an abrupt onset of rapid depo-
lanization, and a prominent reversal Repolanzation proceeds with

42
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only mnor changes in velocity so that the action potential 1s more
or le s tnangular 1 shape In all fibers a rapid phase of repolanza
tion (phase 1) can be distinguished, 1n some pha e 213 prominent
and assumes the appearance of a plateau, while in others the recov-
ery himb of the action potential 1s concave upward and separate

Y ! LAY
R ¥
s
M J
v (s
]
—_—
Fre 3-1 T brane action 1s and el recorded from dog

atrium Top trace in 1 and B shons time marks at mtervals of 100 and 500 msec
Becond trace in 4 13 line of zero potential Horizontal bar at night of A repre-
sents minug 100 mv Bottom trace shows unipolar electrogram mn A and bipolar

Ele;tmgxnm 1m B Large dnving stimulus artifact precedes electrogram complex
b

phases 2 and 3 cannot be identified In all records however the
termmal phase of repolamzation 1s characterized by an extremely
slow return of the transmembrane potential to the resting value
Action potentials of this sort have been found n the atria of dogs
(Hoffman and Suckling 1952) cats (Hoffman and Suchling 1952)
rabbits (West 1955a¢) and rats (Webb and Hollander 1956a) The
precise shape of the recovery limb 1s vanable under physiological
conditions such as runor changes m 1ome concentration and the
pre ence of autonomic mediators Thus under different condrtions
the action potential of the same fiber may show a convex or a con
cave recovery lmb The specialized atrial fibers show distinetive
action potentials which are discussed below

The action potentials of atrial fibers of frogs and turtles are
markedly different 1n configuration from those scen m mammalian
atna In the atria of frogs and turtles the action potential of the
single fiber shows a hat slow upstroke followed by a distinet
and prolonged plateau A rapid imtial phase of repolarization 1s not
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prominent at the temperatures usually employed, but <eparate
phases 2 and 3 are clearly marked The transmembrane potential 1s
usually quite constant during phase 4

Magnitude In dogs cats, rabbits, and rats the resting potential
ranges from 80 to 90 mv and the action potential from 100 to 120 mv
(Table 3 1) Lower yalues recorded by some 1nvestigators probably
result from mad te exp al tech such as the use of
mucroelectrodes of too great a tip diameter Experiments on mtact
atna m situ bave given values for resting and action potentials
simuilar to those cited for mn vitro preparations (Hoffman and Suck
Ing 1952) In both mstances 1t 15 Iikely that the upper end of the
normal range approximates the true magmitude of transmembrane
potentials It 13 possible, honever that a considerable range of
values may be found 1 & normal atrium Thus varous authors have
found that both resting and action potential magnitudes are dis
tributed on a rough bell curve (Ware et al 1957 Burgen and
Terroux, 1953e¢) The problem of whether the random vanation
described by this curve results from physiologieal or experimental
varnation 1s un.olved In all probability there 1s a physiologieal
vaniation but 1t may well be much narrower i range than the
experimental obseryations suggest

Larly studies reported low values for the restmg potential and
action potential of single atmal and ventricular fibers of amphibran
hearts (Woodbury et al 1951, Rlemfeld et al 1954) but recent
work ndicates that vslues for ventricle are quite similar to those
reported for mammalian tissues (Ware et al 1957) The fibers of
the amphibian wtrium are small in diameter and electrode size 18
crucial mn studying their resting and action potentials It 1s mot
therefore unreasonable to suppo e that studies with suffictently
fine electrodes will reveal resting and action potentials comparable
1n magaitude to those seen 1n mammalian atra

Rate of Depolarization The rising veloeity of the atrial action
potential has been adequately studied 1n only a few experiments
The mauimum rate of depolanzation reported m dog and rabbit
fibers 14 at least 80 volts/sec Amphibian fibers show lower rates of
depolanzation

Duration The duration of the atnal action potential varies some
what with heart rate At comparable rates however the duration
1n large mammals such as dog and cat 1s greater than 1n small mam-
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mals such as the rat (sce Table 3 1) At n rate between 100 and 150
beats per munute the average duration in the larger mammals, at
3710 38°C would be from 200 to 250 msec and 1n the smaller mam
mals at 30°C, from 50 to 70 m=cc (Hollander and Webb, 1950) The
duration of amphibian atnal potentials 1s long compared with those
of mammalian atra even when the temperature and rate are com
parable Klemfeld (personal communication) has noted that action
potentrals recorded from the right atrium of guinea pig hearts con
sistently show a Ionger duration than those recorded from the left
atnum

Conduction Velocity The conduction veloeity of mammahan atrial
muscle 13 somewhat difficult to measure because of the syneytial
nature of the tissue and the nter 1ons b
bundles of fibers Values of 0 8 m/ ec for dog atrum (Brendel et al
1950) and of 0 45 to 0 6 m/sec for rabbit atrium (Paes de Carvalko
etal 1959) have been reported our own studies of dog atrium sug
gest that the maximum veloeity may be as high as 10 m/sce 1n
intact atna as well as m 1solated preparations of atnal muscle
Atnal fibers possessing speciaized characteristics have not been
shown to conduct at o higher veloeity than plain muscle fibers (Paes
de Carvalho et al 1959), on the contrary n many mstances the
spread of activity 15 greatly slowed in certam of these tissues
(see below)

Other Atrial Fibers

The atrial action potential described above 1s recorded from the
contractile tissue which makes up the mass of the atnum Recent
studies of rabbit atrum (Paes de Carvalho et al 1959) have
demonstrated the existence of several other groups of fibers of con
sistent anatornical location the action potentials of which are quite
distinet 1n configuration (see Fig 1 2) Surrounding the junction of
venous tissue with atrial muscle there 1s m the rabbit heart a fine
bundle of fibers which has been called the sinoatrial ring bundle
Action potentials recorded from single fibers of thus bundle sugges
ttvely resemble those recorded from Purkinje fibers i the mam-
malian ventrcle, the mitial upstroke of the action potential 1s fol-
lowed by a brief rapid repolanzation (phase 1) which carnes the
transmembrane potential back approwuimately to the zero lLne
Subsequently there 18 a clear plateau and farrly rapid repolanzation
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during phase 8 In eddition, many fibers of the sinoatrial nng bun
dle shon a slow depolanzation dunng phase 4 Action potentials
recorded from fibers of the sinoatnal ring bundle differ from those of
Purkinje fibers, bo vever 1n that the msing veloetty of the sction
potential 1s loner than that of Purkmje fibers, the duration of
the platean s less, and the conduction veloctty in these fibers
<eums fo be the same as in other areas of the atnum, te, 08 to
10 m/sec

The functional stgaificance of these fibers has not yet been cleatly
demonstrated However two major possibthties have been con
sidered It seems reasonably certaimn (see Chap 5) that if the pace
maher actiiity of the sinoatnal node 1s depressed by acetylcholine
or excess K+ the pacemaker site may shift to these spewalized
ateial fibers Moreover the embryologie ongm nnd anstomieal dis
tnbution of part of the smoatnal ring bundle suggest that st mught
act as a speciahized atrionodal conduction path Under normal conds
tions (Eyster and Mech 1014, 1916 Hoffman and Paes de Carvalbo,
unpublished obsery ations) nterruption of this strueture fails to pro-
long the atrior entnicular conduction time if the terminal portion of
the crista termunalis ts intact However, recent studtes (de Mello,
unpublished obsersations) suggest that when conduction through
plam atril muscle 15 depressed as by excess A+, the major hnk
betneen the atrium and atrioy entricular node 1s through the special
1zed atnial fibers

A sceond group of fibers which 1. found m the rabbit atnum and
which possesses charactenstic electrical properties 1s located around
the enture crrcumference of the atrioventricular vahe These fibers,
which may represent a residuum of the primitive smoventricular
canal conduet at o very low veloaty (approxumately 02 m/sec)
and show some slow depolarzation dunng dimstole The action
potenteal 1s sumular to that recarded from fibers in the atnasl end of
the atrioventricular node (see Chap 6} 1n that the risng velocity 18
extremely low the resting potential and action poteatial are smaller
than those recorded from ordmary atnal muscle, and the upstroke
of the action potential 13 often slurred or notched Latent pace-
maler actitity may be particularly marked in fibers of thns type
which are located cle e to the base of the pulmenary artery It has
heen postulated that 1t 18 fibers of this type in the upper end of
the atrioventricular node wWhich are responsble for most of the
atrioventricular delay
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1f careful attention 1s paid to the ehape of the action potential,
three additional fiber groups can be 1dentified (Paes de Carvatho
et al, 1909) These fibers arc located in the crsta terminals the
pectinate muscles and the atnal roof In general, action potentials
from the cnista termmalis show a clear plateau, while action poten-
tials from atral roof fibers most frequently show an upward con
canity of the repolanization imb The n.ng veloeity of the action
potential 18 greatest 1n the fibers of the atnal wall between the
pectinate muscles Preliminary studres show that these several fiber
groups msy respond 1n different tways to a vanety of agents such as
acetylcholine and epinephrine, however thetr presence 1n the atna
of other mammals has not yet been demonstrated and tkeir fune-
tional importance has not been ascertamned It 1s hikely, however,
that the different shapes of atral action potentials noted by all
mvestigators n the preparations of atrial muscle they have employed
are due 1 part at least to the presence of such distinctive groups
of fibers It has not yet been possible to correlate action poten
tial shape with the histologic structure of certamn atnal fibers
<uch as tho e descmibed by Todd (1932) snd by Robb (personal
communjeation)

THE ELECTROGRAM OF ATRIAL MUSCLE

The electrogram of atrial muscle whether recorded with unipolar
or bipolar leads 18 sumilar to that of ventricular tissue with one
major exception Just as an atrnal T wave 18 seldom recorded mn
standard electrocardiographic tracings the repolarization of atrial
fibers 1 often not clearly r d 1n the atral el How
ever, untpolar tracings recorded with the active electrode 1n close
proumuty to the muscle show a distinet deflection which has its
maximum amphtude durmg rapid repolanzation of the fibers close
to the actrve lead (Fig 3 54) These records obtained from 1solated
Preparations of atnal tissue are sumlar to those obtained from a
lead located 1 the cavity of the intact atrum (Kossmann et al ,
1920) and clearly show that the atrial T wave commences immedi-
ately after the depolanzation of 2 given area The causal relation-
ship between the time and rate of repolanzation of the atnal muscle
fibers and the time and htude of the el
designated as the T wave 1s clearly sbown in the records obfamed
after the additron of acetylcholwe (Fig 3-5)
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It 15 meorrect therefore, to assume that the atrial T wate 1s not
seen 1 the usual hmb lead electrocardiogram because 1t 1s obscured
by ventricular depalarization Repolasszation of some atraf fibers
commences 1mmediately after the mitial deflection of the P wave
and continutes throughout oll the PR interval The lack of promt
nence of the atrial T wave i the surface leads results rather from
the asynchronous activation of the atrial tissue the spatial distri
bution of the atral muscle with respect to the recording electrodes,
and the rather gradual repolarization of the mdividual atrial fibers
In conditions associated with rapid repolanzation of the atra, such
as flutter the atrial T wive 15 clearly seen in certaw of the hmb
leads (Prinzmetal ot al, 1952) Records obtamed from frog «nd tur
tle are of some mterest 1 this respect In these hearts the trans-
membrane action potential of atrial muscle shows a clear plateatt
and rapid repolanzation durmg pha e 3 the atnal electrogram
therefore records a classieal T wave after an 1coclectric S7 segment
This atrial T wave which may be seen in surface leads during atrio
ventrieular & 1on actually 1s led during normal cardrac
activity by the complexes resulting from yentrieular depolanzation

EFFECTS OF PHYSIOLOGICAL VARIABLES ON THE
ATRIAL ACTION POTENTIAL

One of the more 1ateresting, aspects of the electnical actmty of
single cardine fibers 1s the observation that under conditions which
mught be desernibed as normal the time course of depolarization
remmums relatively fixed while the course of recovery shovs marked
changes in response to a vanety of physiological factors Even if
both depolanzation and repolartzation are sltered by some single
factor such as temperature the magnitude of change in the recovery
p 18 derably more pr Of added mterest 15 the
fact that, while the change n depolarization caused by o grven agent
14 most often the same i fibers from any tissue of the heart, 1n
repolanization we find marked differences 1n sesponse between fibers
from atxum 1entnele, and specialized tissues

Rate and Rhythm

Tactors such as altered femperature sutonomic mediators, oF
changed 1ome concentration which cause changes the frequency
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and rhythmicity of the contraction of cardiac musele al<o influence
the <hape of the action potential of the cardiac fiber It 13 therefore
difficult to study the effects of changes in rate brought about by
any means other than the u ¢ of artificial dniving stimul to initiate
each contraction Excessive changes in the frequency of contraction
of the intact heart may result in alterations of blood flow or oxygen
supply which wll act upon the individual eardiac fibers and induce
changes that are not directly caused by the heart rate Most of
the ¢ difficultres can be overcome 1n studies of an 1°olated prepara
t10n of cardine muscle which 18 supported 1n a tissue bath and driven
by electrical stunuli In such a preparation the relationship between
the frequency of contraction and the electrical activaty of the indi-
widual fiber can be demonstrated with reasonable ease

In atrial musele as shown in Tig 3 2 the most prominent effect
of an ierease 1n the frequency of contraction 18 a decrease m action-
potential duration This change does not appenr 1n the atria of dogs
and cats until the heart rate approaches 60 to 100 beats per mimute
When the repetition rate of the action potential 1s so high that depo
larization begins before the preceding repolarization 1s quite com
plete not only 1s the action potential duration further decreased,
but also the nsing velocity and amplitude of the upstroLe are dimin
wshed This latter change is due primanly to the low membrane
potential present nt the time of depolarization and not to some
cumulative effect of the high rate as can be een from records of
sgle premature beats (Iig 3 3) In contrast transmembrane
potentials of rat atrium show little decrease mn duration at high
rates (Hollander and Webb 1955) As with rapid rate when an
extrasystole arises from a partially repolanzed fiber the duration
upstroke veloaity and amplitude of the action potential are all
decreased Weidmann (1955a) has shown that the changes seen
the premature action potential are similar to those induced by par
tial depolanzation of the resting fiber In addition when the rate of
repolarization of the atrial fibers 1s nereaced by acetylcholne, the
amphtude and rising velocity of the action potental are mamtamed
near normal at rates far in excess of those shown mn Fig 3 2 (Hoffman
and Suckling 1953)

The rate induced change m action potential duration 1s of eon
siderable interest 1n that a similar effect 15 not encountered 1n other
exeitable tissues on the contrary 1n frog nerve rapid activity
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fiber of the intact dog atnum (Hoffman and Suckling 1958) show
that this change 1s primarily 1n the time course of repolanzation
With weak vagal activity the recovery himb of the action potential
develops a marked upward concavity (Fig 3-4), stronger vagal

on greatly lerates all phases of repolanzation, so that
the duration of the action potential 1s decreased by as much as

PP DUVS |

Fra 3-4 Transmembrane action potentials recorded from a smgle fiber of
n situ dog atnum prior to and during vagal stimulation Top trace 13 Line of zero
potential and shows tume marks at intervals of 10and 50 mse¢ Note progressive
decrease 1n the duration of the action potentia] and absence of appreciable
changes 1n resting potential or reversal (Hoffman and Suckling 1953 )

200 meec This effect 15 also seen 1 monophasic records from turtle
atrium (Churney et al , 1949) and dog atrium (Schatz 1931, Hoff
man, Siebens and Brooks, 1952) obtamed by recordmg betneen
mjured and normal tissue For the full effect of vagal activity to
develop requires 2 to 4 sec, while recovery takes several times as
long Such records obtained from the in situ dog auricle reveal two
additional minor changes There 1s a shight mcrease in conduction
velocity and & vanable small increase 1n the resting potential
When acetylcholine 13 added to 1solated preparations of mam

malian atnum  the action potential of unspecialized fibers 1s altered
1n & manner similar to that just deseribed (Tig 3 5), thus m atria of
dogs cats rabbits and rats the primary change 15 1n the rate of
repolanzation As a result of accclerated repolarization the action=
potential duration 1s d d The action s ded from
atrial or stnus tissue of frog and turtle hearts are also shortened by
vagal stmulation and acetylcholine (Castillo and hatz, 1955 Hut
ter and Trautwem 19556 and & 1956) In these atna the first
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change 1s a decrease 1n the duration of the platean, subsequently
there 13 a complete disappearance of this phase of the action poten
tial 2o that the record 1s indsst hable from one ob d from
mammalian atnum

A
N N N

e effect of acetylcholne chlonde 1 2000000 on the unipolar
electrogram (top trace) and transmembrane sction potential (bottom trace)
o an1xlated preparation of dog atnum (A) Control (B) through (I) onset of
acetyleholine effect and partial recovery Voltags step in ¥ +100 mv tme
calibration 1n 7 29 ¢pa Note change 1 of smgle
T and 12 atnial T wave Upstrokes of transmembrane action potentials are
1otensfied by dotted lines

In the records ghown m Figs 34 and 35 vagal shmulation and
acetylcholine had hitle effect on the restng transmembrane poten
tial If the mitia) value of the resting potential 1s low however asit
may be under a variety of experimental condittons vagal stimula
ton or acetylcholine cause a fairly marked hyperpolanization
Wersely of the resting potential 13 close to the I+ equilibrum
Potential predicted for the tissue under study (see Chap 2) acetyl-
choling even 1y high concentration causes o change 1n this value
™utwem and Dudel 1958c) This finding explams differmg
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results obtamed 1n studies of the effect of acetylcholne on dog atrum
(Hoffman and Suckling, 1903) and cat atrium (Burgen snd Terrous,
1953b) and perhaps also the contrast between the change i resting
potential of frog smus (Hutter and Trautwem, 1926) and rabbit
smoatrial node. cauced by this agent (West, Falk, and Cervony, 1956,
Hofiman, unpublished}

The upstrobe of the action potential of ordmary atral fibers 13
largely unchanged by acetylchohne unless there is a simultaneous
merease m the resting potential, 1 which case muing velocity 15

ted and reversal d In contrast to this finding, cer
tawn Dbers in cat and rabbit atrum show o considerable decrea<.
both in the nsing seloaty and amphitude of the action potentaalin
the presence of high concentrations of acetylchohne This effect i
particularly prommnent i the speciahized fibers of the rabbit atrium
(Hoffman, unpublished) and 13 also seen m turtle and frog atrum
during strong vagal stimulation (Hutter and Trautwen, 1956) and
perbaps 1n all atral muscle when the acetylchohne concentration 13

very high

The effects of acetylcholne on the repolanzation of atrisl fibers
provide an 11, le of the rel: hip betneen the rate
of change of b 1 during repol: and the

amphtude of the T wave of the electrogram This relationship 18
shown m Fig 3 5 1 which the records on the upper trace wer?
obtamed with o unipolar surface lead nnd those on the loner trace
with an mtracellular microelectrode Under control conditions the
slow repolarization of the atrial fibers 1s reflected 1n a barely vi ible
displacement of the base line of the elactrogram simultaneous with
phase 3 of repolanzation After the addition of acetylcholme the
repolanization of the atrinl fibers 1s grently accelerated, and there
13 » marhed change 10 the stral T wave winch i< mserted and
incres~ed 1 amplitude and appears earher after the depolanzation
complex Since 1 this preparation acetyleholine causes only &
shght merease m conduction veloaity, the change m the atral T
wave must Tesult from the altered rate of repolanzation of the
muscle fibers

An inerease 1 W+ permeability as the probable mode of action of
scetyleholine on ber tissues 18 d d mn Chap 5 The
¢ficets of acetylcholine on atmal fibers could be brought about bys
similar merease 1 the permeabibity of the membrane to X+ The
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expennments of Burgen and Terroux (1943b) and of Trautwemn and
Dudel (1958a) have shown that when the resting potential of the
atnal fiber 18 1ncreased or decrea.cd by changing the extracellular K+
concentration, the action of acetylcholine 1s to bring the transmem

brane potential closer to the K+ equilibrium potential Also, acetyl-
choline causes less acceleration of repolarization when extracellular
K+ 13 high than when the coneentration of this 1on 1s low (Hoffman,
unpublished) In addition, acetylcholine has been shown to decrease
membrane resistance (Trautwein, huffer, and Edwards, 1956) and
to imerease the flux of h+ across atnal fibers (Holland et al 1902a
and b) and sinus fibers (Harris and Hutter 1026) An increasen h+
permeability would alter the resting potential by increasing the con-
tribution to this potential from the K+ concentration gradient

Accelerated repolarization would similarly result from an enchanced
efluxof h+ during recovery Finally adecrea ¢1n the nising veloeity
and amplitude of the action potential upstrohe would oceur if the
thauge m K+ permeability of the resting membrane were great
enough to make an appreciable contribution to the membrane
potential duning the period of mncreased Na* permeability which
follows exertation

Epinephrine and Norepimephrine

The effects of epinephrine on the electrical actraty of atrial
muscle are not impressive In agreement with results obtamed from
monopha.ic records of turtle atrium (Churney 1902) records of the
transmembrane potential of sngle atral fibers of both mammals
and hat show hittle t change after the addition of
either Y, h In some 1mst the action-
Ppotential dumtxon 15 shghtly decreased this effect has been recorded
from preparations of dog and cat atna (Brooks et al 1955) In
other instances as m rat (Webb and Hollander 1956a) or rabbit
(Hoffman blished) the action 1 15 prol d by these
same agents In sp ly active 1ons such as that
shown 1n Feg 36 1: 15 difficult to separate changes due to epinephrine
from those associated with a change 1n heart rate Sigmficant alters
tions 1n erther the resting potental the veloesty of depolamnzation
or the amplitude of the reversal have not been reported by most
myestigators but have been noted in one study (Dudel and Traut-
Wem 1955) The effects of sympathometic amines on atnial muscle
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Fio 3-6 Begments of & contmuous record showing the effect of Lepuwephnne
HC 11000000 on transmembrane potentials of rabbnt atrum lsolated
preparation dniven at & rate of 100 beats per mnute (A) Control (B) through
(F) show shght effects of a ) P s
activity at & rate of 160 beats per minute (D) and change 1n phases 2 and 3 o
repolanization Time calibration 100 cps Voltage calibration 1z F1s —100mv
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are thus much less dramatic than their actions on pacemaker tissucs
{see Chaps 6 and 7)
lons

Sodsum Trom the brief description of the events presumed to
underlie the electrical activity of excitable cells grven 1n Chap 21t
13 obvious that any appreciable change in the extracellular Na+

A
SN B o

¢ D
E F —
\ -

NN

Fie 37 Transmembrane poteatials recorded from smgle ibers of dog atrum
showng the effects of d the Iular sodium Top
Irace represents the Line of zero potential and shows time calibrations at mnter
vals of 10 and 50 msec Voltage calbration m F +50 +20 +10 —10 —20
~50 and —100 my (4) Control (B) 50 per cent NaCl replaced by sucrose
{€) 75 per cent NaCl replaced by sucrose (D) return to 100 per cent NaCl (E)
75 per cent NaCl replaced by choline chlonde () return to 100 per cent
aClL All records obtamed 25 to 30 mim after changing solations See text for
18cussion
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concentration should have a predictable effect on the action poten
tial of atnal musele fibers Within a range of concentrations which
permit the mamntenance of excitability the effects of Nat on atnal
muscle are 1n reasonable agreement with the predictions of the rome
hypothesis (Hodghin, 1951) As can be seen 1n Figs 3 7 and 3-8,

A

F1e 3-8 The effect of Nular Ma* on the nsng
velocity of the action potentsal of rabbit atrum (4) Normal Tyrode solution
(B) Tyrode solution with 66 per cent of the NaCl replaced by an 1soosmotic
smount of sucrose See text for discussion

when more than half of the extracellular NaCl s replced by an
approximately 1soosmotic amount of sucrose the transmembrane
action potential of an atnal fiber shows a decrease in both amplitude
and the maumum velocity of the upstrohe If the extracellular
NaCl concentration 1> decreased to 25 per cent of normal the nang
1elocity and reversal are further decreased In the particular expert

ments shown m Figs 37 and 3 8 the change 1n both parameters
of the action potential 1s 1n approxmmate quantitative agreement
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with the behavior of 8 membrane dependent largely on a sodmm
concentration gradient for its potential It can al o be seen 1n the
fizure that the duration of the action potenttal 15 decrea ed 1n
25 per cent \aCl and the recosery Iimb has developed o marked
upward concavity The possible mechanism responsible for this
accelerated repolanzation will be discusced 1n Chap 9 At this time
we will merely mention the pos.ibality that if there 13 any appre-
cable inward Na+ current after the end of the action potential
Upstroke, this current would delay the restitution of the normal
resting potential A decrea.e in Nat concentration gradient would
dimumsh this inward current, at any given potential and thus
permit & more rapid restoration of the resting potential by the
outward repolanzing current

The changes cau.ed by decreasing the extraccllular NaCl to
2 per cent, are constant over a peniod of several hours and can be
completely rever<ed by restoring the Na* concentration to normal
(Fig 3-7) If the concentration of NaCl 1s lowered to 10 to 15 per
cent of normal however exaitabihity 1g lost completely When on
the other hand the extracellular Na* 1s mereased aboy e normal by
20 or 50 per cent by addmg NaCl there 1s httle immediate change
In either the amplitude or nsing velocity of the action potential
Since however, the high Na* solution 15 hypertonic apparent
duagreement with the predictions made 1n Chap 2 may be the
Tesult of osmotre damage to the fibers or of shufts of nater and
other 1ong

Some investigators have emploj ed choline chlonde as 2 substitute
for NaCl 1n experiments of this type When large quantities of
choline are ysed to replace Na* in studies of atrnal muscle the
cholinerme effects of this substance are quite apparent Figure 3 7
shows that when 75 per cent of the extracellular NaCl 1s replaced
by choline chlonide, the decrease m nsing veloeity and amphtude
of the action potential are more prominent than with sucrose
Teplacement Similarly the acceleratton of repolarization 1s more
marked Some of the.e differences mught be explaned i choline
8¢S in 2 manner smular to that postulated for acetylcholine that
38 9f 1t 1ncreases K+ permeabihity to abnormally hagh levels It 1s
Quite hikely that this s the explanation for the differences observed
a olassium If the extracellular h+ concentration 1s mereased or
€creased, the effect on electrical activity of the myocardial fiber
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may result pnmanly from any one of three major vanables or from
a combination of them The change m the transmembrane action
potential may be caused dwrectly by the elevated or depressed h+
concentration outside the fiber, 1t may come about because the
intracellular K+ level has changed as a result of the pnmary change
i extracellular concentration, and, finally, a change in restng
potential, resulting directly from the effect of K+, may m turn

fl the htude shape or d of the action potential
(Werdmann, 1950a) In addition to these major effects changes
the Ca¥t/K* ratio (Hoffman and Suckling 1906) or changes m
threshold or conduction velocity may be of some importance 1n
determumng the ultimate ampbtude and shape of the transmem
brane action potentia] The most extensive studies of the effects
of K+ on cardiac tissue have been made on ventricular musele and
1solated Purkinje fibers discussion of these many posstble nter
relationships will be confined largely to these tissues Here we will
present only a deseription of certain changes in the atral action
potential erused by varying the extracellular L+ concentration

The records shown m Figs 3 9 and 3 10 were obtamed from a
single fiber of dog atrium The changes 1n potential m these records
are plotted as a function of time 1n Fig 3-11 to facihitate quantita
tive deseription Just before the first action potential n Fig 3 9B
the K* concentration of the Tyrode <olution was suddenly mereased
to 60 mM/1 by adding con 1 KClI, the date effect was
a rapid fall n the resting, potential which rached a steady value of
20 my after approumately 10 sec Thus drop in resting potential was
accompanted by an abrupt change in the amplitude of the action
potential and by a loss of excitability At the begnniog of the trace
shown 1 Tig 3 9D the K+ concentration was returned to normal,
the following records are part of a continuous trace and show a slow
return of the resting potential to the control value (Fig 3 10J)
When the resting potential attamned a value of 55 mv, the dnving
stimuli elierted local responses which alternated with small, stosly
propagated action potentials (Fig 3 9F) Subsequently a3 the
resting potential increased the action potental showed a progres
sive rice 1n amphtude, until, at a resting potential of 60 mv, the
overshoot reappeared With complete restoration of the resting
potential the action potential approumated its usual amphtude and
configuration (Fg 3-107)
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¥16 39 The effect of hCl on the electrical activity of dog atnum Transmem
brane potentials recorded from the same single fiber from A through F Time
calibratsonm A 100 eps voltage calibration 100 mv "Top trace represents line
of zero potential (Note dnft mdicated at time of withdrawal of electrode m
Fig 3-10K ) KOl added after first action potential m 4 Record 18 continuous
from 4 through ¢ KCl returned to normal concentration between C and D
Segments 1n D are taken 10 30 50 75 105 150 210 270 and 330 sec after
removal of hCl E 1s recorded 435 sec, and F 480 sec after returming to a normal
concentration of hCl
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Fig 3-10 Continuation of the record shown in Fig 3 9 from the same fiber
showing recovery from effects of excess KCl Records were obtained at the fol
Jowing fumes 1 geconds after return to normal solution (4) 480 (B) 520 (€}
535 (D) 50 (E) 565 (F) 500 (G) 630 (i) 735 (/) 855 (J) 915 and (A)
1095 Note withdrawal of electrode st the end of & showing some dnft Time
and voltage calibrations are the same as1n Fig 3 9 See tett for discussion

The drop 1n Testing potential following the sudden increase 12
extracellular k+t ation would be expected of a potential
which depends largely on & h+ concentration gradient across s sem!
permeable membrane (see Chap 2) If muscle from mammalian
atrium 18 allowed to equilibrate with progressively higher concen
trations of K+, the change i resting potential 13 related to tho
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loganthm of the extracellular K+ concentration in an approximately
hnear manner (Fig 3 12), although the slope of the hine (35 to
5o-my change 1n resting potential for a ten fold mncrease in b +) 1s
somewhat less than that predicted by the Nernst equation On the
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F16 3-11 Graph of changes in the amplitude of the resting potential and action
Potential shown m Figs 3-0 and 3-10 00 resting potential in excess hCl
#—s resting potential and z z action potential after returmng to normal solu
ton Note rapsd depolanzation 1a hugh h* solution slower recovery of resting
Potential in normal Tyrode solution and relationship between magnitude of rest-
Ing potential and action potential amplitude
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other hand, 1f the h+* concentration 1s decreased below normal or to
zero, the resting potential of mammahan atrium usually fails to
T e or actually falls (Fig 3 12) This departure from the predicted
behavior probably results in part from a loss of intracellular K+
“Ince 1t a few experiments on rabbit hearts perfused through the
coronary artertes (Lepeschkun and Hoff: blished observa
tions) an abrupt decrease to zero i the K* concentratton of the
perfusate was followed by & transient rise in resting potential to
values close to 100 my

Although the resting potental of atral muscle behaves roughly
it the manner expected of a K* diffusion potential several factors
alter the quantitative aspects of the relationship between X + and
tran membrane potential Burgen and Terroux (1953b) have shown
that when atria] fibers are exposed to acetylcholine at any extra
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cellular K+ concentration the resting potential of the fibers 1s closer
to the predieted K+ equilibrium potential than m the absence of this
agent This action of acetylcholine would be expected if the per

meabiity of the membrane to potassmm were increased The
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Ca+ r these exp

wad as follows e.—e 1 92z27 A4 19mMA (Hu_z?’man 1959}

extracellular Cat++ also changes the relation between
Bt and resting potential Low Ca** 1ncreases the resting potential
1 low T+ solutions and excess Ca*+ limits the depolanzation caused
by high I+ (Hoffman and Suckling 1956)

The changes 1n the amphtude of the action potential shown 1
Figs 39 and 3 10 as well as the loss of exaitability, are almost
certanly caused by the low resting potential and not by any other
effect of I+ The effect of resting potential on the regenerative
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response and excitability 1s discussed in Chaps 7 and 9, at this
time 1t 18 <ufficient to mention two cts of observations Iirst, 1n
tudies of mammalian Purhinje fibers Weidmann (19025a) found
that electrical 1 son of a fiber depol d by B+ excess
restored the nising veloety and amplitude of the action potential
to normal Second any factor which causes a decrease m resting
potential al<o decreases the amplitude of the action potential The
alterations 1n the shape and duration of the action potential scen
m Figs 39 and 3 10 are somewhat more difficult to account for
Most workers, using a vanety of hearts have concluded that
excess K+ shortens the d of the action p 1 Conversely
low K+ has been shown to accclerate at least the inttial phases of
repolanzation (Surawicz et al  1909) In addition to these effects
the low resting potential may be a direct cruse of a slower rate of
repolarization (Webb, 1956) T'inally n intact hearts, changes n
the extracellular K+ Jeve) nsually cause some change m heart rate,
which 1n turn mfiuences the time course of repolanzation

The records of recovery from evcess K+ shown n I'gs 3 9 and
310 revesl ceveral points of mnterest when contrasted with those
shownin Fig 313 In ths latter experniment I+ depolanization was
followed by a return to Tyrode solution contaming a normal amount
of k+ and an excess of Ca++ In the of a high
of extracellular Ca** (Fig 3 13) the drving stimub ehait loeal
Tespon es at a lower resting potential than in 2 solution containing a
normal concentration of Ca++ (Ig 39) and the recovery of the
Tresting potential i1s more rapid Also propagated action potentials
appear at a lower ‘alue of resting potential m high Ca*+ solution,
and the amplitude of the action potential at any resting potential
below normal, 1s mereased All these effects of Catt are to be
expected from the results obtained by Weidmann (19555) which
are de enbed m Chap 7 and from those of Hofiman and Suckling
(1956) In general, 1t can be said that excess Ca** has had two major
effects 1n this experiment One has been to increase the resting
potential 1n the p: of an elevated ation of K+ and
the other has been to enhance the ability of the fiber to show
regenerative depolanzation at low values of the resiing potential

Calewum and Magnesium Several effects of Ca*+ on the elestrical
activity of atrial muscle have just been described 1n conjunction
with the discussion of K+ If the resting potential of an atnal fiber
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Fie 313 The effects of k* and Ca** on the transmembrane potentials of 8
single atnal fiber 1 an 1solated preparation of dog heart Top trace represents
Iine of zero potential time calibrationn A 10cps Traces are nterrupted every
500 msec Voltage calibrationin ¥ +100mv KCladded to perfusion flwd siter
first action potentisl n A Solution contaimung normal h+ aod excess Ca**
added between D and E Note artifacts of dnving stimuli and wathdrawsl of
electrode at the end of F Bee text for discussion
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18 within the normal ronge, even a marked slteration in Ca** con
centration causes only 2 shight change 1 this measurement The
same 33 true for the nsing veloeity and amphtude of the action
potential, ratsing or lovwenng the concentration of Ca*+ results i
only a moderate mcrease or decrease in these values if the resting
potential 1s close to 90 mv Neither marked excess (15 mM/1) nor
complete depletion of Mg++ has been shown to noticeably change
the re_ting potential or the amplitude of the action potential (Brooks
et al 1955)

In contrast the concentration of Cat+ has & marked effect on
the time course of repolanzation Low levels of this ron m tho
extracellular flud prolong phase 2 of the action potential If Ca*+
and Mgt+ are both marhedly reduced, the atrial action potential
assumes a shape 1dentical to that of a typical ventricular fiber with
phases 1 2, and 3 all clearly demarcated (Hoffman and Suckling
1926) The effects of Ca*+ excess on repolarization are quite the
opposite the imtal phases are accelerated, and a slow termnal
phase appears High concentrations of Mg+ have a similar, but
less pronounced actron

The effects of Ca*+ on the excitabiity of atrial muscle fibers are
quite similar to those descnbed for other tissues (Brink 1954) The

threshold

t 13 d by high and d. d
by low levels of Ca*+ and the responses of the partially refractory
fiber are smmlarly enh or d d (Wed 1955b

Hoffman and Suckling 1956) It 35 mteresting that tissues from
different parts of the ame heart appear to have quite different
sensitivity to Ca** depletion Thus the 1solated papillary muscle
of dog or cat heart remains normally excitable for many hours 1n
solution that 15 almost free of Ca*+ while fibers from the strium
of the same hearts rapdly become 1nexeitable (Brooks et al 1905)
Bince the loss of excitability 1s not assoctated with an important
change 1n the resting potential 1t probably results from the effects
of Ca*+ on m ling the Na+ b of the
membrane (Werdmann 1955b)

Chlomide Only a himited number of studies of the effects on atral
muscle of changes 1n the CI~ concentration have been done This
problem 1s of nterest m relation to the possible contnibution of the
CI~ concentration gradient to the resting potential and to repolanza
tion In terms of 1ts distribution $his 10n could account for a major
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part of the resting membrane potential, and under eertain condi
tions 1t contributes to the transmembrane potentials of some tissues
(Stampfll, personal communication, Coombs et al, 1905) In
studies of 1solated preparations of rabbit atrium (Hoffman, Paes de
Carvalho, and de Mello unpublished) 1t has been shown that
replacement of up to 75 per cent of extracellular NaCl by <odmm
acetate has no demonstrable effect on the amplitude of the resting
potential or the nsing velocity and smplitude of the action potential
for periods up to several hours The voltage time course durng
recovery was simularly unaffected When Cl- was replaced by NOy,
there was no immediate change mn resting potentizl or action
potential, after one half hour or longer however, the resting poten

t1al decreased and excitabihty was lost In those expermments
replacement of Cl~ by NO,~ did not cause a prolongation m the
atnal action potential, as 1t does 1n fibers of skeletal muscle (Hill
and MacPherson 1954)

Drugs and Other Agents

Carcohn and Mecholy! are mdistingumshable from acetylechohne
m their effects on the transmembrane potentials of rabbit atrium
The shortening of the action potential produced by these agents 1s
reversed by atropine and also by epmephnine (Marshall and hatsh,
1957) Neostigmine, on the other hand causes varnable shortenng
of the atrial action potential as does strychmne (Marshall and
Ratsh 1907) Hypovwa, substrate depletton or addition of dinitro
phenol m low concentration all produce a sumlar change mn the
transmembrane potentsals of atral fibers from rat hearts (Tebb
and Hollander 1956) Al 1 the imphtude of the resting
potential and action potential are small but o marked shortening
of the action potential 1s observed 1n each nstance mn assocration
with a decrease 1n the force of contraction Higher concentrations
of DNP cause loss of exeitability this effect 13 counteracted by ATP
(de Mello, 1959) Addition of ademne nucleotides (ATP ADP,
AMP, ndenosine) to preparations of rat atrum (Vebb and Hol-
lander, 1956b) similarly causes only shght changes 1n the amplitude
of the transmembrane potentials but markedly decreases action
potential duration and force of contraction Ademmne ribose, phos-
phate and pyrophosphate on the contrary cause no mmportant
change 1n the transmembrane action potential of the same prepara
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tion Changes 1n resting tenwion suffictent to cause a major mcrease
m the force of contraction do not produce any alteration 1 the

b pe Is ded from fibers of rat atrum
(Hollander and W ebb, 1955) In the same fissue an inverse relation-
ghip between the magnitude of the resting potentral and the duration
of the action potential has been noted (Webb, 1956)

Several otber agents have been shown to cause prominent altera-
tions 1n the duration of the atrial action potential QOuabain slows
repolanization of rabbit atrum (West personal commumcation) as
does qumidine (West, 19550) Fluonde (Hoffman unpublished)
has an effect on dog atsium sumilar to that of acetylcholine, azide,

on the other hand d both the litude and d of
the \a action p 1 of rabhit atrium
Temperature

Cooling or heating atnal muscle has two major effects on 1its
electrical activity One 18 to cause a change in rate, and the other,

Y A \ 1

_ O
tjt; L_L D_‘L‘\_

6
Fic 314 The effect of on the of dog
atrum Spontaneous rthythm Parts of & contimuous record as temperatare 13

increased from 22 (first action potential m A4} to 32 C (G) Time calibration
m E 50 cps Top trace Line of zero potentsal

a change m the duration of the action potential Temperature also
mfluences conduectton velocity and eveitability and the steepness of
each of the several pha es of the action potential Several of these
effects are seen 1 the records of transmembrane potentsals of dog
atrium shown 1n Fig 3 14 As the temperature of the tissue bath
was quickly raised from 22 to 32°C the spontaneous rate of the
preparation 1nereased from 40 to 100 beats a minute, and the action
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potential duration decreased from 500 to 200 msec Also clearly
seen 1s a more distinet separation of the several phases of repolanza
tion at the loner temperature, so that the actton potential 1s quite
sumilar in appearance to one rccorded from a mammahan Purkinje
fiber Simular effects of cooling on cat atrium have been reporied
by Burgen and Terroux (19532) and for rat atrium by Hollander
and Webb (1955) This clear separation 1s not present in records
obtamned from all atral fibers, m some, cooling causes a smooth
prolongation of the entire repolarization imb of the action potential
and 1n others lowering temperature lengthens primarily the slow,
termnal phase of repolarization The records shown m Tig 3 14
are chosen because they emphasize the different temperature
sensitivities of the several phases of the atral action potentral The
temperature coefficients for a tissue of the type shown m Fig 3 14
are as follons phase 1, —20 phase 2 —30, phase 3, —1 6, slow
termunal phase of repolarization —1 6 These values are comparable
to those obtained by Coraboeuf and Weidmann (1954) m a study
of Purkinje fibers and demonstrate the greater temperature sent
tnaty of phace 2 If the tissue 1s driven at a constant rate, on the
other hand the change m phase 21sless marhed, while the alterations
1n the other phases of the action potential are sumilar to those just
de cribed The importance of rate 1n studies of this sort 13 discussed
mn detaid in Chap 4
In the records shown n Fig 3 14 there 13 no appreciable change
1 the amplitude of either the resting potential or the action poten
tial, with more pronounced cooling however the resting potential
1s decreased and the action potential amplitude falls In cat and
rabbit atrium. conduetion velocity 1s greatly slow ed, and exeitability
18 usually Jost at temperatures below 20 to 23°C (Burgen and Ter
roux 1953¢ Marshall 1907) This loss of excitability 1s most
directly related to the low resting potential mnce addition of
acetylcholine presumably by ncreasing the I+ permeability of the
membrane raises the resting potential and restores propagation at
even lower temperatures (Marshall 1907) These effects of changes
1n temperature on atral muscle should be compared with changes
1n the electrical activity of ventricle (Chap 4) and Purkinje fibers
(Chap 7) Additional discusston of temperature effects will be
found 1n those chapters and also in Chap 9
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PASSIVE ELECTRICAL PROPERTIES

Small bundles of frog atral fibers have been uced in a study of
their membrane charactenistics both under normal conditions and
dunng the action of cholinergie drugs (Trautwein, huffler, and
Edwards 1956) The results obtamned were rather vanable In
three expeniments the space constant A was found to be 041 mm,
023 mm and 036 mm, and 1t was found that the addition of
acetylcholine and prostigmine lowered the space constant X on the
average by 20 per cent Values of the time constant lay between
36 and 9 8 msee and were reduced by about 50 per cent by acetyl-
choline plus prostigmine Values were obtamned for the constants
R R, and C. by the use of certain assumptions Cn was found
to be 30 pf/em?, which 1s strikingly high The reduction 1n the space
and time constants after the application of acetylcholine leads to the

1 that the \: i fell (Those who consult
the paper of Trautwein et al 1956 should note that the value of
Ca gaven there ns 3 pf/cm?, 15 a musprint and the value actually
found was 30 pf/em?)

A drop 1n membrane resistance during the action of acetylcholine
also has been found in dog atna (Trautwemn and Dudel 1958a),
and the resistance drop has been attributed to an imcrease 12 mem
brane permeabihty to K+ It also has been stated (Dudel and
Trautwen 1055) that under some circumstances epmephrine
causes a fall in the membrane resistance of dog atral fibers All the
experiments cited on dog atrium have determined relative changes
and as yet no values are available for the normal passive electrical
properties of fibers of mammahan atria

ELECTRICAL EXCITABILTY

Only brief mention of the electncal excitabiity of the atrium
will be made, smnce this aspect of cardiac electrophysiology has
recently been considered in detail {Brooks et al 1955) and since
atnal muscle bas not been extensively employed for studies of
excitabiity using transmembrane stimulation of single fibers If
surface electrodes are used for strmulation 1t 1s found the electrieal
excitability of the atrium 15 1 general similar to that of ventricular
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muscle from the same heart Thus, if the same electrodes are u<ed
for both determmations, the resting thresholds of atruum and
ventricle are the same 1n & given heart, and the diastolic strength
duration curves are quite superposable The greater density of nerve
fibers m atmal muscle wtroduces some difficulty m measuring
excitability if relatively strong stiumult are required Perhaps for
this reason the measurement of thresholds st various times during
the relative refractory period 1s more variable than in the ventricle
On the whole, however, the strength mterval curve of atrum 1s
quite similar to that obtamed for ventricle m that anodal super
normality 18 seen during the relative refractory period and eathodal
supernormality 1s seen at the end of the relative refractory period
The effectrve refractory period which 1s defined 1n terms of the
ability of the heart to develop a propagated action potential, can
be estimated from experiments similar to those shown m Chap 8
As m ventricular muscle (Hoffman, Kao, and Suchling 1957), the
effective refractory period ends when the membrane of the mnds
vidual fiber has repolarized to a value of 60 to 70 mv Stimul
applied earlier than this eheit local responses which may become
propagated when adjacent tissue 1s sufficiently repolarized (Imo
oand Hoffman, 1958) latency t lus and p
response under these conditions may be considerably prolonged
During repolanzation of atrial muscle there 18 a sharply circum
«cribed period duning which suprsthreshold stimuli give m~e to
multtple responses flutter, or fibrillation The extent of this vulner
able period 1s changed markedly by vagal stimulation (Hoffman,
Slebens and Brooks 1952) and other factors which influence
101 or the tive of the membrane (see
Brooks et al 1925) In general 1t can usually be assumed that the
recovery of excitabiity parallels the repolanzation of the fiber
membrane (for exceptions sce Schutz 1936 Brooks et al 1935)
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THE VENTRICLE

The musculature of the ventricles 1s normally activated at many
dufferent sites from the terminal branches of the Purkunje system
This more or less simultaneous activation results i almost syn

h and foreeful of the entire ventricular muscle

mass When one studies the electrophystology of ventricular musele
the results suggest that these fibers are indeed the most highly
spectalized and developed part of all the cardiac tissues The
specialization 18 such that vigorous contraction will take place
under & wide variety of conditions capable of producing marked
abnormalities 1n the function of other parts of the heart Fibers
1 all parts of the ventricle are remarkably umform with respect to
the de and figuration of the by action
potential Conduction veloeity 18 quite constant Pacemaker
activity <eemingly does not develop 1n ventricular fibers Marked
changes 1 resting length have little effect on electrical activity
high concentrations of the autonomic transmitters similarly are
without marked effect

THE VENTRICULAR ACTION POTENTIAL

Configuration

The tr: b acton ) ded from v
fibers 1s usually represented as showing a rap:d phase of depalanza
tion a plateau of long d farrly rapid )| and a

steady level of transmembrane potential between action potentials
This description requires certamn modifications The three major
75
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types of action potentials typified by dog frog, and rat, are shown
i Fig 41 In each of these species ventricular fibers rarely if ever
show spontancous depolanzation during phase 4 The onset of
activity in phase O therefore 18 abrupt However, two major species
differences i the ventricular acttons potential are to be found
These consist of the presence or absence of phase 1 and the presence
or absence of a well marked phase 2 The only vertebrate spectes
which are known not to show a well marked phase 2 or plateau are
the rat and mouse All others which have been studied do show a
plateau, the principal difference among them concerns the appear
anee of phase 1

A well marked phase 1 18 secen 1n the action potential of the
ventricle of many mammals, eg dog and cat (Hoffman and
Suckhng, 1952, Trautwemn and Zink, 1952), sheep and calf (Déléze,
1959) Records from human ventricles published by Bromberger
Barnea (Bromberger-Barnea et al 1909) reveal a suggestion of
phase 1 at normal temperatures (see also Woodbury et al, 1957)
The myocardium of birds (Hoffman unpubhshed) shows a well
marhed pha<e 1, mn fact the rapid repolanzation during phase 1
carries the membrane potential down to —40 mv so that the
plateau occurs at a level halfnay between the level of full depolan
zation and full repolanzation Many other species apparently Inch
phase 1 entirely so that the plateau occurs at the level of full
depolanization Thes form of action potential has been found 1n
guinea pig (Johnson 1926 Coraboeuf and Otsuka 1906) snapping
turtle (Chelydra serpentina and Pseudemys elegans) (VW eidmann
1956a) frog (Woodbury et al 1951 Vare et al 1957), ground
squurrel (Catellus cutellus) (Coraboeuf hayscr and Gargowd 1906)
and dog shark (Scylliorhinus conicula) (Gargowl and Coraboeuf
1957) Frog ventricle shows a farrly well marked phase 1 at higher
temperature (Woodbury et al  1951)

Variation within the Same Heart Lattle systematic evidence exists
on the question of varation 1n the action potentral of ventricular
fibers from different parts of the heart Electrocardiographic theory
often assu for con m Interp of the T wave,
that the duration of action potentials of the endocardal fibers 18
Jes> than that of fibers of the epicardal surface This difference 1s
howerer, often suppo<ed to result from a difference in temperature
One study (Matsuda et 2l 1956) has in fact reported that the
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transmembrane potentials of fibers of the endocardial surface of
the dog are shorter than those of the epicardial surface and show a
more pronounced phase 1 Expenments iz which a microelectrode
was passed from the epicardial to the endocardial surface of the
tact m situ dog ventricle (Hoffman and Suckling, unpublished
observations) failed to reveal any consistent difference m the con
figuration of action potentials of 20 to 30 cells penetrated at differ-
ent depths A difference 1n duration of about 20 msee was noted
This probably resulted from coolng of the exposed epicardial
surface

Magnitude

The normal resting and action potentials of ventricular fibers are
1n all probability not less than 90 and 120 mv respectively The
availlable evidence suggests two considerations m support of this
statement One 1s that research conducted 1n our Jaboratory over &
pertod of some years on the same type of cell has resulted in a steady
mcrease 1n the average recorded values of both potentals This
probably means that the earlier average values were low because of
2 lesser degree of technical proficiency Other direct evidence to sup
port this statement 15 offered by studtes of frog ventricle The early
studies (Woodbury Hecht and Chnstopherson, 1951) reported
rather low resting and action potentials The work has been repeated
(Ware et al 1957) and much higher values have been found To
obtain these 1t was necessary to use small electrodes and to take
other technical precautions A table of values appears in Chap 3
all the values i1n that table may well be too low except those for
Purkinje fibers which, because of their relatively large diameter and
weah contraction are less likely than other cardiac fibers to be
mjured by the microelectrode Unusually low resting potentials (less
than 80 mv) must be regarded as unproved at present The general
tendency of recent experimentation 1s such as to place the burden of
proof on the investigators who report low values The problem 15
discus ed again in Chap 7

Rate of Depolarization

The rate of depolanization during phase 0 of the action potential
of ventnecular fibers has been reported to range from 80 to 530
volts/sec The latter value nas recorded from the endocardial sur
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face of dog ventnele (Matsuda et al, 1906) and may represent the
activity of cells transitional between myocardium and Purkinje
fiber Low nising velocities are subject to the same enticism offered
agamnst low values of resting and action potential amphtude It
seems reasonable to conjecture that the maximum rate of depolariza-
tion 1n mammalian myocardial fibers 1s at least 350 volts/sec That
of frog and turtle 13 undoubtedly much lower, probably 50 volts/sec
or less although measurements at temperatures which permit com
pancon with mammals are not available

Conduction Veloaty

The conduction veloesty 1n dog ventricle has been reported to be
088 m/.ec (Schaefer and Trautwein 1949) and that 1n eat papillary
muscle 0 96 m/sec (Trautwein Gottstein, and Dudel, 1954) These
values are somewhat higher than the classically accepted 0 4 m/sec
(Lews 1925) but agree well with the authors observation of a con-
duction velocity of 09 to 10 m/sec n papillary muscles and tra-
beculae carnae of the dog heart Low values (0 3 m/sec) for conduc-
tion veloeity 1n the intact m situ ventricle obtamed from plunge
electrodes (Scher et al, 1903 1905 Enckson et al 1957) should
properly be interpreted in terms of what was actually measured,
namely excitation times at a sertes of pomnts The true distance
between the e points in terms of fiber length 1s unknown the values
obtained by this method certamly do not represent conduction
veloaity Even as measurements of excitation time the values may
be erronecusly Iow because of local imjury and block which 18
mevitable when any series of ngidly mounted electrodes 13 pushed
through moving ventricular myocardium

Conduction veloaity 1n frog ventriele 1s about 0 1 m/sec at 18°C
(Bammer and Rothschuh 1952a, B and Rothschuh 19525
Bammer 1953) As in Purkinje fibers conduction velocity in frog
ventnicle mnereases linearly with temperature At 3°C the velocity 13
0048 m/sec and at about 27°C 1t 18 016 m/sec Above 27°C
the rate of increase of velocity 1s shightly duminished (Hemtzen,
1954)

Duration

The d of the vt lar action 11n any one species
18 hughly vanable under different conditions There are also marked
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differences in the action potential duration of hearts from different
mammals In dog papillary muscle, for example, the action potential
duration at g rate of 100 beats per minute 15 from 175 to 250 msec,
1n rat ventricle, at the same temperature and rate, the duration 13
from 50 to 70 msec In general the total duration of the action
potential 15 difficult to determine because of the very gradual slope
of the terminal part of phase 3 For this reason most mvestigators
have preferred to action-p 1d to some pomt
on phase 3 such as that representing 80 per cent restoration of the
full resting potential A companson of the action potential duration
1n hearts of different species 13 presented in Table 3 1 Changes 1n
duration caused by a variety of factors and agents are discussed m
subsequent sections of this chapter In general, deterioration due to
any cause is ted with a d 1n action p 1 duration

although a few exceptions have been noted (Webb and Hollander,
1959) In fibers which show a clearly marked phase 2, a decrease 1n
the duration of this phase 13 most often responsible for shortening,
only rarely 1s a decrease 1n action potential duration a result of an
increase 1n the stecpness of phase 3

THE VENTRICULAR ELECTROGRAM

A bref general description of the cardiac electrogram was given
1 Chap 1 If a untpolar electrogram 1s recorded directly from the
surface of umnjured muscle through a small electrode the intrinac
deflection of the imtial complex corresponds quite exactly 1n time to
the upstroke of the local t b action 1 (Fig 42)
Stmilarly, under normal conditions the §7 segment corresponds to
the plateau and the T wave to the phase of repolanzation of muscle
m the mmediate viemity of the surface electrode To a certain
extent the unipolar electrogram can be employed to detect changes
1 the voltage time course of the transmembrane potential How-
ever, changes 1n the velocity of propagation as well as nopumformity
1n the electrical activity of different fibers have some effect on the
electrogram Ventrcular muscle from dog heart provides a good
example for discusston because of the elear temporal separation be-
tween depolanzation and repolarnization and thus between the R and
T deflections For this reason several of the factors which have been
shown to alter the ventricular transmembrane action potential will
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be considered 1n relation to the umpolar ventricular electrogram of
the dog

The only change recorded in the electrogram when preparations
of ventneular muscle are diiven at progressively higher rates 1s a

L
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Fie 42 Ti sction and unipolar recorded

from 1solated dog papillary muscle showing ome driven best followed by an
eatly disstolic extrasystole (4) Normal Tyrode solution (B) low caleum
solution Note changes 1n phases 2 and 3 of the transmembrane potentials and
12 the ST segment and T wave of the extrasystoles

change 1n the duration of the ST segment (Hoffmar and Suckling
1954a) Smce mcrea ed rate changes only the duration of phase 2 of
the t; action p 1 the absence of any modifica
tion of the R and T deﬂectmus 15 not surpnsing Inversion of the
T wave and other modifications which have been reported as a con
sequence of increased frequency of contraction (Garb and Cheno
weth 1953) result from hypoxia and iadequate perfusion If, on the
other band the increase 1 frequency 1s caused by some factor other
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than the frequency of the driving stimulus, the yentricular electro-
gram may show other changes For example, during tachycardia
due to epinephrine or norepinephrine there may be, 1 addition to a
shortening of the S7" segment, a decrease 1 the duration of the
R wave and changes 1n amphitude and configuration of the T wave
These changes result from the augmented conduction velocity and
from the effect of sympathomimetic agents on the rate of change of
transmembrane potential during phase 3
The relationship between the rate of repolanzation during phase
2 and 3 and the voltage time course of the ST segment and T deflec-
tion have been studied m some detail If an extrasystole 1s mtro-
duced sometime during phase 4 the b action p 1
often shows a change 1n the slope of phases 2 and 3 (Fig 4 24) The
slope of phase 2 1s decreased and that of phase 3 1s increased The
1 lar el am shows no disp} t of the ST
segment from the 1soelectric line and an 1ncrease 1n the amphtude
and sharpness of the T wave A similar change n the transmembrane
potential and 1n the electrogram 1s ded when the e 1lul
Catt concentration 13 reduced (Fig 4-2B) These obeervations all
suggest & t and direct rel hip bet the rate of
change of the transmembrane potential during phases 2 and 3 and
the tude of the ST displ: t and T deflection Increased
amplitude of the T wave, however does not necessanly indieate an
mnerease m the slope of phase 3 This 1s clearly demonstrated m
records obtamed from ventricular muscle exposed to a moderate
merease m the extracellular K+ concentration Under this condition
the unipolar electrogram shows a marked 1ncrease 1n amphtude of
the T wave although the smultancous transmembrane action
potential shotws an increase 1n the slope of phase 2 and a decrease
the slope of phase 3 The increased amphtude of the T deflection 1n
these records therefore does not result from an increased slope m
phase 3, actually 1t 13 caused m large part by the dimmmished con
duction velocity This change m conduction veloeity which 18 1nds
cated by the increased duration of the R wave causes & greater
asynchrony 1n the onset of repolanzation mn different fibers and thus
an ncrease 1n the magnitude of the T wave The greater displace-
ment of the ST segment arises n part from this same factor and 10
part from the merease in the slope of phase 2 of the transmembrane

action potential
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It bas been observed that the electrocardiograms of mammals
differ 1n that some show a clear S7 <egment and T wave while
others show a T deflection merged with the termnal portion of the
QRS complex (Lombard 1952) An example of the latter sort 15
found in the electrocardiogram of the rat in which the T wave 13
merged with the terminal part of the R wave This type of record
15 to be d since the t b action tial which
1s sumilar to that of dog and cat atrium, shows no clearly defined
plateau (Fig 4-1) Of greater interest perhaps s the prolonged
negatne afterpotential recorded from single fibers of rat ventnele
During this afterpotential the unipolar electrogram fals to show any
deflection which might correspond to the U wave of the electro-
cardiogram (Surawicz et al, 1959) Sumlarly a U wave 1s not
recorded from dog or cat papillary muscle even if the terrmunal phase
of repolarization 1s prolonged Morem er recent studies of perfused
rabbit heart (Hoff: C; L h et al  1909) have
failed to reveal any correlation between the appearance of & U wave
1n the electrogram and the presence or absence of afterpotentials in
records obtained either through itracellular mieroelectrodes or
<mall suction electrodes Discussion of other possible explanations
for the U wave will be found in Chap 7

EFFECT OF PHYSIOLOGICAL VARIABLES

Rate and Rhythm

The influence of rate on the duration of the action potential of
the ventricle has been the subject of interest for many years Many
formulas have been proposed to relate the QT interval of the elec-
trocardiogram to heart rate (see Lepeschkin 1901 Carmeliet
1955a and b) Equal mnterest has been shown by worLem who h:ue
stucied ventrrcular action p
A brief summary of results obtamed by those workers wall be gy en,
& more detailed consideration of the systematic studies on frog ven-
tricle by Carmeliet will follow

Studies on dog papillary muscle (Hoffman and Suckling, 1954a)
showed a linear relation between total duration of the action poten
tial and rate when the rate was varted from 60 to 300 per minute
The shortening resulted largely if not entirely from shortening of
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phase 2, the slope of phase 3 remaining largely unaltered (Fig 4-3)
At rates below 50 per minute the duration of phase 2 was constant
These re<ults are not necessarily comparable to the effect of heart
rate on the QT interval of the electrocardiogram, since 1n the m
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Fi6 43 The effect of rate on the shape and duration of the transmembrane
action potential of dog papillary muscle The mtial rate 18 73 per munute and

the final rate 18 273 per mmute The time cahbration 1n the loner nght hand
corner 13 a 60-cycle sine wave

situ heart rate changes may be caused by a vanety of factors
which influence action potential duratton in other ways In
the studies just described & small reduction of resting potential
was noted only at very high rates No effect on conduction veloeity
was found unle s the resting potenttal and thus the amphtude and
ri.ing veloeity of the action potential, nere decreased If a quiescent
preparation was brought into activity at o fixed rate, the duration
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of the action potential did not immediately <tabihze The nitial
action potentisl was a hittle longer than the second one The third
action potential was n little longer than the second but a little
<horter than the first An alternation of this <ort peristed for several
beats The introduction of a single extrasystole 1n phase 4 produces
an action potentral with a prolonged phace 2 and a somewhat
tecpened phase 3 The paper contains a discu sion of the relation
<hip of these changes to changes in the T wave The mnfluence of
rate on sction potential duration and mechameal activity 1n cat
papillary muscle al<o has been exammned (Trautwemn and Dudel
1954a) The relation hip between rate and duration tn this report 13
somewhat complicated, however ncrease 1n rate leads to marked
reduction of duration Some {all 1n nction potential amphtude was
noted at rates of 350 per muinute and tigher

Aseries of studies on frog ventriele by Carmeliet and his coworkers
bas provided a great deal of interestng nformation In the mitial
Ppapers (Carmehet 19052 and b) 1t 15 pointed out that the conven
tonal formulas are not altogether adequate and 1t 1s proposed that
action potential duration 1s influenced by some factor which disap
pears slowly after each beat If1t1sa sumed that this factor declines
10 an exponential fashion, 1t 15 possible to obtan a simple formula
relating the iterval between beats T the duration at & given rate
4 the duration at infimtely slow rate Ao and the time constant of
decline of the rate mnfluencing factor, @ The resulting formula which
may of course also be regarded as empirical, 18 4 = Ao(l — e~ 7)
The values of Ay, and « dificr from beart to heart and as will be
seen differ under physol 1 dit: The formula
describes the observations of duration as a function of rate very
well It should be noted that for slow rates (large values of T) 4
approaches 4., asymptotically Thig corresponds with the observa
tion that no further lengthening of the action potentral 1s scen when
rate 1s reduced below a certam level

It will be seen that a change 1 physiological state may change
either the duration seen at infimrtely slow rate (Aw) or the degree
to which merease of rate leads to shortemng (measured by «)
Usually both change when the state of the tissue 1s changed If 19
very large the duration will be 1nsensitive to ehangesin rate so that
Teduction 1n o represents an inerease in the sensitivity of duration
to rate change
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In a senes of papers (Carmelet and Lacquet, 1956, Carmeliet and
Boulpaep, 1908, Carmeliet and Lacquet, 1958) the changes mn Au
and « under the action of h+, temperature, Na¥, and osmotic pres
sure are reported It 1s of particular interest to note that mcrease
temperature and 1n external I\t concentration both shorten A, but
that mcrease i temperature dimimshes the ~ensttivity of the fiber
to rate shortening whereas increase of Ii* increases that sensitinity
It was also found that A. 15 more sensitive to a change 1n external
K+ 1n summer frogs than 1 winter frogs

The general conclusion (Carmeliet and Lacquet, 1958) 19 that a1s
2 measure of the rapidity with which the 10me balance between the
mside and outside of the fiber 1s restored after an action potential
The studies of Carmeliet emphasize an tmportant fact about the
mteraction of rate duration and any other physiological vanable
namely that the only way in which the rate effect can be allowed
for 1n studies of the effect of other varables on duration 13 by deter
mining a rate-duration curse at each level of the other varsable
Smnce changes 1n other variables change not only the duration of the
action potential at low rate but also the sensitivaty of duration to
rate change there 1s no sumple way to “rule out rate effects In
particular driving at a fixed frequency can neser rule out rate effects

Asremarked above changes in rate do not in general affect resting
potential, action potential amplitude or conduction veloaity unless
the rate 1s <o greet that each new action potential arices duning the
latter part of phase 3 of the preceding action potential One study
of frog ventricle however has reported 2 very substantial fall in
conduction velocity as a result of increased rate (Bammer, 1903}

Acetylcholine

As would be expected, the action potentials of mammahan ventn
cle are incenaitiv e to the action of acetylcholine No effect on resting
potential 1s found 1n cat or dog papillary muscle or 1n m situ dog
ventricle (Hoffman and Suckling 1923) An enormous concentration
(11 X 10-2 M) produced very <hight increase 1 the slope of pha<e 2
and a corresponding decrease 1n the <lope of phase 3 of dog ventricle
(Hoffman and Suckling 1903} Other cholinergic agents have sim1
larly httle effect on dog ventricle On the other hand earlier studies
with suction electrodes showed that 1 5 000 acety lcholine does speed
repolanzation 1n frog v entricle (Lueken and Schutz 1938) a simlar
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effect Is seen In records of transmembrane potential from single
fibers of frog ventricle (Hoffman unpublished) Acetylcholine bas
also been found to influence the effect of Iut coneentration on con-
duction yclocity m frog ventricle (Bammer, 1902)

Epinephrine
. "

me and h have very little effect on the
amphtude of the resting potential ot the action potential of dog or
cat ventricular fibers according to studies i our laboratory It 1s
particularly important to note that neitber agent produces spon-
taneous depolarization during phase 4 Also epmephrine rarely 1f
ever, causes spontaneous activity In preparattons of dog ventricle
which do not contan obvious Purkinje fibers This observation sug
gests that “ventricular ’ extrasystoles seen with the administration
of these drugs actually result from spontaneous actrvity in peripberal
twigs of the conducting system (see Chap 7) An effect of epineph-
nne on aetion potential duration of frog heart 1s noted 1r studies
with the suction el de, 2 derable nerea ¢ 1n d fol-
lows the 1 of 1 5000 hrine (Lueken and Schutz,
1938) In studies of 1solated preparations of dog papillary muscle or
trabeculae carneae (Hoffman unpublished) 1t has been shown that
o} causes a shght deer 1n action p

a constam, beart rate by increasing the slope of phase 3 In the olucL
embryo on the other hand epinephrine mnereases the slope of phase
1 and decreases the slope of phase 3 (Nngl et al  1952)

The shortening of the QT interval associated with the action of
epmephrme 10 the mtact antmal 1s largely a shortemng secondary to
a rate mcrease The change 12 configuration of the T wave results,
m part, from changes 1 the slope of phase 3 and 1 part from the
mcreased conduction velocity

lons

Sodium Lowenng of the external Nat* concentration has one
defintte and reproducible effect on the action potential of ventreular
fibers of most spectes namely 1t shortens duration Such n shorten
g has been seen m frog (Brady and Woodbury, 1957) suapping
turtle (Cranefield Eyster and Gilson, 190le Wesdrann, personal
commumcation) dog (Hoffman, unpublished) and sheep and calf
{(D&2ze 1959) A far amount of the shortening results from an
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ncreased steepness of pbase 2 while phase 3 occurs exther at a nor
mal rate or somew hat more slowly In general the slow repolarization
during phase 2 proceeds further in terms of potential level, so that
phase 3 begns only after the membrane 1s somewhat closer to full
repolanization than when the extracellular Na+ concentration 13
normal (Fig 4-4) The effect of very low external Na* on the appear

ance of the action potential 1s similar to the effect of acetylcholine

20
o]
70
500 msec
Fre 44 action s of the same lar fiber Camers

was opened during first 30 sec of perfuston with test solution contamning 20 per
cent sodum then sgair between 60 and 90 sec (Déld ¢ 1959 )

on atnal fibers or the effect of continuous anodal polarization on
ventricular fibers In gunea pig heart however lowering of external
Na+ prolongs the duration of the action potential (Coraboeuf and
Ot<uka 1906)

The effect of reduced external Na+ concentration on the steepness
and amplitude of phase 0 13 of course interesting because of 1ts bear
g on the Hodgkin theory It cannot be said that the results availa
ble to date give unequivocal support to the applicability of that
theory to ventricular muscle In two species snappwng turtle (Werd
mann, personal communication) and gumea pig (Coraboeuf and
Otsuka, 1956), 1t 15 po-sible to lower Na+ markedly without apparent
reduction 1n erther the steepness or amplhitude of phase 0 In a recent
review (Cranefield and Hoffman 1958a) the results of Coraboeuf
and Otsuka were queried becau ¢ the NaCl was replaced by choline
chlonde The studies of gunea pig ventricle have been repeated
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using both cholne chlonide and sucrose 2s NaCl substitutes, and
the earlier findings were confirmed (Déléze, 1809) However 1t was
noted that the upstroke velocity became reduced even though the
amplitude of pha<e 0 remamed normal In the study by Déléze 1t
was found that replacement of NaCl by sucrose or chohne chloride
merea ed the force of contraction, and since such an increase 13
Lnown to result from reduction of external Na+ this finding was
taken as evidence that the cells were exposed to low Na+ Evidence
that the guinea pig ventricle does not fully obey the Hodglan theory
18 thus fairly strong It should be pointed out that several workers
have studied the effect of low Na* on varous types of cardisc fibers
and have failed to publish their results even in abstract, because
the results were negative 1e, did not support the Hodghin
theory
Studies on frog ventricle (Brady and Woodbury 1907) have been
nterpreted as showing that that tissue obeys the predictions of the
Hodgkimn theory Thus the fibers become nexeitable of Nat 13 Jow-
ered to 15 per cent of normal, the amphtude of the action potential
18 reduced by reduction of Nat+ and the steepne<s of phase 0 18
reduced by reduction of Na* However certain ofher aspects of this
study are less easy to explamn (Brady, personal communication)
The decrease m action potential duration differs depending on the
substituting substance, thus when choline chlonde 1s substituted
for NaCl & linear relation 13 seen between Na* concentration and
duration such that a reduction of Nat by 1 mM reduces duration
by 10 m.ec This shortenng 1s transitory and after some minutes
the duration begins to increa e If sucrose 1s used as a substitute for
NaCl shortening of the action potential 1s not seen with levels of
Nat as low as 40 per cent of normal and mn fact prolongation may
oceur The viscosity of a sucrose Ringer 1s ligh and 1t 18 possible
that perfusion with this meditm 1s meflective in lowering extracellu
lar Nat however this would not account for the prolongation
observed In these particular studies two major z.sumptions must
be made in order to relate the amplitude of phase G and the extracel
lular Na+ concentration n a quantitative manner The amplitude
of the action potentsal falls off 1n a predictable manner only as Nat+
1s lowered to 60 per cent below 60 per cent smplitude decreases less
than predicted This failure 15 explaned on the supposition that
tracellular Na+ 13 lost (Brady and Woodbury 19,7) Furthermore,
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the fitting of o loganthmic relationship between Na +/Na + and the
amphtude of phase 0 even down to 60 per cent, depends upon the
assumption that internal Na+ concentration 1s considerably hgher
than 1t 15 usually supposed to be (Brady, personal communication)
In addition the relationship between the steepness of phase 0 and
Na* concentration 15 extremely varable and fails badly at low Nat
concentrations All 1n all the results on frog ventncle cannot be
regarded as grng strong support to the Nat theory, although 1t
scems that the Na* concentration does bear some important rele
tionship to the development of depolamzation The techmieal dif
ficulties 1n these experiments are great and results are difficult to
mterpret, so that 1t 15 not reasonable to reject absolutely the view
that these experiments do in fact support the Hodghin theory
and that the departures are only the result of technical difficulties
The most recent results bearing on the effect of low Na* on ven
tricular fibers are tho e of Déléze (1959) Dél2ze us<ed a preparation
well adapted to the study namely the m transversus cordis This
musele 1s & bundle of myocardial fibers which 1n sheep and calf,
crosses the right ventrreular casity, connecting the interyentncular
<eptum and the posterior wall and which carres an artery through
which 1t can be perfused In these experiments NaCl nas replaced
erther by sucrose or by & mixture of choline chloride and atropine
No difference was found 1 the effects of these two substitutes A
reduction of NaCl to 25 per cent decrea ed the action potential
amplitude by 22 mv without changing the resting potential mark
edly The steepness of phase 0 was zlso reduced by 75 per cent The
effect on action potental duration was strihing, total duration beng
reduced by 50 per cent The reduction m amplitude of phase 018
much less than the 37 mv predicted on the basis that the action
potential amphtude 1s determined almost solely by the Na+ poten
tial It 1s suggested that the permeability to other 1on species 13
therefore fairly hagh 1n comparicon with the permeabihity to Nat
Quantitatis e considerations indicate that of this explanation 18 cor
rect, Na+ permeability at the peak of the action potential 1s rot
much greater than the I+ permeability Such an 10n raiscs
serious problems 1n relation to the supposed impedance changes In
spite of this the results of Déldze provide considerable support for
the applicability of the Hodghun theory to the ventricular mu cle of

sheep and ealf hearte
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In summary 1t may be said the effect of low Na* on ventricular
muscle has been tested 1o four spectes In two of these <pectes the
results are not 1o accord with the Hodghun theory In the other tvo
apectes the results may be made to accord with the Hodghin theory
provided certain nontnvial assumptions are made ‘The problem of
the 1omic basis of depolanzation i cardtac muscle 1s a s ery important
one and seems worthy of exten 1ve mvestigation Above all 1t 15
mnportant at pre.ent to mamtan o distinetion between expenments
which may, with the aid of certam a_<umptions be nterpreted m
terms of the Hodghan theory and ex tawhichgined tra-
tive evidence for the validity of the theory No unequivocal results
of the latter kind have been reported zs yet

Potassrum The addition of KCl to a solution bathing ventricular
muscle produces a Jowermng of the resting potential a reduction 1
the amplitude and upstroke velocty of pha e 0 and a decresased
duration The=e effects have been obeerved on guinea pig yentricle
(Coraboeuf and Otsuka 1906) sheep and calf ventncle (Déléze
1909), turile ventnicle (Weidmann 1956a) frog venirnle (Brady
and Woodbury, 1907) and dog ventricle (Brooks et al, 1933)
M of resting p 1 as o funetion of external hu+ con-
centration have been made (see F1g 3 12) and reasonable agreement
with the Nernst equation was found m the authors unpublished
studies Certamn studies suggest that o frog (Brady and Woodbury,
1907) and turtle (Werdmann 19+0a) the resting potential 1s not that
which would be predicted by the Nernst equation An important
difference between frog and mammalian ventricle has been revealed

lthough not much d has been given to 1t In frog ven-
tricle marked reduction of K* 1n the external medm greatly
mcreases both the resting potential and the duration of the action
potential Thus Carmeliet and Lacquet (1908) report that reduction
of h* from 1 § mM to zero caused a prolongation of .ome 20 per cent
m action potential duration Smularly Brady and Woodbury (1957}
found that reduction of h+* to 25 per cent of normal caused a marked
ncrease 1n resting potential amplitude of phase 0 and action poten
tial duration These findmgs contrast with those made m studies of
mammalian etrium (see Chap 3) mammahar Purknge fibers (see
Chap 7) and mammalian ventricle (Hoffman and suckling 1956)
In all those tissues reduction of K* to levels near zero causes a fall
in transmembrane potential as well as other deteriorative changes
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Action potential duration in frog ventricle has been found to vary
lLinearly with the external K* concentration over & range from zero
to 5 64 mM (Carmeliet and Lacquet, 1958) The relationship does
not appear to remam linear with more marhed mcrease m ht, e g
an increase in K+ from twice normal to three times normal tremen
dously reduces duration (Brady and Woodbury 1857) It has also
been shown that an merease of K+ increases conduction 'elocity
frog ventricle (Bammer and Rothschuh 19522 1952b) This effect
appenrs to be transitory if external K+ 1s raised to very high levels
n which case the mnitial effect 1s an 1ncrease mn conduction 1 elocity
and the persisting effect 15 depresston of conduction veloctty Such
observations accord wath the concept that depolanzation inttially
enhances excitabiity by bringing the resting potential closer to
the threshold potential but eventually reduces excrtability through
1nactrvation

Speaial attention must be paid to studies of the perfused turtle

ventricle made by Wilde (Wilde et al 1905, 1957) These studies
used & method of ‘ effluography, which depends upon perfusion
through the coronary artery and collection of coronary venous out
flos If the ventricle 13 loaded nith K%, 1t 13 possible to collect
samples of the cfluent and determine thewr 1Y concentratton  Use
of this technique has shown that release of 1*? from the turtle ven
tricle 15 pulsatile and that the pulsatility of the release has the same
rate ns the heart beat Each contraction of the ventricle 1s associated
with the appearance of an mcrease in 1+ 1n the effluent Wilde {per
sonal communieation) estimates that 0 0026 of the v+ content of the
turtle ventricle 13 released during each contraction or 138 X 10*
meq K* per systole per gram of muscle Rough c¢alculations yield 8
value of 45 uuM K+ per square centimeter per beat Wilde also con
cludes that the K+ release occurs during systole and that the I
release during systole1s 8 3 times as great as the resting release of K+
In analyzing Wilde’s results Weidmann (1956b) has concluded that
the change 1 transmembrane potential (and therefore m electro-
chemueal gradient for K+) during the action potential 1s adequate to
explamn the observed release of b+ This conclusion may be taken to
wndicate that ¥ lde s findings do not demand a change i K* per
meability dunng activity On the other hand the ealculations do not
show that I+ permeability does not increase If the I+ efflux occurs
primartly during phase 3, then no doubt I+ permeability does
nerease The question remams unresolyed
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The techmaque of perfusing turtle ventricle through its coronary
system has been ngemously applied to other problems bv W exdmann
(1956a) If the ventnicle 15 cooled to 10°C, the action potential hay
2 duration of 310 5 ec Since substances injected 1nto the coronary
artery reach the viamity of myocardial cells in sbout 1 sec, 1t 18 pos-
sible to alter the extracellular milieu durmg the course of the action
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Fra 4.5 Transmembrane potentials recorded from perfused turtle ventncle
showing one pormal metion potential and superimposed the ghortening due
to an njection of hCl mto the coronary circulation Tume of 1jection shown

by upwerd deflection of lower trace Veltage cabbration hines in steps of 10 mv
(Weadmann 1957a)

potential Thus it 15 possible to increase the everaceliular K+ con
centration during pbase 2 (Fig 4 5) Such an mcrea o leads to
tepolarization This simple observation bas rased msny problems
If 1t 12 supposed that the value of the tronsmembrane potential
duning phase 215 the result of roughly equal Na* and K+ permeabi
ties then an merease in the concentration of Kot would by reducing
the magmtude of Ex tend to move the transmembrane potential
toward the Na* potential 1e, in the direction of depolanzation
The observed effect bemng quite the opposite of that prechcted
uz the above manner suggests other interpretations among them
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19568) or mcrease K+ permeahbiltty (Cranefield and Hofiman,
19582) The problem 1s discussed further i Chap 9

Calcrunt and Magnesium Comparatively few studies of the effect
of Ca*+ concentration have been conducted on ventricular fibers
It has been found (Hoffman and Suckling, 1906) that great redue-
twon1n external Ca** (to 1 per cent of normal) 18 without any remark
able effect on the transmembrane potentials of dog papillary muscle
There 15 2 very minor ncrease i resting potential no spontaneous
depolarization develops during phase 4 and the steepness snd
amphtude of phase 0 are little altered Duration does mncrease by
perhaps 15 per cent and phase 1 1s shghtly accentuated, so that
phase 2 begms at a different level of transmembrane potential A
fourfold merease i Cat+ on the other hand results in near abohition
of phase 2, so that the action potential resembles the “atrial type ’
of potentral Total depletion of Catt and Mg** (by Sequestrene)
results mn great prolongation of phase 2 and a tot U duration of as
much as 1000 msec In spite of this prolongation there s Little
change m resting potential, phase 0 or phase 3 The level of Catt
determines the effect of h* on the resting potential 1 exactly the
same way 1t does in Purkmje fibers (see Chap 7) Changes in M+
are essentially meffective unless Ca*+ 13 10 per cent of normal,
under this condition the addition of Mg+ shortens phase 2, and
the removal of Mg*+ prolongs pha<e 2

Studies of the effect of Ca*+ concentration on the monophasic
action potential of frog ventricle (Rodeck, 1947) showed that, as
Ca** was elevated above normal mmor elevation caused mereased
duration whereas higher concentrations either immecdiately or
eventually caused shortening Shortemng was scen only at concen
trations higher than those employ ed by Hoffman and Suckhng (5 to
25 times greater than normal) Rodeck s paper contams a summary
and bibliography of early studies made with externalleads A varety
of contradictory results obtamed on frog ventricle have been briefly
summarized elewhere (Cranefield and Hoffman 19084}

Other Tons Cadmum chloride (5 mg/kg) has been found to lower
the resting potential of frog ventnicular fibers and also to inerease
the steepness of phase 2 thereby redueing duration (Rlemfbeld
Greene et al 1955) Barum chionde (5 mg/hg) maskedls reduces
the steepness of phase 3 and thereby prolongs the duration of the
action potential m frog ventricle (Klemfeld et al, 1954)
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The effects of lithium chloride should be mvestigated further,
since there 18 reason to believe that Lt can substitute for Na+n the
productton of phase 0 It hasbeen found that 55 meq/} of 1aCl can
be added to a normal Ringer's <olution without changing the trans-
membrane action potential of frog ventncle, on the other hand the
replacement of 27 to 40 meq of NaCl by LiCl results i loss of ampli-
tude m phase 0 and great reduction of duration (Stem et al 1935)
The effect re embles a *“low sodium’ effect but replacement of a
hugher per cent of Na* by glucose does not produce nearly as marked
effects Simular effects have been seen on snapping turtle ventricle
(Cranefield Eyster and Gilson unpublished) It 15 suggested by
Stem that normal Na* levels protect agamst the Li* effect On the
other hand LiCl generally contains as an impurity the trivalent tons
of various rare earths which were <hown by Mines to be very toxic
(Mines, 1910)

Temperature

The most obvious effect of cooling on the ventricular action
potential 1s marked mnerease of duration without marked change 1n
resting potential (Hoffman 1906) The change mn duration results
partieularly from a decreased slope of phase 2 and from the con-
sequent 1ncrease 1 the duration of phase 2 If however the tissue
13 cooled sufficiently resting potential 1s decreased and excitability
13 dimimshed or abolished (Woodbury et al 1951 Trautwemn and
Dudel 1954b, Gargowl and Coraboeuf 1957) It should be noted
that the only study of the effects of temperature on the 1 situ dog
ventricle (West personal communication) has not demonstrated any
appreciable change mn resting potential within the range from 37 to
27 C A similar study of buman sventnele dunng hypothermia also
failed to reveal a decrease in the magnitude of the resting potential
or action potential at temperatures 23 low as 28 5°C (Bromberger
Barnea et al , 1959) These latter findings are 1 part a result of the
narrow range of temperatures employed but may also result 1 part
from the greater experimental variation 1o magnitude of transmem
brane potential measurements when flexibly mounted electrodes are
used to study mtact hearts

Many attempis have been made to formulate a quantitative
description of the effect of temperature on the shape of the action
potential Thus the temperature coeffictents of the various phases
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have been determined, and 1t 15 found that phase 2 15 more tempera
ture sensitive than phases 1 and 3 are There 1s hitle bas:s for press
g such measurements yery far and ey en less basts for elaboration of
tbe data into physical or chemical hypotheses On the one hand, as
will be seen below, the description mn terms of phases does not bear
up well when exammed entically Op the other hand 1t 15 difficult to
reach gful physical ch 1 1 from a k ledg
of the effect of temperature on a process as complex as that which
eventuates in depolarization or repolarization (Burton, 1936-1937)
The description of temperature effects m terms of the effect on the
maxamum slopes of phases 1 2 and 8 1s useful Were 1t to be precise,
1t would waply that the action potential recorded at one tempera
ture could be superimposed upon that recorded at another merely
by replotting the voltage time course with different time scales for
each phase Any examination of the action potentials recorded at
low temperature shows that thisis not so (Fig 4-6) A rather detaded
examination of this sort was carried out on frog ventricle by Heintzen
(1954) He rejected the analysis based upon slopes of the 1varwous
phases and mnstead chose to analy ze the effect of temperature upon
the time required for the action potentis) to change 10 per cent of
1ts total amplitude In other words he divided the phase of repolar
zation 1nto 10 equal voltage steps and determined the duration of
each 2s a function of temperature (Fig 4-7) This method also
arbitrary nevertheless produced very interesting results The first
three steps of repolarization (roughly phase 2} are quite sensitnve to
and show a tant Qre between 4 and 32 5°C each
however, shows a different Qi (Fig 4-7) The phase of more rapid
repolarization (Hemtzen s steps 4 through 9, roughly phase 3) 13
quite msensitive to temperature down to about 15°C Below 15°C
the.e steps show marked prolongation and m fact prolong more
rapidly than steps 1 2 and 3 The last 10 per cent of repolarization
shows a constant but Iow Qo These results may be regarded m two
ways They <how that moderate reduction of temperature acts most
markedly on phase 2 whereas more ses ere reductton of temperature
produces a rather dramatic lengthening of phase 3 They also show
that a change of temperature essentially changes the shape of the
gction potential m a way that cannot be represented by any siumple
analysis and 10 particular cannot be represented by the Qi of phases

1,2,and 3
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F1g 4-6 Transmembrane action potentials recorded from a sngle fiber of
1solated cat papillazy muscle at different temperatures Rate constant through
out at 30 per minute Top trace (i A) recorda muacle temperature which falls
from 39 (A) to 19 C (M) Electrode withdrawn (N) to show line of zero poten
1] Calibration represents 100 mv and 400 msec
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Heintzen (1954) may also be consulted for 1 study of the effect of
temperature on total duration, rate, and conduction velocity
Interestingly complex <easonal varations i the effect of tempera
ture on rate have also been reported (Smuth, 1951, 1952)

sec
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F1a 47 Three-dimensional graph showing the duration of the various phases
of the action potential of frog ventricle as a function of temperature Each
pha e corresponds to a voltage change of 10 per cent of the total action potential
amphtude Duration 1s plotted on & loganthme cale op the y avis It will be
noted that phases IV to VII change less in duration at high temperatures than
do phases I to IIT but prolong more at low temperatures Only phases I I
IIT and \ show a constant Qo Over the entire range of temperatures (Hentzen
1954)

Drugs
It 15 not easy to demonstrate clear-cut effects of drugs on the
ventrcular action potential unless concentrations in excess of those
used clinteally are employed This should not be surpnsing if one
bers that action p 13 are 1n general quiie resistant to
the effect of mmor changes On the other band cautton must be
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exercieed 1 drawing conclusions from expenments m which drugs
are used 1 lugh concentrations

Cardiac Glycosrdes A few studies on the effect of strophanthim on
Ca++ deficient papillary muscles haye been reported (Trautwein and
Titt 1902, Dudel and Trautwem, 1908a¢) A concentration of
25 X 10~7 has htle effect on amplitude but does produce 2 transi
tory prolongation of the action potential Subsequently duration
decrea.cs prinapally through a shortening of phase 2 A number of
substances (digitoun ouabain seitlaren B, lanatoside C and k-
strophanthoside) 1n high concentration produce sumlar effects on
frog ventricle (Woodbury and Hecht, 1952) The most marked
effect 1 a gradual disappearance of phases 2 and 3 so that repolan
zation 13 very rapid At clearly toxic levels the amplitude of phase 0
18 reduced without reduction of the resting potential Srmular results
have been obtained on embryonic chick heart (Fingl et al , 1952)
and on dog ventneular strips (Stutz et sl 1904) Studies m the
authors laboratory have failed to reveal any significant change 1
the transmembrane potentials of dog papilary muscle with thera.
peutic concentrations of ouabain

Quimidine Very low levels of qumdmne (and procane amide)
prolong the effective refractory period of dog papillary muscle fibers
without producing any other changes 1n the action potential (Hoff
man 1958) the sigmificance of this finding 1s discussed in Chap 7
Higher and probably toxic concentrations of quimdine sulfate
(310 4 pg/ml) procaine amude (100 pg/ml) and pyrilamine maleate
(2 5 pg/mi) produce reduction of the steepness of phase 0 1 gunea-
pig ventricle (Johnson, 1956) These observations emphasize the
fact that the prolongation of the effectrve refractory pertod 1s a
sufficient explanation of the therapeutic effect of quimdine

Metabolic Inhibitors A number of agents (iodoacetate dinitro
phenol azide) bave been found to produce little change 1n the rest
mg potential of frog ventricle (lewnfeld Stem etal 1955, klemfeld
etal 1956 MacFarlane 1956) Iodoacetate causes mncrea ed steep
ness of phase 2 . frog ventricle (hlemfeld Stem, et al, 1955)
Studies on turtle ventricle utihzing external recordmg (Marshall
1955) show that 10doacetic acid reduces the refractory period and
the QT mterval Dimitrophenol on the other hand mereases the
refractory penod while decreasing the Q7 mterval These results
suggest that mhibitors may alter the usual relationship between
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repolanzation and excitability and strongly suggest that studies of
excitability should be part of any study of the effect of inhsbitors
MacFarlane (1960) has studied the effect of certam enzymatic
mhibtors on the duration of the action potential of frog ventricle
Vanous agents such as sodium azide, dinitrophenol sodim cyamde
and sodium rodoacetate, if used m suff 1y high t1ong
tually result derable red of duratton Two of
these agents, dimtrophenol and sodium 1odoacetate, mitially pro
duce lengtheming In all cases spontaneous activity eventually
appears When maximal shortening has developed, the duration 1s
not further reduced by an ncrease in rate MacFarlane also exam
med the effect of external K+ concentration on duration and com
pared that effect with changes produced by metabolic inhibitors
He advances certain distinctions between the action of the inbibitors
and of elevation of external K+ The mhibitors act more slowly than
does an ncrease n K+, and the shortening induced by mhibitors 1s
greater m proportion to the reduction of amplitude than 13 the
shortening induced by K+ However in this study 1t was not pos
sible to make accurate determinations of the resting potential If
one subjects the results to the eritera for the evaluation of the effects
of inlbitors advanced by Shanes (1958, p 107) there seems httle
reason to accept the conclusion drawn from these results that “an
active 100 transport modulated by ho* may be important in main
taming the plateau ' An alternative suggestion made in the study
seems more probable namely that metabolic inhibitors merease the
permeability of the b to K+ A spectfic ncrease in K+
permeabihity and o losa of any tendency for K+ permeability to
increase during a particular part of the eycle would certamnly explamn
the observation that all the inhibitors produce a condition 1n which
durstion becomes immsensttrve to rate A very sharp distietion
should be drawn between a plateau which depends upon metabolic
ally sustamed active lon transport dunng phase 2 and one which
depends upon metabolically sustamed permeability propertics of
the membrane MacFarlane also reports some nteresting results
obtained with neomonacrn, proflasime and acridine orange, alf of
which produce & shght lengthening followved by a slhight shortemng
but which create a very marked prolongation after they are washed
out with normal Ringer's solution The cells remamn stained aiter




THE VENTRICLE 101

such washing out, and the duration may increase by nearly 100
per cent

Other Agents

Hyporta Studies utiltzing metabolic mhibitors seem to be more
popular than studies of the effect of oxygen lach In general, how
ever the effects af low-oxygen tension are sumilar to the effects of
metabolic minbitors The effects of hypoxia generally consi ¢ of
increased steepness of pha.e 2 resulting i shortening of duration
slow loss of resting potential and gradual fall in amphtude (Traut
wemn Gottstemn and Dudel 1904) The changes appear much more
rapidly when the tissue 18 active than when quiescent muscle 1
expo ed to low 10ns of O, (Coraboeuf, Gargowl Laplaud
and Desplaces 1958) All knowledge avaiable at present suggest:
that the vanous types of mnterference with metabolic activity
ncluding direct hypoxia produce effects remarhably sumilar tc
those produced by the elevation of K* mn the external miheu A
considerable burden of proof lies upon the investigators who advance
mechanisms other than the one suggested by this fact

In & recent study of intact rabbit and dog hearts perfused througt
the coronary arteries (Kardesch et al 1958) 1t was found that cessa
tion of the perfusion which resulted 1n anoxia as well, producec
changes i the transmembrane potentials symilar i magmtude anc
time of appearance to those cau.ed by hypoxia alone (Trautwen
and Dudel 1906 Webb and Hollander, 1956k)

Stretch Cat papiflary muscles withstand stretch up to tensions o
1 000 g/em? without showing altered transmembrane action poten:
tials (Dudel and Trautwemn 19o4) It is unhkely that tension m th
mtact m situ heart often reaches this level

Fibrillation Various studies of fibrillation (Hoffman, unpublished
Hoffman and Suekhing 1954b 8ano, Tsuchihashi and Shamamoto
1958) agree that single fibers of fibrllating ventricles may shov
reasonably normal action potentials succeeding one another at :
very high rate All mixtures between this picture and one of smal
premature action potentials or action potentials with low upstroks
velocity and reduced ampltude have been reported Al o som
mvestigators have ob erved a ve d 1n the htud
of the resting potential and the action potential and slowing of the

L e~y T
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upstroke during prolonged fibnllation (Sano et al , 1958, Trautwemn
and Zmnk, 1052)

Inntact, 1solated cat hearts perfu ed from another cat (Hoffman
and Suckling 1904b) the electrical activity of smgle fibers during
prolonged 1entricular fibnllation differs from the normal pattern
only with respect to the high rate and a predominance of multiple
premature action potentrals These premature petentials naturally
show changes 1n amplitude, upstroke velocity, and duration 1 pro-
portion to the level of b potential ding the upstrole
If fibrilation 1s induced by an inerease in the extracellular concen
tration of KCl, on the other hand the resting potentral upstrohe
veloaity and amplitude of the action potential are reduced to the
same extent as during action of the same concentration of KCl
durmg regular beats In fibrillation induced by KCl a gnven cell
fires more <lowly than 1t does either during spontaneous fibrillation
or dunng fibrillation mduced by electrical stimulation Only
mn the presence of mnadequate perfu 1on and hypovia 1s there an
appreciable decrease In resting poteniial and action potential
amphtude unless KCl 1s u<ed to mduce the arthythmia These
findings accord with the observation that 1n the unperfused heart
fibriation changes progressively and there 1s a decrease 1n ampht
tude and frequency of electrical activity recorded by surface
electrodes, sthile 1n a heart mamntammed on a pump oxjgenator,
fibrillation may persist almost indefinitely without irreversible
detenoration It 1s apparent therefore that changes of the type
descrnibed by Sano and by Trautwein result from underperfuston
with concomitant hypoxia and hyperkalemta and that, if perfusion
18 mamtamed, fibnllation of itself does not cause detenorative
changes m the electnical activity of the myocardium

One additional observation made dunng fibrillation may be of
some mportance As has been known for many years it 1s1mpo .1ble
to wnduce fibriliation in small preces of ‘entricular muscle (Garrey
1914) Sumlarh 1t has not been pos<aible to produce fibrillatory
activity m 1solated papillary muscles even though they are attached
to bundles of Purkinje fibers m which muitifocal pacemaker actiity
15 observed (Stuchey, Hoffman, and Cranefield unpubli.hed obser-
vations) Fmally, even durmg ventneular fibrillation we have not
obeerved pacemaker activity 1n ventnicular muscle fibers
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PASSIVE ELECTRICAL PROPERTIES

Very little 13 known about the cable charactenstics of ventricular
fibers One early study (Iuahn, 1941-1912) made on frog ventricle
With external polanzation and recording 13 still of interest, although
1t failed to determine the cable constants mn a quantitative manner
Werdmann (1906b) has made certain estimates based upon the char
acteri.tics of Purkinge fibers and the chronaxie of ventricular fibers
These estimates pownt to 2 time constant of 10 msec and to 2 value of
spectfic resisivity of the myoplasm simular to that found i Purkinge
fibers, of about 153 ohm cm

Some information which bears upon the impedance change during
activity has been obtained by the use of impedance bridge measure-
ments through external electrodes (Rosenblueth and del Pozo 1943,
Eyster and Gilson 1947 Cranefield Eyster and Gilson, 1901b)
These measurements found an imncreaze 1 impedance associated
with activity This finding 1s presumably stmlar to the finding that
R, 1s high during phase 2 of the Purkinje fiber action potential
Only one meroelectrode study of changes m the membrane resist
ance of ventrnicular fibers has been reported In this study (Cora
boeuf Zacoute Gargoudl and Laplaud 1958) 1t was found that the
transmembrane resistance of fibers of the gumea pig ventricle falls
durmng pha e { and nees slonly durng phase 2 to a level which 13
considerably less than duning phase 4 The authors draw no conclu-
s1ons about the value during phase 3 but 1t seems probable that the

membrane resistance falls agamn during phase 3 before rising to the
level characteristic of phase 4
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THE SINOATRIAL NODE!

Since early antiquity the spontaneous rhythm of the heart has
been an object of curtosity and has often been 1dentified as the ultt
mate essence of hfe itself (Kisch 1959) Despite this our knowledge
of the nature of that rhy thmicity has accumulated very slowly, and
the smnoatral node was not rdentificd gs the pacemaker of the mam
mahan heart until the second decade of this century The fact that
1n vertebrate hearts rhythmicity 1s a property of the cardiac muscle
fibers themselves had become generally accepted by 1910, and stten
tion turned toward the problem of localization of the ker
The results of that period, which are mentioned briefly below are
discussed at length by Ejster and Meek (1921) and Lewis (1925)

Gaskell (1900) had found by & sertes of classical experiments that
the normal pacemsaker of amphibian hearts 1s 1n tissue of the sinus
venosus The exact Iocation of that pacemaher was later shown by
Meek and Eyster (1915-1916) to be at the junction of simus with
atrium The description of the smoatrial node of mammahan hearts
by heith and Flack (1906-1907) and others prompted many worhers
to seek the pacemaker of the mammalan heart 1n the region of the
junction of the supertor vena cava with the strium Many techniques
were successfully employed 1n an attempt to provide s clear demon
stration of the fact that the simoatrial node 1s the normal pacemsher
of the mammahian heart The strongest evidence was obtuned by
electrical recording from surface electrodes (Wybaus 1010, Lewis

et al, 1910-191%, Eyster and Meek, 1914, Meek and Eyster,

1 The unpublished studies by B F Hoffman which are reported 1o this chap-
ter were supported 1 part by a grant from the New York Heart Association
104
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1914a b) This method clearly showed that the first part of the
mammalian heart to depolartze during normal excitation 13 the tis
sue in the viemty of the simoatral node This finding of mitial
negativity of the nodal area, in conjunction with the results of
expermments mvolving the effects of local mjury coolng heating
or \! d ly established the site of origin of actrvity
It should be noted that the initial negativity m many early records
1n all hkelihood was the result of depolanzation of atral muscle
the immediate vicimity of the smoatrial node The low rate of depo-
larization of pacemaker fibers and their low conduction velocity
combine to produce only small differences of potential on the sur
face of the atrium which are very difficult to record through external
electrodes

After the discovery of imtial negattvity 1n the region of the sinus
node durnng normal 1mpulse 1ngtiation shifts m the pacemaler aite
were studied by recordimng the local electrogram Meek and Eyster
(1914b) and Eccles and Hoff (1934) showed that the site of primary
negativity migrated to different parts of the node under certam
conditions such as vagal stimulation cooling or local appheation of

KOl Meek and Eyster (19145) summanzed therr conclusions as
follows

On the basis of work presented 1n this paper and others of the series a
theory has been d which

our e 1 results on the

and vagal meck of the vertebrate heart It1s believed that

the specialized tissues of the heart exhibit from above downward progres-
awely shing degrees of Vagal chronot mnervation
of the Lized tissue also d; hes from above d The most,
automatic portion of the d tissue acts as ker for the heart

The function of the chronotropie fibers 1s o depress this automatieity
‘When the automaticity of the pacemaker 1s reduced below that of a lower
part the latter assumes d and becomes ker In this way
the vagus if the stimult are properly graded may cause the pacemaker to
descend from the upper part of the sinus node where 1t resides normally

:e the lower part of the sinus node and finally even to the auriculoventrien
ar node

The deral of these can be judged m
terms of the records of transmembrane potentials of single fibers
described below Studies of this £y pe failed, however, to demonstrate
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the mechanisms responsible for a shift i pacemaler site or for a
change m rate and rhythm

The nature of pacemaker activity in locations other than the
smoatrial node has also been the subject of much experimentation
and hypothesis It was early proposed by some investigators that
impulse ntiation only occurs 1n speeialized tissues (Schlomovitz,
Lyster, and Meek 1915) However, the early demonstration that
many different areas of myocardium from amphibia and mammals
beat spontaneously under certain conditions scems to have tesulted
m the probably erroneous conclusion that all types of myocardial
fibers can develop mtrinste rhythmueity This question 1s discussed
below 1n the section on ectopic pacemakers Studies of pacemaker
activity m the sinoatrial and atnoventricular nodes also Ied to &
cearch for a specialized conduction path between the two nodal
regions stymlar to that which connects the atrioventricular node and
the ventricular m; d The problem of the and func
tional signficance of such a path 1s discussed 1in Chap 3

The method of external recording was also used in attempts to
determine the nature of pacemakher activity The electrical activity
of the normal pacemaker was variously described as a slow negainve
vanation in potential (Arvamtak: and Cardot, 1937, Arvamtaki
1938, Bozler 1942-1943) or an oscillatory potential (Bozler, 1943}
and was thought by some workers to anse 1n tissue of the supe-
rior vena cava rather than in the sinoatnial node (Rilant 1932)
Ixtremely refined surface recording techniques have recently been
employed to study this same problem (van der Koot ot al 1906}
Records obtained through small close bipolar electrodes show low
voltage, polyphastc complexes which precede propagated activity 1
atrial muscle and which are scen only 1n the immediate vicimty of
the sinoatrial node The use of an intracellular microelectrode to
study pacemaker activity of amphibian and mammahan hearts 13
described m detail below

TRANSMEMBRANE POTENTIALS OF THE SINOATRIAL NODE

The Nodal Action Potential
Since the sioatrial node 13 the normal pacemaker of the mam
malian heart, most of the descriptive materal relating to the
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transmembrane potentials of pacemakers has been derived from
expeniments on this particular tissue Pacemaker actiity the
atrtoventricular node and the spectalized conducting system 1s
described 1 Chaps 6 and 7 There are & vaniety of sites 1n the night
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Fig 51 Tran membrane action potentials recorded from rabbit heart A and
B fingle pacemaker fibers of the sinoatrial node recorded at slow (4) and fast
{B) swetp velocity Note gradual transition from slow depolarization of phase 4
10 the more rapid of phase 0 1 lines repre-
sent 10 mv potential difference Line of zero potential mdicated by arrows
Cand D Symultaneous records from a single atrisl fiber (lower trace) and a
true pacemaker fiber (upper trace) m C snd a latent pacemaker fber m D

Voltage ealibration shows 10 mv potential dufference time calibration shows
mtervals of 40 msec

atrium which exhibit latent pacemaker activits Oceastonal refer
ence to these latent pacemakers 15 made m this section, but they
are described 1 detail 1 a following ection

The fundamental difference between the transmembrane poten-
tials of a pacemaker fiber and a fiber of erther atrial or ventricular
muscle 1s that the pacemaher fail to maintamn a steady level of rest
mg potential during phase 4 instead a slow depolarization com
mences immediately after the end of phase 3 (Fig 51) When the
transmembrane potential reaches the threshold potential the
record shows a smooth transition to the upstroke of the locally ans
g action potential This type of record was first obtamed from
pacemakers of 1 olated Purkinje fibers (Draper and Weidmann
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1951) and single fibers of the frog stnus (Trautwen and Zink, 1922)
More recently (West, 19054, West et al , 1950) stmdlar records have
been obtaned from smgle fibers of the mammalian smoatrial node
In addition to showmng slow depolanzation durmg phase 4, the
transmembrane potenttal of a single nodal fiber rev eals <es eral other
characteristies The magmitude of the resting potential recorded
from such fibers 18 less than that of atrial muscle, values of 50 to
65 mv are typical of the node in contrast to a resting potential of
80 to 90 mv m the atrum of the same <pecies The action potential
recorded from a smgle pods) fiber ty pically shows an extremely slow
nsing phase and the reverss! 1s small or absent completely (Fig 5 1)
The peak of the action potential 1s quite rounded, and repolanzation
18 somen hat slow In a ty preal record only phases 2 and 3 seem to be
present and phase 2 13 often slow eaough to be described as a
plateau The records shown m Fig 5 1 are from nodal fibers of rab-
bit heart In other species (dog, cat, rat) the transmembrane poten
tials from nodal pacemakers are similar to those of the rabbit When
records are obtamed from different fibers 1n the same sioatnal node
the shape and magnitude of the action potentis! s found to vary
considerably from fiber to fiber even withm a small area In genersl,
records obtamed from fibers located clo er to atrial muscle revesl &
higher resting potential and a more rapid upstrohe during phase 0
(West, 1905a) Fibers located in tissue of the supersor vena cava ot
some distance from 1ts junction with atrium, on the otker hand,
often have resting potentrals as low as 30 to 40 mv and may <how
only graded responses to depolanzation of the pacemaker In all
nodsl fibers, however, slow depolanzation 1s scen dunng phase 4

Mechanisms Responsible for Rate Changes

Propagated activity anses when the spontancous depolarization
seen 1 phase 4 carrtes the membrane potential fo the level of the
threshold potential The interval between beats ongmnating from &
pacemaker cell thus reflects the length of time required for the spon
taneous depolarization to carry the membrane potential from the
resting potential to the thre hold potential It 13 elear that thisinter
+val depends both upon the rapidity of the spontaneous depolariza
tion and upon the amount of depolanzation required to bring the
fiber to the threshold potential A vanation i swiftness of the spon
taneons depolarization 15 found to be a very mmportant mechamsm
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Fia 52 Diagram repre enting the important mechamsms responsible for
changes m frequency of a pacemaker fiber The upper diagram shows & decroase
m rate caused by a decrease n the slope of phase 4 from @ to b and thus an
increase m the time required for the transmembrane potential to reach the
threshold potential (TP) The lower diagram shows rate changes associated
with & change i the level of the threshold potential from TP 1 to TP 2 and
an nerease 1n cycle length from a-b to a-c also shown 13 a change 1n rate due to
&0 mcrease I resting potential {compare a-c and d ¢)

n many changes of rate (Fig 5 2), 1t 1s seen during the action of

leholine of hrine and of Rate may how
ever, be vaned even if the rapidity of the spontaneous depolarization
1s unsltered Thus occurs if the amount of depolarization required to
bring the fiber to the threshold potential 1s changed, such & change
results 1f exther the re.ting potential or the threshold potental 1s
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altered (Fig 5-2) There are thus at least three factors which are
1mportant 1n determning the frequency of discharge of a pacemaker
namely, the steepness of the spontaneous depolarization, the level of
the resting potential, and the level of the threshold potential It will
be seen below that rate changes mn the intact heart may come about
m a somenhat different fashion 1n that the origtnal pacemaker may
be slowed so much that another fiber takes over the imtiation of
activity
Changes 1n both rate and rhythm are seen when one or more
ectopic pacemalkers fire in addition to the regular pacemaker Under
1 tances such as the p of toxic concentrations
of epiephrae or veratrine, 1t appears that certain fibers may remamn
partly depolarized and thus mnitiate repetitive firng  Finally, certamn
changes 1n rate ond rhythm which often appear as coupled beats,
may result from echoes occurring i some part of the specialized

conducting system The h ponsible for this ph
has not yet been studied 1n a satisfactory manner and the local
changes in tra b potential resg ble for this arrhythmia

are uncertain Recent studies however have provided strong evi
dence that persistent local depolarization at a junction between
fibers with dissumilar properties 1s one mechanism by which reentrant
actnvity can be produced (Hoffman, Kao and Sucklng 1957,
Hoffman, Cranefield and Stuckey, unpublished)

The Vagus and Acetylcholine The first d ation of the action
of acetylcholine on pacemaker activity came from studies of the frog
sinus venosus during vagal stimulation (Castillo and Katz 1905,
Hutter and Trautwein, 1955a¢ b) In this tissue vagal activity slons
the heart rate primanly by decreasing the slope of slow depolariza
tion during phase 4 With stronger vagal activity arrest of the pace
maker results from a hyperpolarization of the ker fibers,
which may amount to 20 to 30 mv The effect of vagal stimulation
15 greatest durmg pha=e 3 and least marked Just prior to the upstroke
of the action potential Also the hyperpolanzation resulting from a
fixed 1ntensity of vagal activity 13 more marked when the resting
potential of the pacemakber fiber 13 low In thesc same expenments
conducted at 16°C 1t was shown that the duration of the vagal
effect after a smingle stimulus was approvimately 5 to 7 sec In the
g <inus venosus the lev ¢l of the threshold potential 1s unchanged
and action p Is ansing from a pace-

fro
during vagal st
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maker slowed by vagal activity are decreased both in amplitude and
duration The change 1 duration 1s much less than that seen 1n
adjacent atnal fibers (Hutter and Trautwein 19a26)
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Fra 5-3 Records showing the effects of acetylcholine on pacemaker fibers n
different parts of the rabbit atrium demonstrating the vanability of the effect
of this agent (4) and (B) Sunultaneous records from the same pacemaker
fiber 1n the sinoatnal node recorded at fast (lower trace) and slow (upper trace)
sweep velocities showing 1n the control record {4) marked depolarization
during phase 4 and a gradual transition from phase 4 to phase 0 and after
addition of a low concentration of acetylcholine (B) a slight increase in resting
potential & decrense m the slope of phase 4 and an abrupt transition from
phase 4 to phase 0 as propagated activity reaches the recordingsite (C) and (D)
Simultanecus records from a latent pacemaker fiber and an atnal muscle fiber
1m another heart (C) Control record (D) effects of a moderate concentration
of acetylcholine The two supertmposed sweeps m D show that slow depolariza-
tion durmg phase 4 1s not abolished tnstead the transmembrane potential
falls to a steady level before the upstroke of the propagated action potential
(E) (F) (&) and (H) Records from a latent pacemaker n the same atrium
23 A and B showng (E) control records (F) a decreased slope of phase 4 m a
low concentration of acetylcholine and (G and H) some hyperpolarization as
well as a decrease 1n the amplitude and dura.tmu of the action potential in the
presence of a higher of Note that the

brane potenttal tends to attam & steady level pror to the onset of propagated
activity

T

Vagal effects on the smoatnal node of the mammahan heart have
not yet been recorded The actions of acetylcholine are however
similar in many respects to the effects of the vagus on the frog sinus
West (10550 West et al 1956) reported a decrea e n the slope of
phase 4 an mncrease 1n resting potential and a decrease m the amph-
tude of the action p 1 after local 1 of ylel
to the sinoatnal node of the rabbut (Fig 5 34 and B) Changen the
threshold potential was difficult to evaluate because of shifts m the
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pacemaker site Other studies of the same prepsration (Hoffman,
unpublished) confirmed most of these resuits, but an merease mn the
maximum value of the resting potential was observed only mfre
quently More often the addition of acetylcholme to the perfusion
flud produced only a minor change mn slope of the imtial part of
phase 4 of the pacemaker fiber The transmembrane potential fell
to a level somewhat above the threshold potentia} and then remamed
constant until propagated activity from another pacemaker caused
firmng of the origmal pacemaker fiber (Fig 5 3C and D) In the pres
ence of ligher concentrations of acetylcholne complete arrest was
associated with a steady level of membrane potential intermediate
between the resting and threshold potentials Similar results have
been obtamned by Trautwen and Dudel (19585) In the smoatral
node of the rabbit acetyleboline causes no appreciable change 1n the
duration of the action potential The magnitude of the sinoatrial
pacemaker action potential however, 15 often reduced The thresh
old potential of pacemaker fibers 1s not increased by acetylcholne,
a2 shight decrease cannot be ruled out because of the shift in pace
maker site menttoned earlter The effect of acetylcholne on other
atrial pacemakers in the mammalian heart appears to be simlar to
that described for fibers of the sinoatrial node In general i1t seems
that higher concentrations of acetylcholne are required to change
the slope of phase 4 1n latent pacemakers than i nodal fibers The
action potential of some Istent pacemaker fibers like that of o
<inoatrial node fiber 1s hittle shortened by acetylcholine Ths find
1ng 18 10 contrast to the marked shortening eaused by acetylchohme
1mn ordmary atnal fibers and fibers of the sinoatrial rng bundle
(Fig 5 3F through /)

The effect of acetylcholne on Ler activity 15
to some extent by other factors When the atrium 1s cooled (sce
below), acetylcholme fails to cause arrest of sinoatrial pacemahers
Similarly, o the e 1lul ation 13 elevated
above the normal range lngher concentrations of geetylcholine are
required to produce slowing or arrest than i the pre<ence of a nor
mal potassum level Other inter hips bet
and acetylcholime are discussed 1n subsequent sections of thxs chap~
ter Several studies have shown that the effects of acetylcholine on

rebbit heart are rmitated qualitatively by physostigmine and ants
cholinesterases and are blocked by atropme i high concentrations
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Detatled comparisons of the effects of the parasympathoraimetie
agents and parasympathetic blocking agents have not been reported

A number of studies have given some 1nsight into the mode of
sction of acetylcholine on fibers of the smoatnal node It has been
shown that the potassium permeability of atrial muscle 18 increased
by acetyleholne Holland et al (1952a b) and more recently Harns
and Hutter (1906) have demonstrated an merease 1 both the wflux
and efflux of potassium from gumea pig atrnum and from frog and
tortose sinus venosus durmg acetylcholine action The membrane
reustance of fibers from frog atrum (Trautwein, Kuffler, and
Edwards 1956) and dog atrium (Trautwem and Dudel 1958q) 13
decreased by acetylcholme These obseryations taken i conjunction
with the decreased effectiveness of acetylcholine 1 the presence of
an elevated tlular pot: strongly suggest
that vagal slowing 1s due to an mcrease m potassium permeability
of nodal fibers The mecrease 1n permeability decreases the loss of
membrane potential dunng phase 4 and results i slowing or arrest
The significance of these observations in terms of the mechanism of
slow depolanzation durng phase 4 18 discussed below

thetic Nerves and vath Ammes The effects of
the cardiac sy L on t b Is of pace-
makers have been studsed only 1n the frog heart (Hutter and Tmut
wemn 1956) Stimul of the sy b m an

preparation causes an inerease In the slope of phase 4 and also an
1ncrease i the slope of pha«e Oandm zhe amplitude of the overshoot
The threshold h d although most
published records have shcwn some shuft 1n the location of the pace-
maker Anincrease in the resting
of frog smus has been observed following stimulation of the sym
pathetics When epmephrime 15 added to the sinoatmal node of the
rabbut heart (West, 1955¢ West Falk, and Cervoni, 1956) or the
cat or rat beart (Hoffman unpublished) the most marked effect 15
an merease 1 the rate of depolarization during phese 4 However
in the sinoatnal node of rabbit and cat hearts epinephrine seems to
lower the threshold ! of true p: (Hoffman unpub-
hshed) The effect of norepmephrine appears to be the same as that
of epiephrine Several other sy amines 1
merease the wtrimsic rate by mereasing the slope of depolarization
durng phase 4 (Morns Hoffman helly snd Cranefield unpub

emaki
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lished) When epinephriae 15 used i hugh concentration or 15 appled
loeally (West, 1955a) the effects on fibers of the sinoatrial node are
vanous In addition to an mncrease 1n the slope of phase 4 and a fre-
quent shift 1o the pacemaker site there may appear local block or
slurring and notching of the upstroke of the nodal action potentsal
Simlar effects are produced n latent pacemakers surrounding the
smoatrial node

Unfortunately, studies of the membrane resistance of fibers in the
sinoatnial node under normal conditions and under the mfluence of
epinephrine have not been reported The observation (Dudel and
Trautnemn 1955) that epinephnne mnereases the resting potential
and lowers the membrane resistance of dog atrium 1s difficult to
relate to its mode of action on pacemaker fibers especially n view of
the effects of acetylcholine descrtbed above and the observation that

hrine increases p bility of the b to
(Haydu, 1953)

Temperature Marshall (1957) has studied the effects of eooling
on rabbit sinoatrial node and has observed the same decrease m the
slope of phase 4 with cooling which 13 seen m Purkinje fiber pace
makers In addition, she noted that there was less change 1 the rest
g potential of pacemaker fibers duning cooling than m adjacent
atral muscle At 10 to 13°C, when the atnal muscle had become
mexcitable as the result of a low resting potential electrical activity
of the pacemaker was mamtaimed Under these conditions addition
of acetylcholine ratsed the resting potential of atnal muscle and
restored propagation without prod a marked change m the fre-
quency of the sinoatmal pacemaker This effect of acetylcholne 15
seen 1n a number of conditions in which the exertability of atnal
muscle 1s reduced because of a low resting potential The effects of
acetylcholine on rabbit atrum described by Bilbring and Burn
(1949) are m all likelihood to be explamned in this manner

Spontaneous activity m sinoatnal pacemakers of the rabbit heart
ceases at temperatures below 16°C because the slow depolarization
during phase 4 fails to attain the threshold potenttal (Marshall
1057) As the temperature 1s mcreased to 38 to 39°C, the slope of
phase 4 mcreases progres< ely, at temperatures 1n excess of 43 to
44°C, there 13 & decrease 1n the amplitude of both the resting poten
i} and the action potential In addition, multifocal pscemakers

appear, and conduction block wrthin the node 1s frequent
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Tons The effects of the major 10ns on pacemaker activity in the
sinoatrial node have been studied only to a muted extent In rabbit
heart the slope of phase 4 19 relattvely msensitive to alterations 1n
the coneentration of Ca** (Tig 5-4), but & marked mncrease 1n the
extracellular concentration of this 1on has an effect somewhat sumlar

NN
N\

Fro 54 T recorded from ker fibers of rabbit
atrum 1n (4) normal Tymde solution and (B) a solution contamning one-half
the narmal f Catt (U biished records Walmor Carlog d
Mello )

to that of acetylcholne Complete Cat* depletion may increase the
slope of phase 4 and lower both the resting potential and the action
‘potential These studies have not been carried out mn the presence of
atropine, and 1t 15 thus uncertain to what extent acetylchohne par-
ticipates i producing the observed changes A change m the Nat
concentration of the perfusion flud has relatively hittle effect on the
slope of phase 4 1 rabbit sioatrial node When 50 per cent of the
NaCl 13 replaced by an 1 oosmotiec amount of sucrose the slope of
phase 4 1s h: d or shghtly d hed of 75
per cent of the NaCl causes a general detertoration, but spontaneous
depolanization persists and sometames 1s actually mncreased If most
of the CI~ of the perfusion fluid 15 replaced by either NO;~ or ave-
tate pacemaler activity persists and the slope of phase 4 1s more
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or less unchanged for periods of 30 to 45 mun or longer (Hoffms
unpublished)

The simoatrial node of the rabbit heart appears to be remarkak

¢ to changes 1 the extracellular X+ Jevel (g 55) T

A E

:L::‘:i
L

N,

Fio 5-5 Sunultancous records from smngle fibers of a latent pacemaker fibe
{top trace] and muscle fber (bottom trace) of 1solated rabbit atnum (1) Con
trol s+ concentration 3 mM/I (8) h* concentration meressed to 10 mM/!
(€} 25 oun i tugh K solution (D) 25 pun i K* free solution Note 1a € thi
activity persists 1n the pacemaker fiber 2t a tume when the high K* solutior
has blocked actevity m the atris fiber See text for discussion

slope of phase 4 1 usually not mereased unless the potassium con
centration 1s reduced below 05 mM/1 In K* free solution spon
taneous depolanzation 13 increased and multifocal pacemaker activ
Wy appears When the concentration of K+ 1s increased, the effect on
sipoatnal pacemahers 1s not comparable to the effect on adjacent
atrial fibers In the rabbit heart (de Mello unpubhshed Hoflman,
1959) an creace in the e Hular K+ from the
normal value of 27 to 100 mM/1 causes little alteration either n
the magmitude of the resting potential of sinoatnal pacemakers o
1n the slope of depolanization duning phase 4 This same concen
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tration of K+ produces & marked drop in the resting potential of
atral muscle At an extracellular K+ concentration of 13 5 m\/1
pacemaker fibers continue to show regular, spontaneous action
potentials propagation of tus activity mnto the muscle fibers of the
atrum 1s decremental, and at a distance of several millimeters from
the sinoatrial node the record of transmembrane potential of atrial
fibers shows only small nonprepagating depolarizations The resting
potential of the nodal fibers 13 decreased only slightly, as 1s the slope
of slow depolarizatton during phase 4 In atral muscle at such It
concentrations, depolanzation 1s marked (Fig 55 Fig 3 12) Hon
ever when the It level 13 1ncreased to 21 or 22 mM/] spontaneous
activity of pacemakers ceases, and an appreciable decrease 1n resting
potential 15 evident
The appsrent msensitivity of fibers of the sinoatrial node to K+
has mmportant 1 The of normal p Ler
activity at a time when the K+ induced depolarization has caused a
failure of propagation 1n atrial muscle provides a clear example of
sinoatrial block It 1s possible that this mechanism 13 sometimes
respon 1ble for the disappearance of the P wave mn the electrocardio
gram during h* intovicatiort 1n most mstances however the failure
to record a P wave in surface leads results from & marked decrease
1n the propagation velocity in the atrnum and from changes i the
amplitude and nsing veloeity of the atrial action potentiil (Crane
field and Hoffman unpublished observations) Direct leads from the
atrium under eonditions of It intoxwcation sumilar to those observed
climeally show a persistence of propagated electrical activity in
atrial muscle and a complete absence of a P nave m the surface elec
trocardiogram The lack of sensitivity of the sinoatrial node to
changes m K+ concentration may also explain the persistence of
electrical activity 1n pacemaher fibers when atral tissue has been
made mexcitable by cold digitaliy and other factors known to 1nflu
ence K+ permeahility and transport
Other Factors The smoatral node 1s quite sensitive to changes m

fiber length Moderate stretch produces a decrease i resting poten
tial an increased slope of phase 4 action potentials of reduced amph
tude and multrfocal pacemaker activity (Hoffman unpublished)
A decreased partisl pressure of O, or ncreased partial pressure of
CO: have similar effects to those described for Purkinge fiber pace
makers although mformation on the relative sensitivities of the two
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types of pacemakers s not available (Hoffman, unpublished) One
study of the effect of metabolic inhibitors on the electrical activity
of single fibers of the smoatrial node of the rabbit heart (de Mello,
1659) has demonstrited 2 decrease mn the slope of depolarization
duning phase 4 when dimitrophenol or azide were added to the per

fusion medum The effect of DNP was reversed by appropriate
concentrations of ATP Digitalis, even 1n high concentrations, does
not abolish slow depolarization during phase 4 (West personal com

munication) Furthermore qumnidine and procame amide, 1n con-
centrations known to affect Purhinje fiber pacemakers do not cause
an appreciable change m the slope of phase 4 1n normal pacemakers
of the smoatral node (Hoffman, unpublished)

Other Properties of Nodal Fibers

Cond Velocity M of conduction veloaity within
the sinoatnal node are difficult to make even with the use of mtra
cellular microelectrodes because the spread of activity 1s difficult to
trace It has been determmned however that conduction time from
the smoatnial nodal pacemaker to the crista termmals of the rabbit
heart 15 approumately 35 to 45 msec Assuming a hinear spread of
actrvity at a umform rate, the conduction velocity over this distance
18from 01to 02 m/sec (Fig 57) Actually velocity increases with
distance from the ker, and the caleulated value 1s erroneously
high It 1s likely that in the inmediate vicmity of the pacemaker
activity spreads at a rate of 005 m/sec or less (Paes de Carvalho
et al, 1959) Since the rate of propagation 1s so slow, 1t would not
be surprismg if many sinoatral nodal fibers reached the threshold
potential almost umultancously Records of transmembrane poten
tials obtamned at numerous locations within the node support this
concept A number of fibers usually can be found which appear to
fire spontaneously and thus normal pacemaker actiity may be m
this sense multifocal in ongin The conduetion velocity m the sino
atrial node 1s <o slow that the first fiber to reach threshold may not
be the pacemaker at all Propagation from such a fiber may not
reach atmal fbers until they have already been activated by an
1mpul<e onginating 1 a nodal fiber which 1s not the earliest fiber to
reach threshold but which 18 closer to the atnal fibers

Ezeiabihty In most cardiac fibers (see Chap 8) full recovery of
excitability seems to follow almost diately after the compl
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of repolanzation The level of the transmembrane potential 13
related to excitabibity and respon<iveness tn a manner simtlar to that
described for Purlunge fibers (Weldmann, 1905a) In single fibers of
the simoatrial node ths relationship often fails during the phase of

Fie 56 Tracings of records of transrembrane action potentials recorded from
& smngle fiber i the amoatnial node of the rabbit heart showing the responses to
stmulation at varous tumes dunng the Phase of slow diastohe depolarization

{4} azd duning the latter part of repalanization of a different fiber (8) See text
for discussion

slow repolanzation Thus, when a nodal fiber 1s sttmulated at v anous
wtervals after the end of phase 3 and during phase 4, the amplitude
and nsing velocity of the response may tncrease as the level of trans
membrane potential falls (see Fig 5-6) Studies of the effect of rate
on action potentials of the smoatrial node have shown that the maxi
mum effect on duration 1s far less than that seen mn atral muscle
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ervont, West, and Falk, 1906) On the other hand, 1t also has been
own that the amphitude of the nodal action potential vares
ectly with the threshold potential (Hutter and Trautwem, 1956)
ese two observations are most readily understood if we assume
it 1n fibers of the simoatrial nede refractormess outlasts repolariza
n In terms of the jome hypothesis this might mean that the
neral rel hip between t brane potential and activity
antains but that the time constant of reactivation 1s much larger
0 1n ordmary atrial or ventrieular muscle
Safety Factor Several ty pes of observation suggest that the safety
tor of the nodal action potential 1s quite Iow In many instances
ity ongmating mn the atrtum shows decremental conduction
d local block m the sinoatrial node Similarly pacemaler activity
a particular nodal fiber may fail to excite the remainder of this
ucture or may fail to propagate to the atrum Under certain
reme conditions the entire sinoatnal node may show one rhythm
d the atrium another Specific examples of stnoatrial block due to
4 e, hugh extracellular p concentrations, and
er factors are mentioned elsewhere 1n this chapter
Surface Electrograms from the Sinoatrial Node As mentioned 1 the
roduction to this chapter a vanety of potentisls have been
orded from the region of the sinoatrial node through surface elec
des Since we have no information on the passive electrical prop
tes of nodal fibers 1t 1s dafficult to predict the <hape of the surface
ctrograms from a knowledge of the time course of the transmem
ne action potentia]l However certamn generalizations are proba
permissible Slow depolanzation during phase 4 1s present 1n &
re number of cells distnbuted over a fairly wide area Because of
. slowness of this change mn potential there s little difference
ween the surface potential at different locations in the node, and
se bipolar electrodes will show little or no evidence of this phase
dectrical activity A unipolar electrode and high gain d-c ampht
- will record the slow depolarization quite faithfully, although the
gnitude of the signal will be small A somewhat similar situation
-ncountered after the onset of propagated depolanzation The
ng phase of the nodal action potential 1s so slow that only very
all bipolar electrodes will show an appreciable difference of poten
| and then only if the electrode separation 1s relatively large
ring propagation the slow conduction velocity and irregular
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spread of activity will most often result 1n low voltage, polypba 1¢
deflections 1n the bipolar electrogram without sharp, clear inflections
Agam, unless the time constant of the amphfier1s long much of the
activity 1 the nodal fibers will fail to be recorded, and the nitial
deflection of the record will represent the more rapid activity of
latent pacemaker fibers which surround the swoatrisl node proper

OTHER ATRIAL PACEMAKERS

Latent Pacemakers

Surrounding the smoatral nodal tissue, which in rabbit hearts 13
located i the nall of the superior vena cava there 13 a rather wide
region 1 which slow depolarization occurs during phase 4 Trans
membrane potenttals of single fibers mn this region are mtermediate
I appearance between those of smoatrtal node and atnal muscle
(West 1955a) The resting potential 1s somewhat higher than i the
simoatrial node, and the slope of depolanzation during phase 4 18
less Most tmportant, the slow depolanzation abruptly changes into
the upstroke of the action potential at a level of transmembrane
potential higher than the threshold potential (Fig 5 1) Under nor
mal conditions these fibers are latent pacemakers they take over
true pacemaker function when the sinoatral node 1s depressed by
acetylcholine or some other means

In addition to latent pacemakers lymg between the sinoatnal
node and the crista termnalis a number of other fiber groups 1n the
atrium show slow depolanization duning pha e 4 The disttibution
of these fibers 1s seen 1 Fig 5-7 In general they differ from atrial
muscle not only 1 showmng slow depolanzation but also 1n the shape
of the action potential and 1u their response to varous agents (see
Chap 3) These fibers which are thought to represent 2 form of
muscle somewhat simlar to the ventreulir Purkinje system (ee
Paes de Carvalho et al, 1959) are also latent pacemakers

Ectoptc Pacemakers

Since many conditions and agents are known to imbiate pace-
maker activity m different parts of the atrium exther on local apph-
eatton or after systemic admunistration 2 number of theories have
been advanced to explam this phenomenon More particularly, 1t
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has been assumed that any cardiae muscle fiber can become a pace-
maker Also, 1t has been postulated that the mechanism responsible
for spontaneous firng 1n e topic foct may be different from that
normal pacemakers (Scherf et al , 1953) The many studies of atral

® SA pacemaker @ SA ring bundis @ septal branch
of SA 1ing bundles @ muscull pectinatl, crista terminalls
and interatrial septum © atrlal roof, 8 AV ring,

@ AV node @ ths bundle

Fra §-7 Map showmng spread of excitation mn 2 preparation of the right atnum
of 1abbit heart Figures represent latency in mulliseconds with re-pect to the
pacernaker located m the smostnal pode (00) Type of nction potential
secorded from eich site 1s wdreated m the fgure Latcnt atral pacemaker
activity 1¢ found w the sinoatrial ring bundle the crista terminalis and the
atnioventricular ning w addition to the sinoatrial node (Faes de Carvalko ef al

1959)

muscle earried out by means of intracellular microelectrodes permut
certamn tentatrse conclusions about the location of ectopre atnal
p Lers and the mect of ther rhythmicity
Location In studies of the nght atrium from dogs cats, rabbits,
and rats, we have neter recorded the development of pacemaker
activity n ordmary atral muscle fibers Ectopic focr have always
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been located 1 specielized fibers These fibers are found around the
sinoatrial node 1 the region of the simoatnal ring bundle (see Chap
3) 1 the spectalized tissue of the atrioventnicular nng and m the
lower part of the atnoventricular node and bundle of His These
fibers are the source of ectopic firng whether ectopic firing results
from depression of a more rapid paceraker or from mereased auto
matieity of ectopic foct caused by physiological or pharmacological
agents Lattle recent information 1s avallable on the presence or
absence of latent pacemakers 1n tissue of the left atrium Lrlanger
(Erlanger and Blackman 1907 Erlanger 1910) stated that the left
atrqum wsolated from the interatrial septum only rarely showed spon
taneous thythmical actavity He al<o found (Lrfanger 1910} that
strips of the nght atrium showed spontaneous actrvity only if they
meluded one or more of those areas of atral tissue which subse-
quently have been shown to contam specialized fibers (Paes de
Carvalho et al 1959) This suggests that hus method was vahd and
mahes hs failure to find spontaneous activity in the left atrium good
evidence for a paucity of pacemaker tissues in that chamber If
there are areas 1n the left atrium which do contamn specialized pace
maker tissue, they are probably to be found postertorly 1n the tissues
surrounding the entry of the pulmonary vewns and adjacent to the
mteratrial <eptum Isolated left atrial preparations ordinanly would
not nclude this area

BMechanism The cau e of spentaneous firing 1n ectopie atrial pace
makers 13 the same as that responsible for automatictty of the smo
atral node Slow or rapid depolanzation during phase 4 1» thus the
unmediate cau e of ectopic activity under most conditions However
several apparent exceptions have been observed In some instances
when the frequency of the ectopic focus 1 extremely high the
upstroke of one action potenttal follows almost immedrately after
the end of the preceding phase 3 Even in tlus inctance there 1s a
smooth transitton from the maximum resting potential at the end of
phase 3 to onset of the .ucceediny, phase 0 However 1n such a pace
maker the maximum resting potential 13 often almost 1dentical to the
threshold potential The cause of spontaneous firing 1n this case thus
way be quite different from that responsible for normal rhythmicity
An extreme example of this sort 18 produced 1n ventricular Purkinje
fibers by veratrme (Hoffman and Matsuda, unpublished) or by
toxic con: of hrime and hrine and 1s dis-
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cussed in Chap 7 Persistent local depolarization, which has been
suggested 28 a possible cause of spontaneous activity, has not becn
obsers ed 1a our studies of atrtal activity Evidence that such a mech
amism can mtiate an action potential 1s provided by studies of
anodal repolanzation (sce Chap 8),1ts operation 1n an ectopic atral
focus remains to be demonstrated
Another possible cause of cctopic activity should be mentioned,

the phenomenon known by the term echo It 1s possible for prope-
gated exertation to enter a region of cardiac muscle and exist there
as an exctatory state until the end of the effective refractory pertod
1n adjacent fibers The persistent excitatory state (which 15 actually
the normal long depolarization of phase 2) may then imtiate s new
propagated action potential in these particular fibers The conditions
most favorable for establishment of this type of rthythm are seen 1n
pacemaler fibers of the sinoatrial node when the excitability of this
structure has been depressed If the normally low conduction veloe
1ty 1s further reduced and local blocks are present the following
sequence of events may ensue Excttation imtiated n one part of
the node may cause normally propagated activity m the atrum
This atnal activity will rapidly reach and excite some other area of
the sinoatnal node Activity will then spread slowly over <ome path
way m the node and reexcite the atrial muscle shortly after the end
of 1ts effective refractory period A mechamsm of this sort may
cauce either coupled beats a doubling of the normal rate or com
plete wregulanity A lusive d ation of this seq of
events would require many simultaneous records of transmembrane
potential at different locations and 1s not pre<ently avaslable How
ever, a number of suggestive observations have been made In the
first place even under normal conditions 1t appears that much of
the nodal tissue 1s excited from the erista termmahs rather than
from previously actiiated nodal fibers (Ppes de Carvalho et al
1959) («ce Fig 57) Secondly coupled thythms in rabbit and cat
atris have often been observed under conditions associated with
depression of nodal activity and the occurrence of local blocks
TFanally, such coupled rhythms are most frequently assocrated with
only s minor change 1 the sequence of activation of the atrum
suggesting that the mitial sites of exaitation for both the normal
and coupled beat are quite close to the sinoatmal node Ob ervations
ring studies of smgle fibers 1n the atrioventricular node al<o

made du!
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lend support to this sequence of events as a possible mechamsm for
arrythmas (see Chap 6}

Although studies of the electrical actvity of single pacemaker
hbers have, from time to time revealed multifocal pacemakers and
regronal block this techmque has made no particular contribution
to our hnowledge of the two most mmportant atral arrhythmias
fibrillatton and flutter Rapid regular rhythms similar to clmical
flutter, have been observed in 1solated atnal muscle preparations
(Hoffman and Suekling 1953) This arrhy thma has been produced
only 1 preparations of night atrum which contained some part of
the ensta terminaks and adjacent spettalized tissues and only after
addition of acetylcholine 1 & concentration sufficient to cause
moderate or marked shortening of the atrial action potential Under
these conditions the electrics] activity of atrial muscle fibers 1s regu
lar with respect both to direction of spread and amphiude of the
t brane action p ds The cause of rapid activity 1s
probably a single pacemaker firng 1n the usual manner at a greatly
mereased rate It 1s tempting to assume that the onset of spontane
ous activity m more than one ectopic pacemaker, coupled with
regional blocks may be the cause of atral fibrillation Records of
the actrvity of single atrial muscle fibers obtained during fibrillation
(Hoffman and Suckhng 1953) show marked variations in the ampli
tude of the transmembrane action potential simnlar to those observed
duning fibrillation of the ventricles (see Chap 4) ond thus support
the concept that local conduction block does occur Also, multifocal
pacemzker activity has been produced m a variety of ways How-
ever, 1t has nat yet been possible to obtawn a clear expemmental
demonstration of the role of these two factors m the production or
mantenance of fibrillation

The Sinus Venosus

Records obtained from the sinus venosus of frog and turtle hearts
{Hutter ind Trautwem 1956) are in large measure similar to those
obtaned from the mammalian sinoatrial node Slow depolanzation
during phase 4 1s recorded from a large number of fibers 1 all parts
of the sinus Close to the smmoatral junction true pacemaker activity
15 seen The resting transmembrane potential of pacemaler fibers 18
lower than that of atmal musele and the action potential shows only
a small overshoot or no reversal at all The course of repolanization
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15 distinetly different from that of atnal fibers in that the clearly
marked plateau of the latter 1s absent and phases 2 and 3 tend to
merge quite hly In latent Ler fibers the resting and
action potentials are intermediate 1n shape and amphtude between
those recorded from atrum and from true pacemakers In general
most of the statements made about fibers of the sinoatrial node also
apply to pacemakers of the sinus venosus certamn exceptions, how
ever, are noted in other sections of this chapter

NORMAL REGULATION OF HEART RATE

There have been no reports of microelectrode studies of pace
maher activity mn the smoatral node of intact 1n situ hearts, and
thus any positive statement about the normal mechanisms by which
rate s regulated 1simpossible However, on the basts of many studies
of 1colated preparations 1t 1s posstble to bring forth reasonably con
vineing evidence for the hypothesis advanced many years ago by
Meek and Eyster (1914b) which 1s quoted at the beginning of this
chapter As a result of several types of mnvestigation they concluded
that vagal slowing was accomphshed by a decrease m automatictty
of one pacemaker area and the ensuing dominance of another pace
maker located either 1n a lower part of the sinus node or, with
extreme slowing in the atrioventricular node Studies of most agents
which change the t: of the lian sinoatnal pace+
maker support this concept A change in rate 13 almost mmvarably
assoctated with a shift 1n the pacemaker site In the case of vagal
slowing this shift 1s from the sinoatrial node to adjacent latent pace
makers, from there to the specialized atral fibers (sce Chap 3), and
finally to fibers i the bundle of His (see Chap 6) Since these effects
have been produced by addition of acetylcholine to the perfuston
medium, 1t would appear that the several types of pacemaker fibers
differ 1n their <ensitivity to this agent whether there 18 also a grad
ation m the ntenmty of vagal action has not been established
Although recent studies have shown important local differences 1o
the effect of vagal stimulation on exestability of atrial muscle (Alesst
et al, 1958), 1t 15 not clear that this 1s not due to local differences
1n sensitvity to acetylcholine

Sumlarly, i the frequency of an 1solated preparation 15 apprecia
bly ch d by of hrine or any other agent there s
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usually a shift m the p ker site These observa
tons strongly support the 1den that major changes in rate result
from supp of one p Ler and d of another rather

than from change mn the rate of the onginal pacemaker Mimor
adjustments in frequency, on the other hand, may be brought about
by changes 1n the slope of phase 4 or o the magnitude of the thresh
old potential of the original pacemaker

THE CAUSE OF INTRINSIC RHYTHMICITY

General Considerations

Pacemaker fibers wherever found are characterized by slow
depolarization during phase 4 Most attempts to mterpret this phe
nomenon have becn based on the Hodgkin theory In terms of that
theory the slow depolanization represents a shiff 1 the transmem-
brane potential from a level close to the K+ equilibrium potential
Ex toward the Nat equibbrium potential Ex  Weidmann (1956b)
suggested three possible causes for slow diastolic depolarization 1n
Purkinje fibers (1) a decrease n the K+ permeability, (2) a gradual
1nerease 1n Nat permcability, and (3) & reduction 1n the activity of
the Na+ pump One should perhaps add to these possibilities a
change in the permeabiitv of the membrane to other 1ons Another
theory which has been advanced (Cranefield and Hoffman, 1958a)
depends upon the possibility that pacemaker cells contam more Na+
and less K* than do nonpacemaker fibers In such a cell the level of
Eg would be shifted in the direction of depolanization An merease
m Py associated with repolanization would bring the transmembrane
potential close to Ex the subsequent decrea.e 1n Px to the level
charaecteristic of phase 4 would permit the 10ntc eurrents carned by
Nat or other 1ons progressively to lower the membrane potential
and thus provide the charactenstic slow depolanzation dunng
phase 4 In this mterpretation no spectal permeabibty changes
would be necessary The same sequence of permeability changes

lated for the ! of ordinary cells would 1 a cell
with the abnormal 10me concentrations desenbed result 1 pace
maker activity T (Traut 1957 Traut and Dudel

19580 Dudel and Trautwemn 195%b) has advanced a theory which
13 an elaboration of Weidmann s first possibihity namely, that slow
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depolanization results from a progressive decrease m Px throughout
phase 4 Before evaluating these several possible mechanisms 1t 15
necessary to summarize the pertinent experimental results

Experimental Evidence

Studies of 3embrane I'mpedance Both n Purlunje fiber pace-
makers (Werdmann, 1951) and 1n pacemaler fibers of the sinoatrial
node (Dudel and Trautwein, 1958b) brane i
progressively durmg phase 4 It 15 not known whether this change
1 impedance 13 & decrease from or to normal because a quantitative
comparison of the resting membrane mmpedance of nonpacemaker
and pacemalker fibers 1s not available

Effects of E: Hular Nat+ O, atzon Draper and Werd.
(1951) replaced part of the NaCl 1n Tyrode solution by sucrose and
noted that the rate of depolarzation of Purkinje fiber pacemakers
was roughly proportional to the fraction of normal Na* in the
extracellular flid A stmular direct relattonship has not been found
m studies of sinoatrial pacemakers in the rabbit heart (Hoffman
1959), 1 this tissue low Na* concentrations often resulted m an
mcreased rate of depolarzation Dudel and Trautwerm (1958b) also
found that low Na* does not markedly reduce the slope of phase 4
1n rabhit sinus They found that lowering external Na* to 20 per cent
of normal did reduce both resting potential and action potential
amphtude

Effects of Extracellular B+ Concentration The changes i pace-
maker activity caused by alterations m the K+ level in the extracel
lular flid have been described 1n detail 1n another part of this chap-
ter and 1n Chap 6 The most important observation 1s that the rate
of depolanzation of Purkinje fibers during phase 4 1s mereased by
low K * and decreased by high K+ (Hoffman and Suckling 1956)
Pacemaker fibers of the stnoatrial node appear to be quite insensitive
to marked changes in K+ (de Mello 1959) but show changes of
simlar direction

Effects of Other Ions Moderate changes mn the extracellular Ca*+
Jevel do not change the slope of phase 4 of Purhinje fiber pacemakers

(Werdmann, 1955b), more marked depletion increases the rate of
depolarization of true and latent pacemakers 1n Purhinje fibers
Sinoatnal pacemakers are influenced less strongly by changes in
Ca*+ than are Purkinje fibers Replacement of CI-1n the perfusion
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mediym by esther NO;~ or acetate has Iittle effect on depolarization
of smoatrial pacemalers dunng phase 4

Effects of Other Fuctors The rate of depalarization of all pace
makers during phase 4 1s strongly affected by changes in tempera
ture (Cortboeuf and Werdmann 1924 Marshall, 1927) 1n much the
same manner 2s phase 2 Acetylcholime, which 1s known to mnerease
potassium permeability, decrea.es the slope of phase 4 of smoatnal
pacemakers In frog and turtle hearts hyperpolanzation s produced,
in rabbit heart the membrane potential stabilizes nt some level
between the resting p 1 and threshold
which also increises K+ permeability (Hajdu, 1953), mncreases the
slope of phase 4 1n both smoatral and Purkinje fiber pacemakers

Touzc Content of Pacemakers The concentrations of Na*and K*m
specialized tissues from ox Purhinge fibers and frog and turtle smus
1enosus are compared to values for atrium and ventricle in Table 5-1
It 18 elear that 1 terms of these studies the pacemaker fibers con
tamn much less K* and relatively more Na* than do fibers of atmal
and ventricular muscle

Tapee b1 ErecTroryre CoNTENT OF VaRIODS Pants oF tRE Heaxr

Cations mM/kg wet weight
Bpevies Tissue Reference
Na+ ht Catt
Frog Siusvenosug | 124 44 5 18 {Mazeland Holland 1958
Atna 87 42 2 18
Ventricle 49 7 682
| ve ] 8 20
Turtle | Swnusvenosus| 120 4 56 8 3 5 ) Mazeland Holtand 1958
Atnia 810 57 8 ER]
Ventrcle 49 8 66 0 14
Ox AV bundle 159 93 Davies et al 1952
AV node 155 81
84 node 153 57
Left atrium 72 86
Left veatr: le 5 a1
Interpretations
The results of of b obyviously

suggest a progresuve decresse 1 the 1omc permeability of pace
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maker fibers during phase 4 Ordmanly the merease 1 1mpedance
18 thought to nd; ad m K* p bl Dudel and
Trautwemn (1958b) have presented a theory based on this change
which 1s similar 1n certam respects to that advanced by Shanes
{1928) They der the tra b p 1
attaned at the end of phase 4 to be an afterpotential due to high Px,
the subsequent slow depolanzation during phase 4 represents the
return of the transmembrane potential to the resting potential
because of a decrease in Px to a normal value Studies of the effects
of changes 1 K;* and Na * and of acetylcholine are m quantitatre
agreement with this hy pothesis

It must be emph 1 that rmped. 3 of the type
described are difficult to execute and extremely difficult to interpret
When two microelectrodes are mncerted near to one another in a
syncytium of contractile fibers 1t 1s unlikely that the change in the
amphtude of & square pulse applied through one electrode and
recorded through another 15 due solely to changes in membrane
resistance While these problems are reduced during drastole, 1t must
be pomted out that many pubhshed records do not appear to repre
sent changes solely caused by an IR drop through the membrane

A decrease 1n the slope of phase 4 when the extracellular Na+* con
centration 1s reduced merely indicates that some inward current 1s
carried by this 1on Similarly, the decreased rate of depolanzation
during phase 4 which 1s caused by acetylcholine would be expected
regardless of the primary cause of slow depolanzation In tissues
which acetylcholine causes hyperpolanzation such as the frog sinus
venosus 1t may be assumed that the membrane potential 18 less
than the potasstum equibibrium potential because of a low Ps,
although other possibilities are obvious Ywhen acetylcholine fails
to cause hyperpolarizatron as in rabbit sinoatnal node ths inter
pretation 1s less convincing The effects of changes 1n I + are the
reverse of the effects of this1on on phase 2 (see Chap 4) and suggest
that, as 1n fibers of frog sartorius Pg in pacemaker fibers may be
mversely proportional to the electrochemical driving force Low Ko*
would thus increase the rate of depolarization during phase 4 because
of o decrease 1n Pg (see Chap 9)

Several groups of investigators have suggested that the synthesis
of acetylcholine mnduces automatic netivity 1 cardiac muscle
(Spadolim, 1933, Burn, 1956, Holland 1957) Recently 1t has been
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shown that the sinus venosus of the frog heart differs from atrial
and ventrieular muscle 1n 1ts higher content of acetylcholine cho-
limesterase, choline acetylase, and Nat* and lower content of Lt
(Mazel and Holland, 1958) These findings have been interpreted as
supporting the theory that intrinsic rhy thmieity stems in some man
ner from acetylcholine metabolism Electrophysiological studies
neither confirm nor refute thus hypothesis It would be of interest to
know whether or not the development of automatictty in the embry
onic heart parallels the appearance of the various components of the
acetylcholine system

Since 1t 15 not yet possible to describe a metabohic basis for the
t tials of Ler fibers, speculation as
to the role of certain enzyme systems in the production of intrinste
rhythmieity 1s of Iittle avail All that we can assume at this time 13
that depolarization during phase 4 18 due to a change 1 net mem
brane current and thus to a change 1n permeability to one or more
1ons Many agents which alter rate act by causing an additronal
change m permeahlity or 1n available Na+* carrier (Ca*+ cocaine
antifibnllatory agents see Chap 7) The marked effects of tempera
ture and of so called metabolic inhibitors suggest that certain types
of chemurcal reactions govern the time cour<e and perhaps also the
extent of the changes 1n permeability At present however, meta-
bolic information ean be related to the electrophysiological observa
1ons only by the use of broad assumptions which do not usefully
substitute for expertmental evidence
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THE ATRIOVENTRICULAR NODE!*

It has been known for some tume that the delay between stnal
contraction and ventricular traction cannot be d for
solely by the time required for an impulse to be conducted through
the atrium and the Purkinje system Some definite delay occurs
between the moment when the tmpulse reaches atnal fibers very
near the bundle of His and the moment when electrical activity
appears 1n the bundle of His It has become commonplace to attnb
ute this delay to the passage of through the
area described by Tawara as the atrioventricular node Thus belief
was challenged by Erlanger as early as 1912 and s great deal of
recent work has tended to support hus surmise that a large part of
the delay occurs at the border between the atnial fibers proper and
the atnioventricular node as defined anatomically The distinction
may appear trrvial particularly smee a full correlation between
recent electrical studies and modern anatomical studies has yet to
be made but 1t seems necessary to remark that a major part of the
atnioventricular delay may not occur mn the atrioventncular node
proper but rither at the junction of atrium with the node Our own
preference at the present time 1s to use the term atrioventrieular
node 1n & loose sense to mean the entire complex of fibers function
ally mterpo.ed between atrial fibers proper and His bundle fibers
proper This Joose usage 1s conventent because 1t makes 1t possible
to refer to the well known functional characteristics of this area as

1

1The numerous unpublished tesults from our laboratery which are deseribed
10 this chapter were obtatned in the course of work supported by s grant from
The Nationsl Heart Institute (USPH Grant H 3916)
13z
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charactenstics of the atrioventrienlar node and to avord the neces
sity of eireumlocution The solution of choice would be to introduce
2 new anatomical term such as “atrioventrcular junctional region””
and to 1gnore the comeidence of the evistence of a ‘ node’ which
happens to be part of the atrioventricular junctional region The
continued use of the term atrioventricular node seems mdtcated at
present New anatomiea] studies may present us with a new term,
but for many years the term atrioventricular node has been nearly
synonymous with “area in which the functional pecularities of the
atrioventricular delay occur’ and 1t seems reasonable to continue
that usage temporarily

The functional peculiarittes of the atrioventricular node are
numerous and diverse and their concequences are often thought of
more or less teleo} Tr: of e from atnum
to ventricle 13 delayed durmg passage through this structure and
the duration of this delay 1s adjusted to changes in heart rate by
activity of the vagus and sympathetics Atrial impulses are trans
mutted through the node only up to 2 certamn frequency, above this
limiting value mereasing degrees of block and complete failure of
transmi sion develop The spread of excitation through the node
results in simultaneous exeitation of the fibers of the His bundle and
thus permits almost synchronous activation of the mass of ventricu-
lar muscle In the absence of a more rapid pacemaler the atrioven
trieular node may take over the function of impulse itiation
Finally 1t 1s asserted that conduction through some part of the
node 15 slower 1n & retrograde than in a normal direction A large
part of this chapter will be devoted to the description of recent
expertments on single fibers of the atrioventricular node and special
1zed conduction system which have been conducted 1n an effort to
explamn some of the e remarkable properties of this part of the car
diac syneytum In this mtroduction a bnef survey of results of
other types of studies 1s given

Studies Made with External Electrodes

Ezpervmental Methods Many of the studies of the atrioventricular
node have been indirect m nature In some the effective refractory
pertod of the node has been estimated from measurements of the
Iunimum time mterval between atrial and ventrieular beats during
spontaneous or mduced changes 12 rate and rhythm snd durmg
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normal and retrograde conduction These studies will be discus<ed
1n detail m the section on evidence for a dual atroventncular con
duction system It might be <aid at this time, however, that there
15 no rehiable evidence 1n a study of this type to mdicate the exact
point of failure of transmission which may result in either delay or
mterruption of atrioventncular or retrograde conduction It has
been demonstrated that delay and block can occur during retrograde
conduction at the junction of ventricular muscle with the peripheral
Purhinje fibers (sce Chaps 7 and 8 Hoffman, Kao, and Suckling
1957) and that the duration of the action potential of nodal fibers
18 Jess than that of fibers rn the His bundle Fibers of the His bundle
mn turn have a shorter action potential than do the peripheral
Purkunje fibers Therefore the only conclusion permutted by these
experiments 1s that the effective refractory pertod measured in this
manner 15 the longest effect:ve refractory pertod 1n a serics of dis
similar fiber ty pes
A number of attempts have been made to record the electrical
activity of the atroventricular node and His bundle by means of
surface electrodes (Eyster and Meek 1916, van der Koot et al,
1956 Scher et al , 1029) and also 1n some cases to stimulate nodal
tissue through small surface electrodes Although several workers
have succeeded 1n obtaming good records of the aciton potential of
the His bundle and peripheral Purkinje fibers (Alanfs et al, 1%8,
Scher, 1955) the action potential of nodal fibers (see below, Hoff
man Paes de Carvalho de Mello and Crancfield 1909) 1s dafficult
to record even with relatnely small surface electrodes Such records
as have been obtammed with lar recording tech (Scher
et ol 1929) present many difficulties i nterpretation Simlarly
experiments m which an attempt has been made to stimulate nodal
fibers through surface electrodes have not shown that the stimuh
were not m fact cxeiting erther atnal or His bundle fibers The most
fruitful expermments by far were those 1 which normalatrioy entrict
Iar tran<mussion was surgieally mterrupted at 1 artous points (Hering
1910, Eyster and Meek, 1016) and records made of the resulting
sites of smpulse mtiation and subsequent delay s m the transmission
of excitation to atrium and ventricle
Evidence for the Nature of Nodal Transmisston The most impor
tant expennmental evidence bearing on the special properties of the
atrioventrioular node can be summarnzed briefly A normal atrioven
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trieular delay 18 seen n electrocardiograms recorded from the embryo
long before the appearance of a discrete atrioventricular node or
bundle of specialized conducting fibers (Patter, 1906) Experiments
on adult hearts which employed mterruption of the atnoventricular
conduction system at various levels combined with electrical stimu-
latton above and below the point of block (Hering 1910, Erlanger,
1912 Eyster and Meck 1921) clearly demonstrated that the normal
delay m atnoventricular tmnsmxssmn takes place at or in the amal
end of the node that the delay 18 localized to a farly b
area, and that after interruption of the pormal atrioventricular
pathway within the atrium the pacemaker site 15 usually located
the Jower node or upper His bundle (Eyster and Meek 1916)
Records of electrical activity obtained through small bipolar surface
electrodes located at the upper end of the node have shown poly
phasie low voltage deflections during the mterval between activity
1n the atrum and His bundle (van der hool et al, 1926) Finally,
these poly phasie deflections are remarhably similar to those obtained
with the <ame electrodes from the mmmediate vicimty of the sino-
atral node prior to the on et of propagated activity m the atrium

Postulated Mechanisms of Delay A number of theories have been
advanced to account for the normal atroventricular nodal delay
and for other special aspects of tran«imssion through this structure
It was forinstance postulated that delay in conduction from atrium
to ventricle results from the spread of activity at normal veloaty
over circuitous pathways or at reduced veloeity over short paths
composed of small hameter fibers Another possible mechamsm was
based on the assumption that some fibers m the path between atrium
and ventricle have an unusual requirement for stimulus duration
and are activated only during the repolarization of adjacent atrisl
fiberd (Gilson 1942)

A tudy by Erlanger (1912) 15 of great importance, and a detailed
consideration of his findings 15 1n order At the time that he wrote
the paper many physiol ded the atrioventrieu-
lar interval as the result of slow conduction m the Purhmnje system
Erlanger therefore determimed the conduction velocity i this sys-
tem He dud this in the ventncle of a beef heart under Tangendorff
perfusion He measured the interval between excitation of a false
tendon and the subsequent contraction of the ventricle False tendons
were cut and stymulated near therr msertion mntoa papillary muscle
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and at a distance from 1t The difference 1n the time elapsing before
contraction of the v entricle, combined with a knowledge of thedist
between the pomnts of stimulation, permitted Erlanger to caleulate
the conduction velocity 1n the false tendon and to conclude that it

\as not less then 0 75 m/sec and was probably higher This conclu

» showed that the atrioventriculsr delay could not be attnbuted

wholly to slow conduction 1n the Purhinje system In the same paper
Erlanger exammed the possibilty that the delay resulted from
“somethmg of the nature of a latent period”’ at one of three loca
tions (1) the union of the atmal fibers with the fibers of the atre-
ventricular node, (2) the union of the fibers of the atrioventriculsr
node with the fibers of the bundle of His, (3) the unon of the Pur
Lunje fibers with the ventneular fibers He pomted out that the
transitions from node to His bundle and from Purkinje fiber to ve2
tricle occur gradually and without apparent microscopic discontint
1ty He had moreover examined the third possibihty durectly and
tejected 1t on the grounds that * the reaction times to stmulstict
of a false tendon and of the heart wall duectly have practieally the
same durations ” He felt that Hermng had insufficient evidence for
assigning the delay to the fibgrs of the atriov entrcular node 30
powted out the great probability that the delay occurred a3 $he
result of & latency at the transition between atrial fibers and o>
of the atrioventricular node The work of the last tno years hascod
firmed both the results and speculations of this remarhable 3Pt n
almost every detail

STUDIES OF SINGLE ATRIOVENTRICULAR NODAL FIBERS OF THE
RABBIT HEART

Only recently hasit been possible to record transmembl Her
tials from single fibers of the atrioventrcular node and 0 "g:gnl
simultapeously the action potentials of single fibers 1 ad{ieﬂo
atnum and His bundle (Hofiman Paes de Carvalbo, 25 d feld
1958, Hoffman Paes de Carvalbo and Cranefield, 1995: Cﬂmeﬁcl
Paes de Carvalho, and Hoffman, 1958 Hoffman and Cﬂn;m;m:
19582, Hoffiman and Cranefield, 1958, Cranefield and }getllv
1958¢, Matsuda et ol , 1958a b, Sano et al 1958, c’““eﬁ,ed 1909
1059, Hoffman Paes de Carvalho de Mello, and Oranefi t site O
These experiments hay e supplied some evidence o8 the exal

rane pote?
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the normal atrioventricular del2y, on the mechamsms of partial and
complete heart bloch on the location of pacemaker sites and on the
duration of the refractory period of nodal fibers In addition, records
of the t b action p Is ot d from single fibers
at different locations 1o the node provide suggestive evidence for the
mechanism of normal atnoventricular delay

Methods

The results deseribed 1n this section were obtained 1 our Jabora-
tory, and many of them are previously unpubliched A detailed
deseription of methods therefore seems indicated Exetsed rabbit
hearts were perfused with Tyrode solution through an aortic can-

Fig 61 of the endocardial surface of the
Of rabbut heart used for studies of the atnoventricular node The heavy dashes
outlime the extent of the lar node (11) and bundle

of His (12) The other areas designated by numbers are (1) mterventricular
Septum  (2) right ventneular wall (3) tricuspid valve (4) atrial appendage
{5) ensta terminahy (6) mteratmal septum (7) superor vena cava (8) ostum
of mferior vena ¢ava (9) ostum of caronary sinus (10) snoatnal node (Hoff
man Paes de Canalho et al 1959)
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The Shape of the Action Potential

Transmembrane action potentials recorded from single fibers of
atnum, atrnoventneular node, and upper His bundle are shown 1n
Tig 6-3 The atnal action potential (see Chap 3) 13 shown for com
panson and the rapid upstroke marhed reversal, high resting poten
tizl, and absence of depolanzation durmg phase 4 should be noted

Fia 6-3 Transmembrane action potentials from single fibers of (4) atnum
(B) upper node (C) (D) and (E) mid node and lower node (F) upper His
bundle Upper trace represents hine of zero potential and shon s time calibration
1 intervals of 10 and 50 msec Voltage celibration 1n A of —50 and ~160 mv
(Hoffman Paes de Lanalho eta! 1950 )

The<e characteristics all stand 1n sharp contrast to the action poten
tial recorded from a single fiber at the upper (atnal) end of the
atnoventricular node (Fig 6 3B) At tins location the resting trans
membrane potential is low, and a variable amount of slow duastolic
depolarization 15 present (see also g 6-4) The upstroke of the
action potential shous either a clear prepotential (Fig G-3B8) or one
or more notches (F1g 6-104) and the nise time 18 greatly prolonged
The oy ershoot, or reversal 1s exther reduced or absent, and the peal
of the action potential 18 rounded with no clearly marhed phase 1
Finally, the time course of the voltage change duning repolanzation
13 markedly different from that of atrnal muscle

Records obtained from single fibers 1 to 2 mm nearer the bundle
of His (Fig 6-3C) revesl a gradual modification of the transmem
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comes smoother and more rapid, and the reversal grows in ampl

Je Also, slow depolanzation during phase 4 15 more prominent

11 closer to the bundle of His records of the transmembrane poten

1 show & partial transition to an action potential shape hike that
peripheral Purkinje fibers with an increased veloeity of depolari-
tion during phase 0, prominent rever al and plateau andincreased
ration (Fig 6 3F) In the upper end of the bundle of His the rest

r potential 13 90 mv or greater, the rapd upstrohe terminates 1n
spihed reversal and phases 1, 2, and 3 are all clearly demarcated
1g 6 2F, Fig 6 3F) The action potential duration 1s longer than
all sites nearer the atnum, and, during activity of 2n atnal pace-
aker the level of membrane potential during phase 4 15 constant

One additional fiber group must be descnibed Between typical
nal muscle (Fig 6-1B) and the fibers thought to constitute the
nal margin of the atrioventricular node (Fig 6-1D) there are fibers
hich apparently show a stage of transition from one to the other

r b potentials ded from such fibers (Fig 6-4C)
pically reveal & slight drop m the magmtude of the action poten

al and resting potential as well as some slowing of the nsing phase
d & change 1n the course of repolarization The duration of these
tion potenttals 13 usually less than that of either atrial muscle or
dal tissue

onduction Time through the Node

The spread of activnity from the sinoatral node to the bundle of
13 13 shown 1n Fig 6-4 In this e the ref )| d

as kept 1n a angle fiber of the bundle of His, and the exploring
ectrode moved from the smoatral node through the atrium and
trioventricular node to another fiber in the His bundle The action
otential shape at each Jocation 1s similar to that described above

n addition 1t can be seen even at the slow sweep speed employ ed
hat slow conduction 1s apparent only at the margin of the smo-
trial node and at the margmn of the atroventricular node An appre-
1able time 13 required for activity to spread from the smoatral
acemaker fiber to atrial musecle m the crista termmalis (Fig 6-44
nd B) (Paes de Carvalho et al 1959) From this pomnt to the atrial
nargin of the node spread 18 quite rapd (Fig 64B C, and D)

“assage of the impul<e through the atral end of the atrioventricular




142 FLECTROPHYSIOLOGY OF YHE litART

noda by quito wlow (Ly 040, 'y and 1), andd by the the aetlvity
appenrs b tho distal noda (Hy 041 and G) 0 minfor prrt of tha
ntrloventeiedne delny i ¢ Inprcd

Records of thin rort wirg o obinlned, nfter rmoval of e nor
mal sinoatriad pacsmnker, from prepeeations delven with sthnall
applied through s prde of deetrodin Jocnted on the st terminnlin

ENUABAENINEN
N A WA Y
B VAR
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trnen aliywn nethon potentals pcord 1 rom (A) wln mtedal no 1, (1) by vt
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thangn in lateney Petween nodal and Jinban I actlvity from € o] Heotext
£or e vl oty (}vln[rmm b sendde Carvatho etal 1011)

In thera cxperimentn e dewlng of the preparation was made from
the virnker enlibratlon of the horfrontal movemeant of the sloro
manipulator enrrying tho oxploring electrode o condue tion tinn
to cnch peeording site and the actlon potentinl shapo at that polit
wers plotted on the cnlargsd two dimenrlonal senla deawing 1 ram
thin reeord 1 graph of canduetion timo from atrlum to s bundlo
coutd b construrted (Liy 0.5)

Activity sprenes throwg hoatrind tmusc wlong the crists tcemtnnlly
at o fulely raphl ente, and at on wpparcnt condition velucity of
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08to10m/sec In the Hisbundle where the action potential shape
was similar to that of the peripheral Purkinje tissue, & smular value
for conduction velocity was obtained Between these two regions
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Fia 65 Graphs of conds time across at node from two
experiments of the type shown m Fig 5-4 Zero 13 the time of applieation of a,
driving stumulus to the atrum See text for discussion (Hofman Paes de
Cartalho etal 1959)

conduction velocity was slower and as the graphs in Fig 6-5 inds

cate the greatest ncrease in conduction time appeared across a nar-
Tow zome at the atnal margin of the atrioventncular node In this
region the action potentials show slow notched upstrokes or clearly
marked ls Attempts to caleul. duction veloeity
m this zone from measurements made at pomts separated by
025 mm gie a value of 0 05 m/sec or less Records obtamed from
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less widely separated points gave some indication of asynchronots
activation of different fiber paths This observation suggests that
the electrode may have been moved 1 2 direction obhque to the
actual spread of activaty If this were true, the apparent hnear

Fig 6-6 Diagrummatic representation of the spread of activity through the
atroventncular node of the rabbit heart Arrows indicate the direction of the
spread of activity from stimulating electrodes located near the sinoatrial nod
and numbers shos conduction time in mulliseconds to esch location Other
designations are as follons IVC inferior vena cava IAS interatnal septum
AR atnal roof CS ostium of coronary sinuzs AV atroventrculsr node
TR transitional area (lower node) BH bundle of Hus AVR atnovestreular
rng RVW nght lar wall AVV at) lar valve IV8 ioter
ventricular septum See text for discussion (Unpublished data of A Poes d2
Cartal

extent of the region of very slow conduction would be mereased and
the true conduction velocittes would be even lower than caleulated
Figure 6-6 13 a diagram of the apparent Iateral extent of the atro
sventricular node and His bundle based on records of the transmemm
brane potentials of single fibers Also shown s the direction of !hi
epread of activity 1n the node 1teelf (Pacs de Can albo, per on::!

jon) The reg ation 18 ba ed on maps of the spress

of excitation 1a rabbit hearts obtained in the manper Just described
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The noteworthy features are that activity appears to enter the node
along a fauly broad front and proceeds from above downward
toward the valve ring and that the fibers of the bundle of His col
lect 12 & funnel shaped exit from the lower margin of the node and
then turn toward the interatnal septum Delay of a similar magni-
tude 1s seen at any point along the atrial margin of the node, activity
appears more or less stmultaneously in all fibers of the His bundle
distal to the turn toward the septum

The Effects of Acetylcholine

The effects of acetylcholine on electrical activity of single fibers
of the atnum atrioventncular node and His bundle are described
at this pornt because they support the criteria employed 1n the pre-
ceding sections to wdentify vartous fiber types (Cranefield, Hoffman
and Paes de Carvalho 1959) The possible mechanisms by which
acetylcholine mcreases nodal delay or causes partial and complete
block are discus ed below in greater detail

If acetylcholme 15 added to a preparation of rabbit heart m a con
centration sufficient to eause partial or complete atroventricular
dissocration, the changes m single-fiber activity duffer markedly
depending ou the fiber type under the study It would be preferable,
therefore to record simultaneously from multiple sites in atrum,
upper and lower atrioventrcular node and His bundle Thus has
not yet been feasible mstead records from one fiber type or the
other have been pared with a common reference site and m this
manner & comparison of the changes induced 1n different fibers by
acetylcholine has been attempted Records of this sort showing the
effects of acetylcholine at these mtes are shown m Fige 6740 69

Atrial Muscle In Fig 6 7 \: action Is of a
sngle atnal fiber are shown on the upper trace and similar records
from a fiber of the His bundle are shown on the lower trace Acetyl
choline was added to the perfusion flurd after the control records in
Fig 6 74 and caused partial and then complete block of transmission
through the node The wnportant aspects of this record are the
marked shortening of the atrial action potential (Fig 6-7B through
F) the appearance of complete block (Fig 6-7E}, and the onset of
Pacemaker activity 1 the His bundle with faiure of retrograde
transmussion (Fig 6 7F) Tt should al o be noted that there are no
changes 1n the action potental recorded from the bundle of His
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Fta 6-7 Transmembrane action potentials recorded from single fibers of rabbit
heart showing the effect of acetylcholine on atrum (upper trace) and Iis
bundle (lower trace) (A) Control (D) through (F) acetyleholne effect (@)
and (H) recovery ™ote decrease 1 duration of atnal action potential (8 C)}
complete atnosentneular dissocration (E) the onset of pacemaker actimty 10
the His bundle without retrograde tranemission to atnum (F) and the absence
of changes 1a the His-bundle action potential other than those associated with

pacemsaker activity
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other than those associated with the appearance of pacemaker
activity (see Chap 7)

Lower Node Figure 6-8 shows n sumlar set of records from the
same preparation In thus case the reference electrode (lower trace)
131 the same fiber of the His bundle and the explonng electrode 18
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F10 6-8 Transmembrane action potentisls recorded from the same preparation
st shown m g 6-7 Upper trace single fiber 1n the lower part of the atno
ventrnular niode lower trace mingle fiber 10 the bundle of Hia (4) Control
(B} through (D) acetylchohne effcct (E) recovery Throughout thia expernt
ment the change in atnal rate was comparable to that shown in Fig 6-7 Note
that except for the onset of pacemaker activity 1n the bundle of His there
2re no epparent changes in the transmembrane potentials recorded from either
site Also dunng Hig-bundle escape there 15 no bloek of transmassion from His
bundle to the lower part of the atnoyentncular node

1 & swgle fiber of the lower part of the atnioventncular pode After
registration of the control records shown in Fig 6-84, acetyicholme
was agam added n the same concentration as that employed for
Fig 67 Agam complete block of stnoventncular transmussion was
produced and as the record clearly demonstrates the wte of failure
of transmission 13 gbove the recording electrode 1n the lower node
The nodal fiber under study shons some slowing (Fig 6-88) the
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Fi16 6-7 Transmembrane action potentials recorded from eingle fibers of rabbit
beart showing the effect of acetylcholive on atrnum (upper trace) and His
bundle (lower trace) (4) Control (B) through (F) acetylcholine effect (G}
and (H) recovery Note decrease 1n duration of atnal action potential (

complete atrioventncular dissociation (E) the onset of pacemaker activity 12
the 1lis bundle without retrograde transmussion to atrium (F) and the sbsence
of changes 1 the His-bundls action potential other than those associsted with

pacemaker activity
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change 1n the level of resting potential of the nodal fibers At other
mtes Jower 1n the node or 1 the bundle of His the only changes m
the transmembrane potentials during block due to acetylcholine are
those assocated with changes in rhythm and the development of

NN D o
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ININUNVINTNE NV
-;A(k Nl Neceserr-{ %
PN \ ST AN

Fia 69 Upper trace mingle fiber of the atrioventricular node lower trace
emgle fiber of the bundle of His (4) Contml (B} snd (C) total atnoventneular
block after the of with ker activity in the
bundle of Hiz (E) Further effect of acetylcbolme 2 1block The nodal action
potential which appears dunng the Hisbundle sction potential 1 F 18 dis-

cussed 1n the text G shows total block and H shows recovery (In part from
Cranefield Hoffman and Paes de Carvalho 1959 )

slow depolanzation during phase 4 Finally the pacemaker site 1
each experiment 15 m a fiber of the bundle of His rather than in the
lower part of the atrioventricular node

The records shown i Fig 6-10 supply additional pertinent mfor-
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mation In this preparation one electrode 18 agan Iocated 1n a fiber
of the bundle of His (lower trace) and the other in a fiber near the
atnol margin of the atnoventriculor node (upper trace) The action
potential of this partieular nodal fiber shows several natches on the
upstroke as well as a suggestion of hyperpolarization betw een phases

A
R
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Fic 610 Upper trace single $iber of the strioventrealar node Joner trace
staglo fiber of the bundle of Mis (B} through (1) show the effect of atetyl
choline Note the extreme degrae of separation of the upstroke inta three tom
ponents wt £ (Crancfield Hoffman and Paes de Coralho 1909} See text for
discussion

3and 4 After the nddition of a lower eoncentration of acetyIcholine
than o the previous experiment the nodal action potentisl agnin
decrences in smphtude and 2 1 block appears (Fig 6-10F) Of
particular wterest 3s the increa ed promsaence of the natches on the
n ing phase (g 6-10B C D) and thesr separation Thus, only two
eomponents are keen 1 the first nodal re ponse s Iig 6-10F, and ll;
Yig 6-1007, only one Scveral other aspests of these records shou
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be emphasized First, the altered time relationship between depolar-
1zation of the nodal fiber and the action potential of the His bundle
suggests that activity of the latter results from excitation traveling
over different paths Also, the His bundle action potential in Fig
6-10E results from activity of an infranodal pacemaher and propa
gatmg m a retrograde direction, elieits a full sized action potential
from the nodal fiber More important, the nsing phase of that
particular nodal response 18 free of notches and the action potential
18 of somewhat shorter duration than the control The records i
Fig 6-107 and J show a return to normal activaty which ss associated
with the reappearance of notches on the nung phase of the nodal
action potential
The records ob d from this p again ds
that acetylcholine mduced failure of nodal transmussion oceurs m
fibers located at the atrial margm of the node Moreover although
the response of the nodal fiber to atrial activaty conssts only of
small depolarizations the same fiber 1s excitable and capable of
generating a normsl action potential 1n response to retrograde trans-
misston from the bundle of His The disappearance of notches on the
nsmg phase of the nodal action potential under this condition wall
be diseussed subsequently However the fragmentation of the nodal
response (Fig 6-10B8 through H) and the notched upstroke of action
potentials recorded from fibers of this type strongly suggest that
normal exeitation results from the confluence of several excitatory
events
Atrionedal Junction One additional fiber group must be discussed

1 relation to the effects of acetylcholine on nodal transmisston
These fibers which are thought to represent atrial muscle Just at the
atrionodal junction (see Fig 6-4C) are particularly difficult to locate
and al o are quite difficult to record from When 1t has been possible
to record contmuously from a single fiber of this type before durmng
and after atrioventricular block caused by addition of acetylcholine
to the perfusate the records of the transmembrane potential show
several characteristic changes (Fig 6-11) In the presence of acetyl-
choline fibers of this type show sn acceleration of the mitial phases
of repolanzation 2 marked decrease amplitude, and some pro-
longation of the latter part of phase 3 It should be noted that with
the same or ugher concentrations of acetyleholine other types of
atnal fibers in the same preparatton show s decrease 1z action poten-
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1l amphitude of at most o few millivolts Another effect sometimes
noted 1 the.e particular fibers 18 & partssl reparation of the action
potential mnto two components, one synchronous with activity of
adjacent atrial muscle and the other related m time to activity of

O\ 2

Fig 611 Treosmembrane potentials recorded from the bundle of Hus (upper
trace) and atnal fiber at the atnonodsi yunction {middle trace) and s bupalar
elertrogram recarded from stnal musels (nwer trace) Segoents of & c00

tinuous record showing (A) control (B) meetylcholme induced srrest (€}
partisl recovery from acetylcholine effect Bee text for dieeus 00

the node and His bundle (sce Tig 6-16) These particular fibers are
diseu <ed more fully 10 a subeequent section However, 1t 13 apparent
from simultancous records of activity 1o atrium n thus fiber group

and in the His bundle that there 1s no large delsy between atnum
and thee fibers either during normal or retrograde conduction

Aleq, the changes describesd for these fibers are not myanably asso-
eiated with a decrease in the level of resting potential

The Effects of Rote and Rhythm
Changes n rate sre bnown tosnfluence the magmitude of atnoses-
tricular delas and to cavse partial or complete failure of strioven
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trcular transmission These effects have been studied by recording
from single fibers at vanous locations mn atrum, atrioventricular
node and Hisbundle Insome experiments the prepsration has been
constantly expo.ed to a low concentration of acetylcholne, and the
effects of rate changes have been supenmpo ed thereon Rate-
nduced changes in the transmembrane of potentials are deseribed
1n this section the mechanism of partial and eomplete block 1s dis-
cussed below

Sudden Acceleration Figure 6-12 <hows records from a single fiber
1 the atnal part of the atrioventricular node (upper trace) and
upper His bundle (lower trace) After registration of two action

i 23 4%

N N

Fra 617 Transmembrane potentials recorded from single fibers of rabbit
heart Upper trace atrioventricular node lower trace bundle of Fis Rate
increased by dnving stimuli at arrow Note changes 1n nodsl action potentrals 2
3 and 4 delay 1 activation of His bundle by 2 and failure of excitation by 3
Microelectrode in nodal fiber dislodged after response 4 See text for discussion

potentrals at the control rate the fi was suddenl, d
to a new steady value (arrow) and ascan be seen only three of the
ding four atnal resp propagate to the bundle of His
The cause of the partial failure of tra <10n can be ed
after inspection of the record of nodal activity The first nodal
response after a somewhat abbreviated diastole 1s normal 1n amph
tude and duration The next howeser starts just before the com
pletion of the preceding phase 3 and shows pot only a decrease 1
rising veloetty and amphitude but also an increase in duration The
corresponding excitation of the His bundle 1s considerably delayed
‘The third nodal ) derably before )
of repolanzation shows a marked diminution both n amplitude
and duration and fails to propagate to the bundle of His Presumably
because of the short duration of this response the pext atrial actson
potential grves nise to a nodal response of normal emplitude which
excites the bundle of His after & normal delay Thts sequence with

fadure of nodal transmussion of every third atrial response was
d for the d of the tachycard;
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Two nspects of the records shown in Fig 6-12 deserve special
emphasts  First, failure of the normal mechamsms of excitation
appears 1n fibers located in the atrial part of the node Second, the
response of the nodal fiber appears to depend more on the duration
of the preceding phase 4 than on the level of membrane potential at
the time of excitation (sce nodal responses numbered 2, 3, and 4)

L DYDY
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Fio 6-13 Transmembrane potentials recorded from stngle fibers of atnum
and from fibers of atnoventneular node and bundle of I of rabbit heart
showing the changes 1n transmission of activity duning sustaned tachycardia
(A} Atnial margin of node (B) and (C) nodal fibers distal to thosc 1 A (D)
lower node (E) bundle of His The same atrial fber 13 employed for records

A through £ The records in F are incladed to show the magnitude of delsy
between atrium and bundle of His at a slower rate Sce text for discussion

Mantained Tachycardie The records m Tig 6-13 show the
respon e of fiberslocated i atrium upper and lower atrioy entrieular
node, and bundle of His durmg a sustained tachycardia The first
five records show a progres ne failure of transmussion of alternate
impul-es and complete 2 1 block 1n the lower node and His bundle
The alternate failure of transmisson appears to result from action
potentials which anse from nodal fibers prior to the end of repolan
zation and which 1n turn fail to exerte more distal fibers The
increaced delay 1n transmi sion 13 associated with a decrense 10 !h:
se velocity and amplitude of the nodal action potentale The note
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on the descending mb of the nodal action potentials (Fig 6-13C)
15 synchronous with activity 1n the lower node and His bundle

Acceleration tn the Presence of Acetylcholine In a number of expen
ments the effects of tachycardia were superimposed on those of
acetylcholine, or acetylcholme was added to preparations which
were already being driven at a high rate In general the combined
effect of these two mfluences was to increase nodal delay and to
enhance failure of nodal transmission by acting on the atrial fibers
at the atrionodal junction and on the nodal fibers at the atral mar-
gn of this structure The primary changes at each <tte were similar
to those caused by acetylcholine or rate alone In no instance was
there any change 1n the t ) action Js recorded
from fibers 1n the lower node or bundle of His other than those
previoudly descrtbed

Identification of Fiber Groups

Some Justification of the terms used to :dentrfy the varnous fiber
types 1s required The first criterion employed was the anatomical

1 of each fiber Id 10n of the bundle of His pre-
gents no particular problem because of the compact nature of this
structure and the large fiber size The shape of the action potential,
which greatly resembles that of peripheral Purkinje fibers, the ugh
conduction velocity, the presence of typical pacemaker activity,
and the insensitivity to acetylcholine all support the contention that
these fibers constibute the His bundle

The fibers identified as belonging to the lower part of the atrioven
trcular node have been identified on the following bases They are
m direct continwity with s bundle below and node above, they
have an action potential which 1s intermediate 1n shape between that
of node snd His bundle and they are the only group of fibers through
which activity normally spreads to the bundle of His Tt mught be
preferable to classify this fiber group as a type tutermediate, or
transitional between atrioventmeular node and His bundle and to
do 8o would be of no Importance to the results or mterpretations and
might agree hat better with anatomy The dec
sion to 1dentify them as lower nodal fibers 13 based largely on use of
the terms upper (or atnal) and lower (or ventricular) node by earher
workers (Monckeberg 1921)

The fibers 1dentified as belonging to the upper or atrial part of
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the atnoyentricular node have been 1dentified 1n the first place ol
the bass of gross 1location Inadd , 1t 15 only throug)
these fibers that a continuous sequence of exaitation from atrium t
ventricle can be traced Furthermore 1t 15 during transmissior
through these fibers that a major part of the usual atrioventriculal
delay elapses Partial or complete atnoventricular block occurs it
this group of fibers whether 1t 1s caused by acetylecholine high rate
anowuta (Hoffman, Cranefield and Paes de Carvalho, 1959), or ¢
combination of these factors Also, the transmembrane action poten
tials recorded from these fibers are distinctive They differ greatly
from records of atrial fibers, and they differ also from lower nodal
fibers 1n the notched, slow upstroke of the action potential, the
amphtude of the resting and action potential, and the changes
mduced by acetylcholine or high rate

A final group of fibers has been deseribed These are the atnal
fibers just prouimal to the atrionodal junction They have been
classified with atrium rather than with node for the followmng rea
sons The tr: b action 115 smular to that of atral
fibers and shows a decrease n duration i the presence of acetyl
cholme During normal transmission these fibers are exated before
the atrioventricular delay and during retrograde transms<ion after
a major portion of the ventneulo atnal delay As with the other
fiber groups although histologienl :dentification has not been made,
ths 15 of little importance 1n the absence of any exact correlation
between previous descriptions of microscopic anatomy of this regon
and the physiological identification of the atrioentncular node
TThese fibers are mcluded with atrial musele becau e this terminology
simplifies desenption of delay and block 1n the subsequent sectrons
and suggests o possible correlation between structure and function

The Mechanism of Atrioventricular Delay

The results obtamed from studtes of sngle fibers n atoum atno-
ventrieular node and His bundle of the rabbit heart do not permit

Py lusine stotement the ) of delay How
ever the experiments deseribed above strongly suggest certam ntef
pretations The t b potentials ded from sngle

fibers 1n a narrow zone at the atnal margin of the node have & low
resting potential and a slowly rising action potential of low amr’hd
tude All the ¢ factors might be expected to result in dimmshe:
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conduction veloeity Actual measurements of conduetion time from
atrium to His bundle shon that slowing 13 localized to a narrow zone
and that the action potentials recorded from this zone are of the
type deseribed Under control cond 1o marked d t

of transmisston through this ares have been detected It scems rea

sonable to conclude therefore, that the normal atmoventncular
delay 15 due to slow conduction over a short distance 1n these partreu~
lar fibers A calculated conduction veloeity from data sumilar to that
of Fig 6-5 gwves a value of 005 to 002 m/<ec over a distance of
1 mm This 15 not 1ncongruous with the caleulations Lews (1925)
made for dog heart 1n which he 2 sumed a velocity of 6 2 m/sec
over a distance of 10 mm, and 15 1n good agreement with calculations
made by Scher et al (1959) on the basis of unipolar electrograms
recorded from perfuscd dog heart

It seems therefore that the normal atrioventricular delay results
from very slow spread of exaitation over a short distance The eause
of this slow spread remains to be determined However, the Iikeli-
hood of conduction at, normal velocity over Iong tortuous paths can
be disregarded as can other hypotheses summanzed m the be,in
ning of the chapter Results of our studies on rabbit and dog heart
(see below) have suggested that the normal delay 13 due to slow con
duction which may be decremental Matsuda (personal communies
tion) has obtained somewhat different records from studies of dog
heart and has concluded that the delay 1s the result of both the slow

d and delay m depolarization (see below)

Etidence for Decremental Conduction By decremental conduction
we may und d a type of cond 1 which the properties of
the fiber change along 1t» length 1n such a manner that the action

it becomes ely less effe as a lus to the
unexeited portion of the fiber abead of 1t The change may progress
to the pomt where cond fails pletely or the proper
miy agam become more favorable to propagation Smce the effi
ciency of the action potential as a stimulus depends upon 1ts amph-
tude upon its rate of depolanzation upon the extent to which the
depolanzation caused by 1t reaches ahead and upon the threshold
of the fiber a progressive change 1n any of these factors might eause
d [ cond The p: 10n of an 1mpulse decrement
ally differs from the electrotonic spread of an 1mpulse mto sn inexeit
able fiber 1 that i decremental conduction st the pomt at whieh
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block occurs the fiber 1s excitable but the action potential 15 unable
to excite 1t

In general a change 1n fiber properties 1n the dircetion of causing
decremental conduction (e g, progressively mcreasing threshold
decreasing space constant, decreasing action potential amplitude
Bt rate of depol tion) 18 also a change which will cause
progresstvely sloner conduction The observation that action poten
tials 1n the atrioventricular node show 2 low rate of depolanzation
2 low amphtude, and a low propagation velocity naturally suggests
the possibility that conduction 1n nodal fibers 1s decremental Thts
possibility 1s strengthened by the observation that during increased
atrioventricular nodal delay caused by acetylchohne or high rate
the action potentials become still lower 1 amplitude and rate of
depolanzation and n fact do fail to propagate through the node

There 13 no demonstrative evidence to support the interpretation
that conduction mn the atrial portion of the atrioventricular node 18
m fact decremental However the hypothess fits all the observa
tions noted below and 1s contradicted by none of them A hey obser
vatton 1s that nodal fibers are exaitable even durng total block

Characleristics of Transmembrane Potentialy wn the Atrial Part o
the Atrioventricular Mode
Low resting potentral
Low amphitude and overshoot
Very low rate of depolarization
Very low conduction veloctty
Dimimnished amplitude with acetyicholine or high rate
Dimimshed rate of nise with acety Icholine or lugh rate
Failure of conduction with acctylcholine or lugh rate
Failure of conduction without wmexcitability (sce Fig 6-10L)
Slurred upstrohe with steps or notches

10 Increased notching of upstroke with acety lcholine

11 Altcrnation 1n amplitude with acetyIcholine or high rate

12 Disappearance of notches dunng retrograde conduction

13 Temporal di persal of steps on the upstrohe 1s a< ociited W1
dimmshed amplitude

14 MNotches on upstroke may separate into scveral discrele
depolanzations

15 Temp 1 of depol 10N8 18 2pp:
result 1n excitation

© WO R

th

t and may
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The first exght of these properties are compatible with the coneept
that the fibers at the atrral margin of the stnoventricular node con
duet decrementally The remaming observations noted above are
concerned with fragmentation of the response of these fibers into
more than one event and bear on another aspect of nodal activity
They do not negate the concept that conduction 15 decremental but
do requrre a further mdependent nterpretation

Analomcal Considerations The observation that setion potentials
recorded from the atrzl margin of the atrioventricular node show
steps or notches on the upstroke and that these notches are either
accentuated by the action of acetylcholine or separated into discrete
d by acctyleholine or high rate that the excita
tory process conststs of more than one event The generalidea 1sthat
there are two or more excitatory events m a given nodal fiber and
that these events are h: Iy afiected by acetylchol
and 1n particular are separated temporally This idea permuts an
explanation of observations 8 through 15 and must be valid 1n a gen-
eral way no matter what the anatormeal or physological explana
tion of the separateness of the events may be Since however it1s
extremely difficult to describe s theoretical explanation of these
steps Without an apatomueal pieture 1n mind  separate explanations
will be offered for each of the two most probable anatomical mecha-
msms These mechamsmsare first that separate excitatory impulses
arnve at a common pornt along separate convergng pathways and
second that a smgle fiber presents obstacles to the smooth progress

of the 1mpulse

The first h mught result lly either from the
conlescence of several small fibers mto one large one or the impinge
ment of several small fibers upon another fiber with whuch they are
not in cytoplasoue contmuity The diagram m Iig 6 14 represents

the first of these posubihties and presents several dvantages
Descriptions of the microscopie anatomy of the node (Tawara 1906
Moncheberg, 1921) all agree on geveral pownts first that there 1s 2
marked decrease 1 diameter of atrial fibers just above the node
sccond that fibers o the atnal part of the node are small 1n diam
::,eg; zg:w;tngzzzrmterconnectmns and are closely ntermingled
w s and finally, that there 1s an tcrease m fiher

and ds d bravehung as one progresses through the
lower node to the bundle of His Figure 6 14 shows the action poten
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tials which presumably are recorded at each mte during normal
transmission and also shows the recorded changes at each site under
the influence of acetylcholine or hugh rate It 1s apparent that most

ATRIUM JUNCTION LoWER s

OWE
NODE NODE BUNDLE

ONALA N N

Fio 614 6ch of possible 1 hips
between fibers of atnum  atrioventricular node and bundie of His and action
potentials recorded from esch location under normal conditiona (solid Liaes)
2ad under the mfuence of scetylcholine (dotted Lines) Sce text for discuasion

of, 1f not all, the ob<ervations made during studies of the rabbit
heart are compatible with this diagram

There 1s at present no direet evidence either from phy tofogical or
electron microscopte observations to support the possibibty of an
interruption of cytoplasmic continuity at any powt between atnum
and ventriele Neither do embryologe studies (Patten 19.6) gne
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evidence of this sort Long delays may occur at the junction of
Purkunje fibers with papillary musele dunng retrograde transmssion
(see Chap 7) and there has been s clear demonstration of eytoplas-
mic continwty at that junction (Fugler and Parkun, 1956) Thus
there seerms to be little need to assume mterruption of eytoplasmic
y as an expl of atnov lar nodal activity The
other major possbility that a single fiber might present obstacles
to the smooth progress of d cannot be ads 1y evalu-
ated at this time It 1s possible that the presence of intercalated
disks might have this effect However, studies of the longitudinal
resistance of other ty pes of cardiac fibers have failed to reveal any
discontinutous contribution which might be due to the presence of
sueh disks (Werdmann 1956a) A clear statement of the mechamsm
of nodal delay must await studees of the electron microscopie hus-
tology and pasaive electnieal properties of nodal fibers
The Effect of the Low Resting Potential of Nodal Fibers Records of
the transmembrane potentials of siugle fibers at the atrial margin of
the atnoventricular node regularly show a low resting potential
While 1t 1s possible that this low value results from 1njury fo the
fiber or from pal the of thig obgerva
tion (see Hoffman Cranefleld and Paes de Carvalho 1908 1909,
Cranefield Hoflman and Paes de Carvalho 1058 Matsuda et al,
1958a b} 1n a vanety of preparations support 1ts reality Informa-
tion 1s not yet ayallable which would permit an evaluation of the
contrbution of this low resting potential {o slow atnoventrnicular
conductson Studies of other fibers and in particular of Purkinje
fibers (Weidmann 19551) indzeate that 2 low resting potential may
cause a slowly nsing acton potential of reduced amplitude which
propagates at reduced veloeity This certaraly 1s the result when a
fiber 13 stimulated before the end of phase 3 (see Chap 8) or after
partial depolarization by KCI It has mot yet been possible to
wcrease the resting potential of modal fibers by electrieal polar
1zation and thus study the effect of this procedure on the action
potentisl and conduction velooaty However s pertinent expen
ment suggested by early studies of decremental conduction mn
beart (Drury, 1925-1926 Schmitt snd Erlanger, 1928-1929)
has been performed on papillary muscle Figure 6-15 shows records
obtamed from single fibers of papillary muscle before and after
exposure to excess KCl Durmg recovery from h+ induced de-
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polanzation 1t can be seen that the large depolanization recorded
near the stimulating electrode appears at the distal recording site
either, when the resting potential 1s low, as an electronically decre-
mented potential or, at o somewhat higher resting potential, as an
active response which shows one or mrore notches durmg phase 0
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Fio 6-15 Transmembrane potentials recorded from isolated papillary muscle
at gome distance from the site of the driving electrodes showing (A) one con
trol action potential and then rapid d caused by exce: {Jul:
1.C1 until (B) only small decremented potentials are apparent st the recordiag
ate In C D and E two microclectrodes have been used to record activity near
{top trace) and farther from (bottom trace) the site of the drive electrodes
In Cand D the strength of the stimulus 13 varied to produce responses of vaned
amplitude at the clectrode site note the configuration of the sccond response at
the distal electrode 1n D In E ot a shightly higher level of membrane potential
respobses at the distal ding site show a step 1n the
upstroke of the Jocal action potential See text for discussion

This expeniment demonstrates several points First decremental
conduction can oceur 1z cardiac fibers and second, & Jow resting
potential and some inhomogeneity of exciiability can eause slurred
notched upstrokes and appreciable local delay Thus, while support-
ing the general concept for the mechanism of delay 1t rules out an
absolute requirement for any specral underlying anatomical arrange-
ment for the occurrence of one or two notches on the upstrohe Other
results from studies of nodal fibers however appear to requir 5ome
consideration of the epecial anatomy of this structure

Partial and Complete Alnoventricular Block

The activity of nodal fibers duning partial and ecomplete failure of
noda! transmssion has been shown n several of the preceding
figures In each case the fmlure of the exestatory ey ent appeared to
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be locahzed 10 fibers ai the atns! margin of the atrioventnieular
node At this time 1t 1s desirable to discuss several aspects of these
records 1n greater detail

The Role of 4trial Fibers at the Atrionodal Junciion In the presence

of acetylcholme or When acetylcholine 1s combmed with hugh rate
1t has been seen 1t some experrments that the action potential
recorded from atmal fibers just above the atroventricular node
decreases niot only i duration bug alse 1n amplitede It 18 assumed
that this change 1 electrical activity 1s responsible for the asyn-
chronous and therefore meffectrve activation of the nodal fibers
near the atria]l margin Whetber or not there 13 also a simultaneous
change 1n threshold of the e nodal fibers has not been determined,
however 1t can be mferred from records ke those 1n Fig 6-9 and
Fig 6 10 that the thre hold potential 1s low at this ttrme Under
these condit heref: 15 d to the pomnt of
block at the upper nodal fibers &t least i part because of the decrease
1n action potentral amplitude of the atral fibers located just proxt

mal to the Junction

The Refractory Period of Nodal Fibers Many early explanations
of altered transmission through the atrioventriecular node were based
on g supposed long refractory period of nodal fibers Certain of the
records obtained at high rates of stimulation are 1n agreement with
this concept The faslure of transms.ion in these cases 1s again local-
1zed to fibers 1n the atrial part of the node but appears to result from
the maintained long duration of the action potential in spite of the
mncreased rate Moreover in some wngtances 1t appears that the
delayed transmussion when effective 1n exciting lower nodal tissue
may actually prolong the action potentials recorded from the atral
part of the node (see Figs 6-13 6-16) Finally records like those in
Tag 6-17 suggest that 1n fibers 1n the atrial part of the atnoventne
ular node as 1n some fibers of the swoatrial node (see Chap 5)
recovery of excitability may lag behund repolanzation to a greater
extent than in other types of cardiac fibers (see Chap 8)

Retrograde Transmission and Ventriculo atrial Delay In most of
the records from preparations of rabbut heart retrograde transmssion
Was seen only in the presence of acetylcholine How ever, when nor-
xal transmission from atrium to node faled the pownt of block was
m the abrzl part of the node If at this time a pacemaker in the
bundle of His began finn,, retrograde transmussion was ummparred
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F16 6-16 Tran.membrane potentials recorded from the bundle of His {upper
trace) and upper atnos entnenfar node (muddle trace) and bipolar electrograms
Irom strsal mu.cle of rabbyt beart showing changes 1 1he electncal actinty of
vodal £bers induced by rate changes 1 the presence of low concentrations of
scetyleholime (4) The effect of & b £ period of accelerstion, (B) the secord
obtatned during and after & 2 { bloch (C) varying block & a hugher atnal sate

“ote changes in the delay between getivity 1n atriasm and bundle of His as well
29 the changes 12 the shape 22d arepl tude of the nodal setion potentials Tosll
records the second compaonent of the nodal response 13 noted osly m gynchrony
with activity i the lower nod

SN

i
F1c 617 Records from rabbit heart showwmng treq menthrane patentsls of
angle fibers of atnum (top trace) and atrioventneular node ( econd trace} &
brpolar electrogram from the bundie of ths (third trace) and a umpolar ek
gram from the moatrial node region (bottom: trace) Note that the bipolar
electrogram shows some low voltage polypha.ic setrty synchronous with
atnal activity and a sharp high voltage complex due to activity of the buadit
of His After three normal diven beats a pair of extmeystoles excite atnal
muscle but eliest only miumal of the Jully repolanzed £odst
fiber and thus fail to excite the bundle of His

10 the lower node If 1eatnculo-atnal black. was pre ent failure of
exatation agun was localized to the atnonodal junction Under zor

wal condstions the delay 1n transmy ston from His bundle to striu
was sumular 1n magmitude to that ween during normal conduction and
was al_o Jocalized to the atnonedal junction



THE ATROVENTRCULAR NCT* s

STUDIES OF DOG HEART

The firet published secords of elertnieal actinty of «ngle Sbers of
atroventrenlar nodal tusue in pertwed puppv hearts are repro~
duced 1z Fig 6-15 (Matsuda et s} 19a8a ) Dunng cormal trans-
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F16 6-1% Transmembraze potestials recorded frots mzgle fibers of the dog
heart. The records m the left eotumn are chtamad from different o es m tke
atrum (tap record] aad m the atrioventriculsr node The records m the nght
column show & control modal action potential (top) severs! supenm

Eweeps dunng the onset of scetylebaloe eBect (mudda) wnd tomplete faflare
of trzem.ason from atnum 0 nede (bottom record) In all recards the top
mmﬁw ;:( nmﬁenhﬂ and showy Lime marks &t mtervny of 10 sad

2 vol.sge r3tio3 m all recards represents 100 ;v §
Gorvmon (Maisuda ool 19532 3) F o text fon
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musston the nodal action potential anses out of a long prepotentral,
the duration of this mmtial step 1s mcreased by scetylcholme and
decreased by epmephrine These records have been interpreted as
showing the normal mechamsm of atrioventricular delay to depend

c
F16 619 Tronsmembrane potentrals recorded from atroventricular mode
(upper trace) and atrium (lower trace) of puppy heart showing the decrease
1n amphtude and nsing velocity of the nodal sctton potential observed at hugh
rates of stimulation

;t:tt&@:
e — O

F1g 620 Transmembrane action potentials recorded from atmoventsicular
node (upper trace) and atrium (lower trace) of puppy heart in the prescnce of
low concentrations of acetylcholine Note that durmg acceleration the nod:
response 13 preceded by a smgle step of long duration smmilar to that shown i
Fig 6-18 See text for discussion

1n part on <low conduction and 10 part on the delay resulting from
the single <low step Our own studies of dog, puppy, and rabbit
hearts suggest a different interpretation As can be seen 1n Figs 6-19
and 6-20, records from 1solated preparations of dog and puppy hearts
show that action potentials of atrium and atrioventnicular node are
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smular to those shown for rabbit heart Under the imfluence of
1ncreased rate the nodal action potentrals may show only a decreased
rising veloetty and amphitude (Fig 6-19) However, when the safety
factor of conduction hag been greatly decreased by addition of ace-
tyleholine (Fig 6-20) with the onset of rapid rates the nodal poten
tials are seen ta anse from a single long prepetential
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Fra 6-21 Records from rabbit heart showing changes i activity of nodal
fibers induced by hsgh atnal rates The top trace shows tranymembrane poten
tials from a single atnal fiber close to the node and the second trace shows trans
membrane potentis!s from a single fiber 1n the atrioventricular node The third
trace 15 & bipolar electrogram recorded from the bundle of His and shows an
tmatia) low voltage complex representing activity w the tnum and a sharp
high voltage complex due to actrty of the bundle of His (retouched) The
bottom trace 15 a umipolar electrogram recorded from the region of the sino~
atral node In A when the strium 13 driven at a rapid rate the nodal respon &
varies in amphtude and often anses from a single step of long duration In alt
cages the major deflection of the nodal response 15 almost smultaneous with
propagated activity mn the bundle of His In B the atrial rate 1s lower and the
nodal action potentials bave resumed a normal configuration In this record the
atnal mieroelectrode has become dislodged from the atrial fiber under study

A similar type of record has also been obtained from rabbit hearts
In one such expenment m addition to transmembrane records from
atrium and upper node umpolar electrograms were recorded from
atrium and His bundle (Fig 6 21) These records show that at times
the large depolanzation of the nodal fiber 1 esther synchronous with
or subsequent to finng of the His bundle the long slow step on the
other hand 18 comparable i duration to the atrio~Fis bundle delay
‘While delay 1n nodal trapsrission may be cau ed by a delay of thig
type under certain conditions 1t 1s Likely that n many 1nstances
such records show failure of mormal exeitation of the Sber under
study The large depolanization 1n such cases results from depalan
zation distal to the fiber from which the transmembrane potential
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13 recorded or, 10 some cases, from retrograde excitation which may
take place It 1s felt that duning normal atrioventricular transmis
ston 1 dog as well as1n rabbit there 1s no actual mterruption 1p the
spread of eveitation Studies of another type (Scher et al, 1929)
support this view

Another study of the electrical activity of single fibers of the atrio-
ventricular node of the dog heart has been reported by Sano (Sano
Tasak1 et al, 1958) In this study the normal action potential of
the atnoventrcular node showed a clear step on the nsing phase
stmlar to that shown in our records Also regional differences in
the shape of the action potential were observed although no attempt
was made to relate these differences to the spread of activity through
the node Durnng atnoventricular block the changes tn transmem
brane potenttals of nodal fibers were similar to those deseribed for
rabbit hearts The addition of quinidine procaine atude and G
strophanthin 1n apparently high concentrations was shown greatly
to mcrease the duration of the mitial step of the action potential
and produce a slowing of the nsing phase and dimmshed reversal

OTHER SPECIAL PROPERTIES OF ATRIOVENTRICULAR CONDUCTION

Several peculianities of atrtoventricular transmssion which have
recently been studied by means of other techmques can be nter
preted at least m part in terms of the results obtained from studes
of the electrical activaty of single nodal fibers Certain of these are
discussed 1n this section

Evidence for a Dual Atrioventricular Transmission System

Moe (Mendez et al 1956 Moe et al 1956) and more recently
Rosenblueth (1908b) have presented evidence to support the con
cept that there are two pathway s connecting the atna and ventricles
and that these two paths have different functional properttes One
which conduets at a higher velocity has a longer functional refrac
tory period than the other more slowly conducting path The basie
experimental demonstration of a dual atrioventricular conducting
gystem 1s obtaned by varying the mterval between driving and
testing stimul applied to the atmum As the testing stimulus 18
applied earlier and earlier 1n the driven eyele, the mterval betwcen
ventricular responses at first shortens in direet proportion to the
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Fio 622 Plot of the mterval betwesn regularly driven responses snd pre
roature responses in the atnia (Ry ~ Rs)a 1n relation to the corresponding ven
tricular nteryals (R, ~ Ri)y of dogheart Three examples from different expery
ments (4) Heartlung preparation (B) dog with stellate ganglia excised (C)
mtact dog Bee text for discussion {Moeetal 1856)

drve-test interval However when the dnve-test interval 1s less
than a certamn lmuting value the mterval between ventrtcular
responses remains unchanged This imiting value 1s usually thought
to depend upon the duration of the functional refractory period of
the atnioventncular conducting system (Iig 6 224) This 13 the
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type of response which has been observed most frequently by a num
ber of imvestigators In contrast, 1n a certain proportion of animals
(dogs, goats, turtles) Moe observed a different series of events
(Fig 6 22B, C) At dmve test mtervals shorter than the functional
refractory period of the atrioventricular conducting system there
appeared ether an abrupt (Fig 6 22B) or progressive (Fig 6-22C)
1mcrease 1n the delay betwcen ventncular responses to drive and
test stimuli This change m atnoventricular conduction time has
been attributed to transmussion through a slow path with a short
functional refractory period (Moe et al, 1956) A similar abrupt
change 1 conductron time has been observed dunng transmission
of premature beats from ventricle to atrum (Moe et al 1956,
Rosenblucth 1958b) Also various expertmental procedures have
been shown to alter the response pattern from that seenin Fig 6 224
to that of erther Fig 6 228 or ¢ This phenomenon has been observed
1n heart lung preparations (Moe et al  1956) and 1n 1n sttu hearts fol

lowing vagotomy excision of the upper thoracic sympathetic chains

and adrenal igation (Rosenblueth 1958b)

A considerable amount of indirect evidence has been precented m
support of the existence of a dual conduction system Moe has shown
that actrvity which presumably reaches the ventricle over the rapid
system causes a different sequence of activation than that traversing
the slower path Also atral and ventricular echoes have been
explained on the basis of intercommunications between the two
pathways (Moeetal 1926 Rosenblueth 1908c) A detailed analy<s
of all ayailable evidence supporiing this hypothesis can be found 1z
the onginal communications Anatomical identification of two seps
rate pathways has not been provided It 1s uncertam whether or not
the postulated dual conduction system 1s localized to the attioven
tricular node or extends to the periphery of the yentricular Purkinje
system (Moe et al, 1956) Moreover 1t should be emphasized that
several aspects of the change 11 atrioventricular transmisston time
mght be explaned wathout the particip of a dusl
system The usual observation (Tig 6 224) 15 encountered even at
the simple Junction between ventricular muscle and Purkinje fibers
durmg retrograde transmission of premature beats (sec Fig 8-22)
An abrupt change 1n latency of response mn the Purkinje system
with increasing F 1ty of v lar action potentials may

also be ob.erved (Fig 8-24) A change in atnoveptricular transms-
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ston time gimlar to that shown in Fig 6-23C can result from changes
1n eleetrical activity of the fibers at the atrial margin of the atrroven
trcular node The ncreasingly long latency of ventricular response
1n thig ease may result from vely slower 10n of the
premature responses not only 1n the node but also m the bundle of
His The major difference between the two response patterns (Iig
6-234 and C) thus depends pnmanly on the duration of the *func
tional refractory period  at the atnal margin of the node If thisis
longer than any other between atrum and ventricle the response
pattern will be srmular to that in Fig 6-224 If there 1s a gradient of
d of the f I refractory pentods through the
node and bundle of His however the response pattern will be that
shown in Fig 6-22C The ease with which the pattern changes from
one type to another can be understood if one recalls the marked
change 1 electrical activity of nodal fibers and particularly those
at the junction of atrium and node which are brought about by a
vanety of factors such as acetylcholine epmephrine and hypoua
The explanation just given for changes 1n atrioventricular con
duction time of premature beats does not explain an abrupt increase
m latency such as that shown i I'g 6 22B To date ne have not

obtained any direct expenmental d ation of the h

responsible whether or not this particular pattern depends upon
the of pathways th cannot be stated with
certamnty Perhaps the strongest evidence for dual pathwavs 1s the
change 1 of ventricular pl reported by Moe,
on the other hand f of the fibers m

the bundle of His could produce the same result as could local duf-
ferences 1 refractoriness of the peripheral Purkinje fibers Direct
records from fibers m node His bundle and peripheral Purhinge
system are required to provide a full evplanation of these questions
(see Chap 7)

Nodal Lchoes Under certamn conditions exeitation ongmatmg m
erther atrmun or ventricle enters the atrioventricular node and then
returns to the chamber 1n which 1t originated This type of coupled
extrasystole 1s often referred to as an echo Several authors have
explamed the appearance of echoesin termsof dual ntercommunicat-
ing pathways esther m the node or extending from the node farther
along the speciahized atriov entricular condueting system (Moeet al ,
1958 Rosenblueth 1958) While 1t 18 possible that mechamsms
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type of response % huch has been observed most frequently by & num
ber of investigators In contrast, 1 & certain proportton of animals
(dogs, goats turtles) Moe observed a different sermes of events
(Fig 6 22B, C) At dnve test intervals shorter than the functional
refractory period of the atmoventricular conducting system there
appeared either an abrupt (Tig 6 22B) or progressive (Fig 6-22C)
mcrease 1 the delay b ventricular to dnve and
test stimull This change 1n atrioventricular conduction time has
been attnbuted to transmussion through a slow path with a short
functional refractory period (Moe et al, 1956) A smlar abrupt
change mn conduction time has been observed durnng transmission
of premature beats from ventncle to atum (Moe et al, 1956,
Rosenblueth 19580) Also varnous expermmental procedures have
beer shown to alter the response pattern from that seenmn Fig 6 224
to that of ether Iig 6 22B or C This phenomenon has been observed
1n heart lung preparations (Moe et al , 1956) and in 1n situ hearts fol

lowing vagotomy excision of the upper thoracic sympathetic chans

and adrenal ligation (Rosenblueth 19585)

A considerable amount of indirect evidence has been presented 1n
support of the existence of a dual conduction system Mog has shonn
that actvity which presumably reaches the ventricle over the rapid
system causes a different sequence of activation than that traversing
the slower path Also atrial and ventricular echoes have been
explaned on the basis of mtercommunications between the two
pathways (Moeetal 1956, Rosenblueth 1958¢) A detailed analysts
of all available evidence supporting this hypothesis can be found 12
the ongnal A Iid of two sepa
rate pathways has not been provided It is uncertam whether or not
the postulated dual conduction system 1s localized to the atnioven
tricular node or extends to the peniphery of the ventricular Purkinje
system (Moe et al, 1956) Moreover 1t should be emphasized that
several aspects of the change 1n atrioventricular transmission tite
might be expluned nithout assuming the participation of & dual
system The usual observation (Fig 6 224) 1s encountered even at
the stmple junction between ventricular musele and Purkinje fibers
dunng retrograde transmission of premature beats (sce Fig 820}
An abrupt change m latency of response 1 the Purkinje system
with increasmg prematunty of ventreular action potentrals may
also be observed (Fiz 8 24) A changein atroventricular transmis~
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long, slow step which preeedes the upsirohe of the nodal action
potential Simlarly, the merements 1 atroventncular delay are
associated with nodal responses whuch an e later and fater from the

A

Fra 623 {4) b recorded from lar node

{uppes trace) and His bundle of rabbit beust showing the changes in podal
ettty d with the devel of keback Nate
progres.ive merease 1n dureison of the mtial step of the nodal response, pro-
gresaive mcreass 1 tiune nterval between stumulation of the atnum (artov )
end the respon.e of the bundic of His and the shortening of thia mterval after
falure of nodal transmusion (B) Unpublsh 4 record obtamwed by A Paes de
QCarvatho showing ¢leazly the changes m actinity of a sigle nodat fiber m zabbut
beart dunng one Wenchabach pertod Cahibratwng represant 18 mv aad 2, meee

step on the dropped beat the step i3 present, but no nodal action
potential is observed

Smuslar changes 1n nodal activity can be seen more cleatly 1n
records obtaned by A Piesde Carvalho (Fig 6-238) Hisapparent
1n these records that the prunary change at the recording se 13 a
Jeerease 1n the rate of 11 ~ and an the amphtude of the elow, stephke
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potential change As a result of the decreased rate of rise and lower
amplitude the local action potential amses progresstvely later
Finally, when the step nses too slowly and fails to attain a sufficrent
magntude, the local action potentral does not appear

The records shown mn Fig 6 23 suggest that the primary change
1n nodal activity causing delay and failure of transmission m these
experiments occurs between the mid node and atrium since the
re<ponses which arise from the 1mtial step of depolarization show a
fairly consistent nsing velocity and amplitude It 1s quite likely that
the primary event s a progressive decrease I the amplitude of the
action potentials near the atrionodal junction similar to that
recorded during an abrupt mcrease 1n rate (see Fig 6-12) To date
however, we have not succeeded 1n recording from the atrial margin
of the node during Wenckebach periodicity and other changes in
electrical activity near the atral margin of the node cannot be
excluded
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THE PURKINJE FIBERS

The ventricular conducting system begins at the atrioventrieular

node and ramfies throughout the entire ventricle The extent and
! of the ramfi have been emp} d repeatedly (see

Tawara 1906 Lewis, 1925 Baird and Robb 1950 Truex et al,
1954 Kugler and Parkin 1956) The wital role of thig system should
not be und d and an tion of the 1 itera-
ture serves to impress one with the vast extent of the subendocardial
Purkinje fiber network and with the degree of anastomosis between
fine termmal Purkinje fibers and myocardial fibers

Fibers which answer the anatomical de<cription of Purkinje fibers
and which show action potentials stmilar to those seen in the bundle
of His are found throughout that bundle, 1n free runmng strands
(false tendons) 1 the ventricular cavity 1n an endocardsal mesh 1n
the chordae tendineae and even 1n the atrum Purlunje fibers have
been d ated 1ly 1n almost all Is and have
been deseribed 1n the turtle Pseudemys elegans (Robb 1953) Ty pical
Purkinje fiber action potentials have been recorded m curious bun
dles occasionally found running free from the outer surface of the
atnum to the outer surface of the v lar ba.e of the
turtle heart (Chelydra serpentina) (Cravefield and Hoffman unpub
lshed) It 1s thus reasonable when studyng bird amphibean
reptihan and mammahian hearts to assume that they contain a
conduction system which 13 functionally 1mportant

178




s E(ECTROPHYSIOLONY OF YHE KEART
THE PURKINJE FIBER ACTION POTENTIAL

The Typical Fiber

Configuration In any given species the action potentisl of the
Purkanje fiber resembles the action potential of the ventricle to some
extent (Fig 7 1) but there are certsin marked differences The
Parkioje fiber has a definite * eptke , that1s phase 113 prominent
In addition the slope of phase 2 1s low snd the duration 13 longer
than that of the ventricular fiber In general the Purkmje fiber
eetion potential s the longest action potental found i any gren
heart In Purkinge fibers from the hearts of cat dog rat and saap
ping turtle we have usually found hittle or no diastolic depolariza
tion under normal conditions Weidmann on the other hand work
ing mostly with Purbinje fibers from the hearts of hads goats calves
and sheep regularly notes pacemaher metsvity with a considerable
degree of depolanization during phase 4 Purkume fibers from all
spectes will dev elop pacemaker activity under appropriate condifions

Magnatude Ample and rehable information 1s avatable on the
magmtude of the resting aund action potentials of Purhsnje fibers
The mformation 12 rebinble because the fiber diameter is large Rest
mg potentials are invamably found to be higher than 908 mv, and
action potentials are over 120 my (sec Table 3 1)

The de of these b potentials raises s0me
mteresting questions They are larger than the values zreported for
any other cardiae fiber types This does nat necessanly mest that
the other fibers actually have lower transmembrane potentials but
may ratber mean that only in Purkinje fibers have the transmen
brane pot s been d with full These fibers
have the largest diameter of 2l cardiac fibers and slso are the least
contractile Both factors mimmuze damage to the celt membrane
resulting from msertion of microstectrodes The effect of the nserbron
of o mcroelestrode has been studied m Puskuyge fibers m o dirert
manner Draper and Woadmann {1931) employed one smcroelec
trode to record resting and action potentsals from a single fiber
They then mserted another meroeloctrode fess than 500 4 from ‘I;e

first, this second penetration of the membrane caused a dsop of only
08 mv n the t b tial ded by the first Con

trols were carried out on the “effect of cut ends of fiber bundies




THE PURIONJE FIBERS V7

Fia 71 (A) Transmembrane action potentials recorded from papillary muscle
(top trace) and attached Purkinje fibers (bottom trace) of the dog nght ven

tricle Time cabbration shows mtervals of 10 and 50 msee (B) Transmembrane
action potentials recorded from papillary muscle (bottom) and 1solated false
tendon (top) of the dog left ventricle Upper trace n both records is the jme of
zero potential Time calibration shows wntervals of 100 and 500 msec Vertical
bar at left of figure 1$ a voltage calibration of 100 mv for B

Junetion \! t artifacts h

agents, the use
of Tyrode s solution, and the effect of frequency of contraction Few

of these careful controls have been reported m studies of other
fiber types

There 13 another factor winch mght operate to make the 1n vitro
det of restmg p 1n Purkinje fibers nearer to their
12 v1vo value than the measured resting potentials of smaller fibers
would be Thss factor depends upon the size of the fiber Simce the
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ratio of surface area to cell volume 15 determined by the radws a
larger fiber has a greater volume of cytoplasm for a given area of
surface than has a smaller fiber If metabohism 1s impaired and sf
K+ loss 18 proportional to cell area, then a large cell will lose K+ at
a glower rate relative to the total intracellular quantity and the
mntracellular concentration will fall more slowly than 1n s small cell
Since metabolism 1s almost certamnly impaired durmg m vitro
studies, this argument weighs rather heavily in favor of the surmuse
that small cells are more ikely to show reduced membrane resting
potentials when studied 1 vitro

The argument from the surface area to volume ratto may, how
ever, be used to support the view that smaller cells actually have s
somewhat low er resting potential in vivo Thus the larger cell having
a larger volume of metabolieally active eytoplasm 1n relation to 1ts
surface area might maintatn a higher resting potential even m Vivo
It has been found that the merease of oxygen metabolism associated
with activity 1 axons 1s more nearly related to surface area than to
volume and this observation has been mterpreted to mean that the
area does determine the amount of 1onic moy ement and hence deter
munes the need for metabolism, whereas the cytoplasmic volume 15
an mdex of the metabolic capacity of the cell (Connelly and Crane-
field 1923)

Rate of Depolarization The maximum rate of depolanzation 10
dog Purkinje tissue 1s 610 volts/sec and 1n Lid Purkinje fibers 670
volis/sec (Draper and Weidmann 1951) Al ordinary techrucal
difficulties tend to reduce the measured rate of depolarization and
1t 1% possible that the true values approach 1000 volts/sec In any
case the rate of depolarization of Purkinje fibers 15 high and com
pares with the ighest known rates of depolanzation mn any exaitable
tissue
Conduction Velocrty Interest early attached to the conducttoB
velocity i Purkimje fibers because the realization that the mpulse
spreads into the ventricles via the Purkinje system led some authors
to attribute the atrioventnicular delay to slow conduction 1o the
Purkinje system In spite of the importance of the problem only 3
fen dircct attempts were made to measure conduction velocity 12
Purkinje fibers prior to the mtroduction of microelectrodes Tb?
first was that of Erlanger (1912) who overcame substantial technical
difficultses and concluded that the conduction velocity was at least
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075 m/sec 1n calf heart This result enabled hum to state that the
atnoventricular delay did not result solely from slow transmi.ston
through the conducting system (see Chap 6) In another study mith
external electrodes Curtis and Travis (1951) reported a value of
42 m/seo for wolated ox heart false tendons The same workers
found that the conduction veloesty vaned linearly with temperature
from about 12 m/sec at 13 C to 4 2 m/<ec at 37°C Draper and
Weidmann (1951) using mtracellular electrodes found a conduc

t10n veloaity of 2 0 m/sec 1 dog and 2 2 m/sec n kad heart A fur-
ther .tudy on dog Purkinje fibers (Trautwemn Gottstein, and Feder-
gchmdt 1903) found a value of 2 5 m/sec Purkinje fibers thus show
2 hugher conduction velocity than other types of cardiac cells (see
also the last section of this chapter)

Duration Purkinje-fiber action potentials are longer than the
action potentials recorded from other cell types in the same heart
In dogs the Purkinje-fiber action potential may be 500 msec long
This duration may be compared with that of the fiber of next longest
duration the papillary muscle which 1 250 to 300 m.ec (Hoffman
and Suckling 1950) Purlunje fibers of the kad heart show action
potentials of 400 msec duration (Draper and Weidmann 1951) and
those of sheep heart about 500 m e¢ (Weidmann 19560) Duration
13 sensitive to rate temperature end 1onie composttion so all values
are approuimate Unpublished studies made 1 the authors’ 13bora
tory by A Paes de Carvalho suggest that the duration of Purkimje-
fiber action Is 18 diffe 1n daffe parts of the bundle of
His and Purkinje-fiber network 1t scems probable that the fibers in

the false tendons have action potentials of Jonger duration than 1n
the bundle of His

Special Purkine Fibers

‘Tbe wformation given m the preceding section wa« 1n all cases
obtamed from fibers exther of the bundle of His 1ts branches or the

false tendons ? (bundles of Purkinje fibers which run free through
the ventncular cavity) Action potentrals i these various sites do
not show marked 1dividual peculanties There are however other
sites which contam Purkinje fibers and they must be considered
separately

The Atriorentricular Node The ventricular margin of the strio-
‘eutneular node contains fibers which are transitional 1 size and
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actron-potential shape hetween nodal fibers and His-bundle fibers
The charactenistics of these fibers are discu..ed m Chap 6, where
they are referred to as “lower nodal fibers” They may also be
regarded as Purkimje fibers

The Intramyocardiat Purkinge Fibers Luttle mformation 1s avails-
ble on the termiral branches of the d g system Prel Y
studes on rabbit ventricle (Pacs de Carvatho et al, unpublished)
suggest that the action potential of Purkmje fibers m thus region
may be shorter than m the free running branches

The Alrsum  Attention has been called to the presence of special
1zed conducting fibers in the atrium (Paes de Carvalho et al, 1959)
These are thscussed 1 Chap 3 It may be noted here that these
fibers have action potentials rather simular to tho.e of fibers of the
false tendon

THE PURKINJE FIBER ELECTROGRAM

The action potential of an exased bundle of Purkinje fibers can
be recorded with external electrodes and the electrogram registered
m this way 1s tvpical of eardiac fibers m showing « QRS complex
and a I wave (Curtis and Travis, 1951) It 15 also po sible to reco 4
Purhine-fiber netion potentials m the heart by spplymg bipelar
electrodes to the bundle of His or to one of 1ts branches A few rec
ords of this sort are reported by Alams et al, (1958) The method
has been used 1n the authors’ laboratory to examme the spresd of
exettation m the open dog heart maintamed on 2 pump 0%y genator
(Fig 7 13) Results of those studes are described at the end of this
chapter We usually recard the ction potentiol from the His bundle
for purposes of time reference 1 studies of the atnosentnicular node
m vitro (see Chip 6)

EFFECT OF PHYSIOLOGICAL VARIABLES

Rate and Rhythm
very <ers:

The duration of the Purkmye-fiber action potential 13 o
tive to rate (Fig 72) Only one Teasonablv sstematie study of } 1
effect bas been reported (Trautnan and Dudel, 1904a) Ata }:l:
quency of 400 per mmute n duration of 100 msec %as found ‘Louc
st frequencies of about 60 per munute the duration was o
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500 msec Duration was found to bear an mnverse and roughly lin-
ear relation to frequency over that range These figures show very
foresbly the role of the shortening of the action potential n permut~
ting a rate mncrease If rate induced shortening did not occur a fiber
who e action potential duration at 60 per munute was 500 msec
could be driven only at twice that rate since excitability 1s regained

S D W W
c_ ( D\_( (E. <J< CF\C(\lC;
T T

—

F1¢ 72 Transmembrane actson potentials recorded from 1solated dag Purkinge
£ibers showing changes 1n repolanization assoctated with chsnges in rate The
driven cycle length 15 (4) 1400 (B) 1100 (C) 700 (D) 400 (E) %30 (F) 230
{G) and (H) 1400 msec Note slternation in action potential duration n ¥ and
also the delayed return to control action potential duration in Gand H Records
m F @ and H ate separated by mtervals of 30 sec Tiume calibration below
record shows tntervals of 100 and 500 msec

only near the end of phase 3 The rate-tnduced shortenmg of the
action potential 1s such that a nearly sevenfold increase in rate may
be obtained rather than a twofold incresse

It should be noted that attempts to determune the refractory
period age naturally influenced by the duration of the actron poten
tial and that therefore 1t 19 almost less to det: the
refractory period of the atrioventrcular conduction system by
determuning the greatest frequency of unpulses 1t can carry Increas-
mgly rapid stimulation of the atrum will result m durational
changes 1 every part of the heart Unless the durationa] changes
and the di changes 1o refr are known 1t 13
very difficult to assign a site to the eventual atrioyentricular block
which develops Vamations m rhythm salso affect the duration of
the Purbinje-fiber action potential A premature action potential
19 short and this shortness 18 observed not only near the site of
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ongin but also along the length of the fiber throughout which pre
mature propagation occurs

Acetylcholine

Acetylcholine apparently 1s almost wholly without effect on
Purkinje fibers (Fig 7-3) In particular reasonable concentrations

L

B

Fra 73 Transmembrane potentials recorded from asolated doz Pushunse Ebm
prior to (4) and after (B) addition of
1 100000 Top trece 1n each record shons time marks at mtervals of 50 x:sccf
second trace from top shows Lme of zero potential Vertical bar at the gl !0‘
the figure represents 100-mv celibration The decrea.e 1n action paveﬂ'f"*r
duration from 4 to B 13 due to the increase i spontaneous rate Bee tevt f0
discussion

of acetylcholine do not cause shorteming of the action potentual

duration Very high concentrations do shorten the actron potential
shightly (Schmudt, 1908) An unexplamed obseryation by the authors
may pont to an acetyleholine effect however When total atriov c:
tneular block results from acetylcholme, we bave found that 'l e
pacemaker for the “escaped” beat 1s not 1n the atrioventnct :ﬂ{‘
node but m the atrial portion of the bundle of His Thus portion o
the burdle of His develops a spontaneous depolanzation d":‘;g
phase 4 which 1t may not develop when the preparation ’i?zme
quiescent (see Fig 6-7) It 1s possible therefore that acetylc!

can nduce pacemaker activity 1n certan Purkinje fibers
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Epinephrine

The most obvious effect of epinephnne on Purkinje fibers 1s to
increase pacemaker activity In fibers whieh show spontaneous
depolarization durtag phase 4 the addition of epinephrine nereases
the slope of the depolanzation and also lowers the threshold by

the threshold tial (Otsuka 1908) Both these effects
increase the rate of spontaneous activity The change i threshold
potential 1s the opposite of that seen m the smostral node, m which
the thre hold potential decreases under the action of epinephrine

F1o 7-4 Transmembrane action potentials recorded from two sites in 4 single
130lated dog Purkinje fiber showing the effects of l-epmnephrine (4) Control
(B) and (C) l-epmephrine 1 1000000 and 1 500000 respectively Note m
creased rate increase m slow depolanzation during phase 4, appearsnce of

pacemaker activity at one recording site and associated changes m the upstroke
of the action poteatial See text for discu mon

or sympathetic sttmulation (see Chap 5) In Purkinje-fiber prepa

rations which show lrttle or no spontaneous depolanzation during
phase 4 the addition of epmephrine produces 1t and leads to spon-
taneous fing (Fig 7-4) The rate of finng depends directly upon
the amount of epmephrine 2dded However other factars such ag
hypova or a d 1n the extracellular Cat+ tion cause
an appreciable inerease m the sensitivity to epinephrine The
anthors’ unpublished studses have shown that norepmephrine and
epinephrine are equally potent in producing spontaneous activity
mn Purkume fibers (Fig 7-4 7 5) We have also found that rasing
epizephrine concentration to a high level results 1n the development
of multiple pacemalkers m an excised Purkinje-fiber network and
produces a picture closely resembhing fibnilation A suiar high
concentration of norepmephrine has exactly the same effect (Fig

75) Dunng development of this arrhythmia the trapsmembrane
action potentials recorded from a sngle fiber mutially show one or
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more humplike depolanzations during the latter part of the plateau
or the mital stages of phase 3 These depolatizations appear to
prolong the plateau considerably and at a later stage of the arrhyth
mia the transmembrane action potential may show an imtial faurly
rapid upstroke and a plateau interrupted by numerous slow depolan
zations of short duration (Fig 7-5) Simultancous records from two

RN

i

/\N\—
\/~ N7
- \, ”
Fic "5 The effects of 1 hnne on brane potential afz“?
Tated dog Purkinje fibers Same preparation as shown in Fig 74 (4) Con o
(B) norepinephrime 1 250 000 (C) and (D) norepiwephnae I 100000 “"e’f{'
dence of at both sites and the associated pro-
longation of the action potential duration 1a € and D See text for discussion

or more fibers at this time show moderate to marked asynchrony
of the small depolanzations and multifocal pacemaker actvity
The effect of epinephnine on action potential durationn Purkinje
fibers seems to be slight according to our own unpublished obsert :
trons (see Fig 7-4) It must be realized that any increase i epiuieP
nne to levels hgh enough to cause an increase m frequency of con
traction will result 1n <hortemng of the action potentsal duration
due to the accelerated rate No studies of the effect of rate on durs-
tion at various concentrations of epinephnne have been camy

out
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fons

Sodium The most careful studies of the effect of Na* concentra-
tron on cardiac action potenttals are tho.e carred out on Purhinje
fibers by Weidmann and his associates (Draper and Wedmann
1951, Werd: 1955¢ Weid 19565) Red of external
Nat affects all phases of the action potental but the effect on
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Fio 76 Effect of lowering the externsl Na* concentration The Puikinje-fiber
action potential marked a 1s taken from a fiber exposed to 8 normal NaCl con
centration that raarked b from s fiber exposed to 4 solution contaming 13 per

cent of the usual NaCl concentration Time masks 100 msec (Draper and
T ewdmann 1951 )

phase 0 will be considered first because of 1ts importance 1p relation
to the Hodghin theory Draper and Weidmann (1951) found that
reduction of external Na* concentration reduced the overshoot or
membrane reversal without markedly changing the resting poten
tisl (F1g 7 6) Therr results are in farr quantitatsye agreement with
the predictions of the Hodglkn theory They also found that propa
gation failed if the external Na+ concentration fell much helow

20 per cent of normal and that reduction of Na* reduced the rate
of depolanzation seen 1 phase ¢
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Reduction of external Na* also affects phase 4 and phase 2 The
steepness of the spontaneous depolarization dumbpg phase 4 1s
reduced by about 50 per cent when the Na* concentration 15 reduced
to 25 per cent of normal (Weud, personal 100}
This cffect was discussed by Draper and Weidmann (19a1), who
pont out that 1t accords with earlier observations that lowering of
exterpal Na* reduces the frequency of a spontaneous rhythm The
steepness of phase 2 13, on the other hand, wmcreased by a reduction
1n external Na* This results 1n 2 shortening of the action potenttal
duration An inerease 1n evternal Na+ results m prolongation of
the action potential It has been found that if LiCl 1s substituted
for NaCl the action potential upstrohe velocity and amphtude are
maintamed for a time, eventually both fall (Weidmann, personsl
communication) It 1s posaible that La+ can enter the fiber but can
not be extruded as easily as Na+

Potasszum The most obvious effect of an merease 1 evtracellular
K+ concentration 1s & reduction m the resting potential W exdmann
(1956b) has determmed the resting potential of Purkinje fibers as &
function of I¥ concentration (Fig 7-7) It can be seen that over 2
range of about 3 to 150 mM the resting potential 15 proportional to
the loganthm of the extcrnal K+ concentration This 1s 1o agreement
with the prediction of the Nernst equation and 1s evidence i favor
of regarding the resting potential as a K+ concentration potentral

The other effects of mereased external K+ concentration may
result exther directly from the K+ concentration or indireetly from
the reduction of resting potential Thus a reduction 1n sction poted
tial amphtude and mn the steepness of phase 0 can be explamed b{
the effect of a low membrane potential on the availability of Na
carner (see Chaps 2 and 9) Both effects can be rev used by
restoring the membrane potential to normal values with anodal cuf
rent flow On the other hand an increase m external K+ concentra
tron also shortens the duration of the action potentral chiefly by
mcreastng the steepness of phase 2 The shortening 18 pot fully re
versed by anodal polanization, although phase 2 becomes somewhat
more pr and d 13 d (Weud 19566) It
thus appears that external K+ concentration exerts effects other
than those secondary to depolamzation If K* 1s reduced below
3 mM the resting potential dechnes sharply This obscnanot:ib
smlar to that made on certain nerve fibers but has not been ade-
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qustely explained Interactions between h*concentration and Ca*
concentration are dhscussed 1 the section on Catt immedrately
below

Calcsum It has been found that the shape and amphitude of the
Purkinje-fiber action potential are relatively insensitive to changes

a

AN

RESTING POTENTIAL (mv)
s =

s

L] k] ) 1 1 Il 1 ° ]
o 1 ) s 01 s s
K —~ CONCENTRATION (mM}
Fra 77 Resting potential as a fupction of external K+ concentration Heavy
lipe values from cat atrium (From Burgen and Terrouz 1953% }Laght ines sheep
and calf Purkinje fibers Broken line theoretical curve corresponding to &

61 5-mv change 1 resting potential for a ten fold change 1n h* concentration
(After Werdmann 1956 )

m Cat* concentration Thus a sixteenfold change of external Catt
from 0 65 to 104 mM (1e from 025 of the normal value to four
times the normal value) produces little change 1n the resting poten
t11] or 1n the amphitude of the reversal (Weidmann 1900b) A greater
reduction (to 10 per cent of normal) results in marked changes of a
deterorative nature The steepness of depolarization m phase 4
becomes marked the resting potential 1s reduced and the rever al
seen 1n phase 0 15 abolished (Hoffman and Suckling 1956) The
action potentials 1n very low Cat+ become strikingly sumilar to
those een 1n a smoatrial nodal pacemaker It 1s remarkable that if
such & reduetion 1 Cat* s made m the solution bathing a papillary
muscle with a Purkinje fiber attached to 1t perfectly normal action
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Yra 78 Trensmembrape action potentisls recorded {r
papilary muscle preparation from the dog night ventricle
records from papiilary muscle and Purbinje Eber respectivel Ca %
tion 27 mM (C) snd (D) The effect of Jow-calciumn concentration. (C . ;
027 mM) on papillaty muscle and Purkie fiber Note spontanecus act lg;m
and eppeatance of slow depolanzation dunng pha.e 4 of the Purk‘:’inend
records tn B The response of the same Purkinge fiber to dnving sturnuls 81
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potentials ean be detected m the papillary muscle (Fig 7-8) st 2
time when the Purkinje fiber shows the detenoration described
above moreover, the papillary muscle action potentials appear to
be excited by propagation iato the papillary muscle from the pace-
maher of the deteriorated Purhinge fiber (Hofiman and Suekling
1006) At a shghtly higher level of Ca** (20 per cent of normal) con-
derable sp depol: during phase 4 and considerable
reduction of the amplitude of phase 0 are observed If anextrasy stole
15 induced m such a fiber the amplitude of phase 015 normal 1t thus
appears that the slow depolanzation durmy, phase 4 contnbutes (by
inactivation) to the reduced amplitude of phase 0 Some fibers ex-
po ed to low Ca*+ do not develop pacemaker activity but smply
become partally depolanzed and cannot be exarted by eathodal
stmulation If the transmembrane potenttal of such fibers 18 w-
ereased by anodal current flow anodal break exertation may give
nise to an action potential when the current flow stops
A rather remarkable interaction between ht and Cat+ on the
resting potential can be seen i Table 7 1 1t will be seen that both

Tasee 71 Tue EFFECT oF PoTassimst aND CALCIOM ON THE
RESTING POTENTIAL

. Effect of lowering | Effect of rameg
Level of h+ Ca** normal Casr Catr
Low Rt Depolanzation Pestores resting po | Increases depolan
tential zation
Normal k+ Normel resting po | Normal resting po | Normal resting po
tential tental tential
fhgh K+ Depolarization Tncresses depolart { Restores resting, pa-
zation tential

marhed reduction (to 048 mM or less) and ncrease of external K+
cause depolarization 1f the Ca++ concentration 1 vaned in the

the mtnase pacemaker 33 shown v B and P @ and H sbow the effect of a
further decrease 1n the calcum concentration (Ca** 0027 mAf) on papillary
mascle and Purkmje fiber re pectively Voltage calibration mn steps of 10 ray
applies to each par of records Top trace in each record 13 hine of zetg potentsal
Tyme calibration 10 B apphes to =1l records but A and shows 10- and 50-msec

miervals Tyme ealbration 1 H also sh t
g S salibratia ows iatervals of 10 ead 50 msee (Hoff
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same direction a8 the K¥* concentration, the Lt effects are mm
wzed, whereas if the Cat+ concentration 15 vaned m the opposte
direction to the K+ concentration, the It effects are enhanced If
the K*1snormal o change 1 Ca** doos not affect the resting poten~
tial The results are 11 general accord with the 1dea of an antagomsa
between Cat? and Bt and are similar to those found 1n other exat
sble tissues (Shanes 1958) It has aise been found that the mereased
shythmieity seen i low Catt1s enhanced by Jowenag K+
The effect of Ca*+ on the threshold of Purlange fibers has been
carefully studied It is hnown that the threshold to external stimubi
changes when Ca’¥ 13 increased or decreased, but this could result
from a change b p 1, b ped: or
the threshold potential In fact i has been found (Werdmana, 19555)
that a fourfold decrease or a fourfold mcrease 1 Cat* 13 without
effect on resting potental or t d The threshold
change results from g shift m the threshold potential An poresse
1 Ca** decreases excitabality by lowering the threshold potentish,
and a d m Catt tobility by wcreasing the
threshold potential It must be remembered (soe Chap 8) that
threshold nises as threshold p 1d provided that other
factors temain constant a & m threshold potential means
that a greater depolurization 1s needed to bring the membrane poten
tind to the threshold potentinl
Werdmann (19555} found that the slope of the spontaneous depo-
larization 1 phase 4 was constant under a fourfold ierease or de-
crease sn Cat+ concentration The frequency of spontaneous achnty
changed because of the change m threshold potential Thus o8
m Ca*t 8 the frequency of sp actwaty
becruse the depolarization seen in phase 4 must progress fora fonger
tima before the threshold potential 1s reached It wasalso found that
the rate of rise of phase 0 mcreased when Catt was rawed This
finding 15 discus ed below i the .ection on cuyrent flow
Bagnessum The only study of the effect of Mg cem&‘ﬂ”ﬁ”"f
on Purlunje fibers (Hoffman and Suckhing 1956) found results much
hika those long known for nerve H Cat+ is normal, the elevation or
reduction of Mg** produces very hitle effect, and of Ot 1s ugh
the fiber 1s entirely imsensitive to changes m Mgt consentration
No results are reported on the effect of Mg*+ concentration whel

Catt s low
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Temperature

Reduction of temperature from 40 to about 25°C causes a very
small decrease 1n the resting potential of Purkinje fibers The de-
crease 13 roughly proportional to the absolute temperature and thus
18 10 aceord with the Nernst equation (Coraboeuf and Weidmann
1954 Trautwen Gottstein and Federschmidt 1903) Below about
25°C the resting potential falls somewhat more sharply to as low as

mv
—-20-

3901 310 a0
348

1sec

Fia 79 The effect of cooling on action potentials secorded from & spontaneous
pacemaker 1 & Purkinje Sber Numbers below records indicate temperature
1n degrees centigrade (Corabocuf and Wesdmann 1951 )

60 mv Since the drop 1n resting potential eauses so many secondary
changes the effect of temperature on the actton potential 18 best

examined at femperatures above 25 ¢
As would be expected cooling within the range from 40 to 25 C
causes 2 great prolongation of the action potential and 2 reduction
1n the frequeney of spontaneous activity if such actinity 1s present
The slowing of spontaneous activity results from a decrease mn the
slope of spontaneous depolarization dunng phase 4 The prolongs.
tion of the action potential sumlarly results to a considerable degree
from a reduction mn the slope of phase 2 All the electrical events of
the action potential proceed more slowly when the temperature 1s
lowered butthe ‘pacemaker phases phases 2 and 4 are the most
to change Coraboeuf and Weid (1954)

.
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have measured the sensitivity to temperaturs of the varsous pha es
of the action potentis], and thew results can be seen 1n Fig 79 The
wumenieal values for Qi which they found from the some data are
phase 0, —1 68, phase 1, —1 87, phase 2, -4 64, phace 3, ~2 5§,
phase 4, ~6 20 These values were constant over the range from
25 t0 40°C Kt should be noted that s constant §yo 1mphies an expo-
nential relation bet t e and of the phase
The great prolongation of the action potestial with coohng may
easily lead to artifactual mtroduction of rate cffects If a heart or
an 1 witro preparation is driven at & fixed rate which 1s sfow enough
to cause no rate shortemng at a gh temperature, that rate may
be fast enough to cause rate shortening at a Jonwer temperature

The Effects of Current Flow

Two major aspects of the effect of current flow on Purkinje fibers
are d 1 elsenhere Ex 15 d; d briefly belose 1n thia
chapter and more extensively in Chap 8 and the svoeation of regen
erative and propagated repolenization by anodal stimuli ts discussed
m Chap 8

Certamn systematse studies of the effect of resting potential on the
setion potentin} have been carried out with reference to the wome
theary of the action potental One fuding of Hodghsn aud hus eo-
worhers was that the avarlablity of Na* carmer m the squid gont
avon depends upon the resting potential Reduction of the restipg
potential leads to a reduction of the ability of the fiber to develop
an mmereased permeabiity toward Na* and thus to o reduction i
the steepness and amplitude of the upstroke of the action pateﬂm‘I
Qualitatively smmlar findmgs have been reported for Purkunge fibers
(Wead 1055@) The of phase 0 depends upon the
resting potential and may be vaned by varying the resting potential
1 the resting potential s Jow, the steepness of pbase 015 low and may
be d by anodal pol: 100 sufl o mcrease the restnl
potential The general mgnificance of these observations 2 discus
i Chap 9, 8518 the effect of varous agents on the relation betnecs
the resting potential and the aetion potential Smee depolanzation
will of itself reduce the amphtude snd steepness of pbase 0 ’I‘D
demonstration of any such effect by any other agent 13 nccesdﬂhg
of mgmficance if that agent produces n prmary depression of ¥

resting potenta}
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The effects of 2 number of such agents are m fact at least par
tially reversible by snodal polarzation Thus cocaine reduces the
resting potential the amplitude of pha e 0, and the steepness of
phase 0 (Weidmann, 19055} anodal hyperpolanzation sufficient to
1ncrease the resting potential from 81 to 114 mv returns the action
potenttal towards normal A sumlar reversal of the effect of mgh At
(Werdmann 1956b) and of nonspeaific exhaustion of the fiber
(Werdmann, 1907 Coraboeuf, Zacouto Boatel and Distel 19a4)
can be obtained but hy perpolarnz ition 1s not necessary, mere resto-
ration of the resting potential to normal suffices It 13 a common
observation 1n our Izboratory that a fiber which has not been exated
for some ttme may show a rather Jow resting potential and an abnor-
mal 2ction potential When regular stumuli are apphied to such a fiber,
the resting potential mcrenses slightly after each action potential
and each succeeding actton potential improves in configuration and
amphtude A similar effect has recently been noted n atrium (Traut~
wem and Dudel 1958b) It 1s possible that an increase in ht per
meability .econdary to activity 1 responsible for the improved rest-
1ng potential It seems evident that the mmprovement 1 the action
potential 1s secondary to the improvement m resting potential and
vice versa The favorable mteraction between the two no doubt
finds 1ts clinieal counterpart m the fact that an apparently nell
perfu ed que cent heart may be mexctable but will respond well 1f
two or three beats are somehow mduced

It should be noted that the quantitative relationship between the
level of the resting potential and the steepness of phase 0 of the
action potential ean be altered Thus cocame (see above) does not
act simply by depolartzation It also alters the relation between
upstroke veloaity and restng potential so that a lower upstroke
velouty 13 found at a given resting ! That the fund. 1
connection between the two 1s not lost 1s seen from the fact that
byperpolanization restores the upstroke velocity An oppostte effect
18 seent with high Ca** A normal upstroke velocity 1s geen at & nor
mal resting potential when Ca++ 15 mereased fourfold but the effect
of depolarization on action potential up troke velocity 1s reduced
(Weidmann  19356) The relationship between upstroke velocity
and resting potential n normal fibers and 1 fibers treated with
tgh Ca+* and cocaine 1s seen 1 Tig 7 10 Effects sumlar to those
of cocaine are een when the Purkinje fiber 1s treated with high con

o
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of p amude quimdine sulfate and diphenhydra-
mine (Werdmann 19555) Increase of external i+, on the otherhand

produces no * deleterrous effect on the relation between resting
potential snd upstrohe velocity The depression of the lattersm
accord with the decrease 1n resting potential but 1s not exaggerated
Full restoration of up.troke velocity results from mere restoration
(not hyperpolanization) of the resting potential (Weidmann, 1926b)

Drugs

Dygutahs A briefly reported study on the effect of digitalis on dog
Purkine fibers (Coraboeuf, de Lozé and Bostel 1903) found that
a bath coneentration of 1 40,000 causes an 1mtial acceleration of
rate followed by a slowing During the period of slow rate the thresh
old 1s high and the action potentia] amphtude low Total arrest of
activity supervenes During, the mitial period of mnereased rate the
threshold 15 reduced (by elevation of the thre hold potential), and
the of phase 418 A The d of the action~
potential amplitude appears before a marked fall in resting poten
t1al 1s seen The dose level required for these effects 13 clearly a
toxie one

Quinidine Tt has been found that quunidine 1n very low (thera
peutic) concentranons (3 0 6 zg/1) has two important effects on
Purlunje fibers (Hoffman 1958) It reduces the slope durmg phase 4
both 1n <pontaneousty active fibers and i fibers iz which depolariza
tion during phase 4 15 induced by epinephrine or low Ca** (Fig
711) It prolongs the relative refractory penod of both Purlane
fibers and papillary muscle fibers Quimidme exerts both these actions
wthout, d of restung \ of
upstroke veloctty or alteration of threshold The prolongatton of
the effective refractory period of the Purkimje fiber~papillary muscle
Junetion occurs without marked prolongation of the artion potenttal
duration Procame amide (30 to 60 ug/ml) was found to have exactly
the same effect

In otber studies (Coraboeuf Baustel, and Distel 1956, Weid-
mann 19555) the dose of quinidine u ed was apparently tosic siee
1t produced reduction of resting potential, dimimshed upstroke
velocity and eventual loss of exatabihity The studies of Weidmann
revealed the probable mechamsm of the effect of quinidine on the
refractory period Qunidine re.embles cocaine mn altermg the rela
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tionship between membrane potential and the ability of the cell to
mcrease 1ts Na* permeability Thus at & given degree of repolanza
t10n there 15 less recovery from mactivation 1o the quumdine-treated
fiber than m the normal fiber

A B8 \\c
7 /\\_/\‘\//
- /\\/ -

D E F

. v\ \
Fia 711 The effects of qumdine (6 /1) on spontaneous actity of 1slated
dog Purknge fibers recorded at two different eites 1n the same preparatio. (4;
Bpontaneous activity induced by 1-epmephrine (B) through (£} effects ol
quimdine added to the same solution used for 4 (F) after washout of quumdine

Note changes in the slope of phase 4 and the disappearance of the pacemaker
type action potential recorded on the upper trace See text for discussion

Strophanthin The effect of tovie levels (5 X 10-%) of strophantbin
on Purlunje, fibers has been studied {Dudel and Trautwein, 19-8a)
An early effect 1s the appearance of multiple extrasy stolesinre ponse
to anodal break excitation in phase 3 The membrane resistance
nses as judged by changes in the size of the electrotonic potentml
and the time constant Ths 1s interpreted as bewng he result of &
decrease 1n K* permeability The action potential amplitude and
the steepne s of phase 0 fall off considerably at a time when the
restng potential 13 still normal and a shift 1n the curve relating
magmnitude of the resting potential to steepness of phase 0 sumular t0
that seen with cocame 18 observed

Other agents
Anona The only detalled etudy of the effect of
electncal response of Purkinje fibers (Trautwern,

snoua on the
Gottstern 8D
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Dudel, 1904) reports a <hortening of the action potential duration
and an eventual reduction of resting potental The shortening 15
mutaally disproportionate to the reduction of resting potential The
steepness of phase 0 and the conduction velocity are not reduced
mmediately, but both eventually fall Anoxia eventually enhances
spontaneous depolarzation in phase 4 In the expermments of Traut-
wem et al 1t was necessary to drive the fibers at 150 per minute
because fibers beating at a spontaneous rate of 50 per minute were
extremely resistant to anoxia Upon the readmission of oxygen there
18 5 rebound of recovery such that both resting potential and dura-~
t1on exceed control values

Carbon Dioxrde and pH The effect of varying CO; concentration
(in the gas mixture equilibrated with Tyrode s solution) from zero
to 50 per cent has been reported (Corsboeuf and Boistel 1953)
Increase of CO, from zero to 10 per cent results i a slowing of the
spontaneous rate which 1s caused by a decreased slope of phase 4
When CO: 13 raised to 20 per cent a bigemny results each normal
beat being followed by a premature beat which appears to arise dur-
1ng the latter part of phase 3 A tnple rhythm 13 also seen, 1n which
the first premature beat 1s succeeded by another which anses in
phase 3 of the first premature beat Increase of CO to 50 per cent
results 1n a regular rhythm however the amplitude of the resting
and actton potentials fall and the fiber soon becomes mnexeitable
Al the phenomena described are evoked 1n reverse order if the CO2

ton 18 agaim d The authors occasionally saw a
“flutter 1 which a sertes of small subthreshold depolanizations
oceurred

Red: of pH to 6 0 prod & curlous m Purkinje

fibers (Coraboeuf Boistel and Distel 1955) Phase 3 15 interrupted
by 2 new depolanzation which then usnally gives way to repolanza

tion Thus each action potential shows a hump of depolanzation on
its descending Limb These humps may become new action poten

tials m which ca e a bigemmy 13 seen A small decrease 1o the
concentration of NaHCO; m the Tyrodes solution markedly
enhances spontaneous depolanzation 1 Purkinje Fibers (Hoffman

unpublished)

Stretch 1t has been found (Dudel and Trautwem 1954) that
moderate stretch of Purkunje fibers yrelds little decrea e 1n resting
potential Inereasing the rest length even by 90 per cent causes s
drop of only 15 mv while a stretch of 35 per cent causes no change
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Considerable reduction 1n the steepuess of pha e 0 was seen with
stretch above 30 per cent The most interesting abscryvation was
that even shight stretch (10 per cent) produced a tendency toward
arrhythmia, associated with an inerease in the slope of phase 4
Multiple foci of spontaneous activity were secn to develop 1n such
fibers The 1 con eq was the devel of muitiple
local foc: none of which gave nice to propagated actinity The sig
nificance of this observation may be appreciated 1f one consders
the anatomical arrangement of the false tendons and small bundles
of Purkinje fibers which run free i the cavity of the ventricle and
are thus susceptible to streteh during fitling

PASSIVE ELECTRICAL PROPERTIES

The only completely satisfactory analyses of the core-conductor
properties of cardiac fibers are those which have been made on
Purkinje fibers with mtracellular electrodes The mean values ob
taned on hd false tendons (Werdmann, 1952) are as follows Fiber
diameter 75 1, A, 19 mm, R,, 105 ohm-cm, Rn, 1,940 obm om’
7 19 5 msec, Cn, 124 uf/em? In a further study on ealf and <heep
hearts sightly different yalues were obtamned, and temperature
coefficients were determined The results follow R, 153 ohm em
Q=148 Ba=1220 chm-om? Qi = 149, Cn = 113 uf/en’
Q10 = 120 (Coraboeuf and Weidmann 19>4) The change 2 Ba
during activity 13 of great mnterest but 15 difficult to determune
Since the advent of acroelectrodes, only one thorough study on 02¢
fiber ype of one species has been reported That 15 the study mace
by Weidmann (1951) on kud Purkinye fibers The change 1 Be 585
determined by subjecting the fiber to anodal pul<es of long duratiot
bv means of one mtracellular el de and ding the change 12
transmembrane potential through another The vanation 12 Bu ll;
shown in Fig 7-12 It should be noted that 2 falls durng pha €
as the Hodglon theory demsnds Grest smpmficance has beﬂg
attached to the fact that R., nses steaddy dunng phase 1 gnc
phase 2, and many theones of repolanzation applicable o car 15
muscle have foundered on this observation The authors e‘II)bE
ments have Jed us to question the observation (Crancfield and Ho! o
man, 1928b), but as yet the problem 15 un-ettled This matter
discussed 1n Chaps 8 and 9
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20

40

60

80

100

500 msec
Fio 712 Changes m membrepe resistance durng electrical activity of kid
Purkimje fiber The numbers attached to the curve mdiate membrane resistance
1 relative umts See text for discussion (Weidmann 1957a)

GENERAL REMARKS
Rhythmicity

The nature of spontaneous depolanization during phase 4 18 dis-
cussed in Chap 5 Many of the results deseribed there derive from,
and apply to Purkimnje fibers The prmeiple problem concermmg
rhythmie activity 1n Purkinye fibers 1s the degree to which 1ts pres-
ence can be regarded as normsal It 15 found by some mvestigators
as a regular 1 vitro phenomenon In most dog Purkinje fibers
studied 1n our laboratory the transmembrane potential falls at most
by a few mullivolts during phase 4 Until 1t becomes possible to
record in smiu, the question 13 not hkely to be resolved About the
only statement which can be made s that a Purkinje fiber which
shows a more rapid rate of spontaneous activity in vitro then 1s
shown during idioventricular thythm in the 1n situ heart from whirh
1t was taken 1s probably abnormal

‘The capaaty to develop spontaneous activity eg, under the
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mflyence of low Ca*t or epinephnne, 18 marked s Purhinge fibers
and mdeed 1t is so much more marked in them than mn papliace
muscle fibers that an important question amses Isall spontabeous ’
activity of ventricular myocardial ongin actually the result of spop
taneous activity of the terminal twigs of the Purkimje system which
pervade the myocardial wall? No definite answer can be given to
thas question, but the burden of evidence supgests that the answer
18 yes snd that only very unusually, if ever, do true mvocardial
fibers devclop spontaneous activity This view was advanced eather
by Lewts (1925, p 387) The ewstence of a vaned complex of pon
taveously active fibers 1 the atrium further suggests that the true
myocardiod fibers of the atrium albo are not the soures of stual
extrasv.toles (see Chap 3) In general 1t seems that the more
“embrvonie” tissue, which 19 lews speciabzed for contraction, 18
more thythme Tins implies that 1t 18 the contractile myocardial
tissue which 18 “specalied’ In this connection no one should fatl
to read Gashell s brthant chapter m behafer's “Textbook of Phys-
wlogy” (Gaskell 1900)

Duration

The fact that the Purkanje-fiber action potentsal 1s Jongern dura
tion than the action potentinl of myvcardinl fibers hias rsny i
guing mmpheations, one of which concerns the +entnenlo-atnial
interval m retrograde conduction The ob.ervation that the Vo8
tnenlo-atnal interval 18 Jonger than the stnoventricular snterval 18
made on mtact bearts From durect studies of the atrioventacular
node 3t teems that Tetrograde conduetion through the atroventn®
vlar node 18 neatly as rapid as 18 direct conduction nud thot the
explanation for the greater ventriculo-strial mteryal may 1 Pﬂfz
f1e ersewhere In fact 1 premature bests it may represent 2 Japse ¢
time st the myocardizl~Purlanye-fiber junction durng retrograde
conduction That a papillary muscle-fiber sotion potential cant nm;ﬂ
&t an attached Purhunge fiber while the Purkie fiber s meompletely
repolanized 15 known positively (Hoffman, Kao, and Suckling, 1807)
When this happens, propagation nto the His bundie oseurs 97 5
after a latency It thus appears that one con cquence of the "’]"’5
duration of the Purkinge fiber action patentialas that the \cnmc!’m
atria} mteryval may mclude & myocardial fber-Purkinye-fiber luw!
tional delsy ns well os & delay 1 the atnovenincular Rode, wher
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the atrioventricular interval depends only on d time and
a delay 1 the atrioventricular node

The differing duration of the action potentials of the Purkinje
fiber and the myocardial fiber also rase questtons about the wnter-
pretation of studies of cardac excitability It 1s known that if an
electrical stimulus 13 applied through bipolar electrodes during the
T wave excitation occurs at the anode (see Chap 8) and that a
long stimulus response latency 18 observed It has not been conclu-
stvely demonstrated that exeitation at this moment represents
excrtation of myocardial fibers and not Purkinje fibers It 13 by no
means mpossible that the anodal threshold of terminal brapches of
the Purkinje system 1s loner at some interval of the eardiac eycle
than erther the anodal or cathodal threshold of myocardial fibers

Fmally the discrepancy in duration of action potential and refrac-
tory peniod of ventricular and Purkanje fibers may be of importance
m the and of fit It has long been

p d that some di y 1 the e bility of various cardiace
cells must be mvolved in fibnllation, 1t may prove that the most
unportant discrepancy 18 the one pormally present at the junction
of myocardium with Purkinje tissue

Contractility

Purkinje fibers are contractile and their cont lity 13 greatly
enhanced by eproephrine and high Ca*+ It seems unlikely that nor-
mal or enhanced contraction of the Purkinje system plays any role
1n the mechanical activity of the heart or 1n the spread of exaitation,
but neither problem has been investigated

The U Wave

A vanety of theories have been advanced to account for the
appearance of the U wave 1n certan leads 1 the human electro-
cardiogram and for changes in the U wave observed durnng electro-
Iyte disturbances and myocardral disense Tywo theones which hayve
gained wide recogttion are those of Lepeschkan (1957) and Schaefer
(1921} Lepeschiun has proposed that the U wave results from after-
potentiials in the ventricular tras b action potential This
hypothesis appears unlikely 1n view of recent studies (Hoffman
Cranefield Lepeschlan et al, 1959) m which afterpotentials re-
corded from perfused rabbit hearts h )

tobearnorel
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to the 1 record of b potential Schaefer
has attempted to account for the U wave on the basis of certan
mechameal factors (Schaefer, 1951 1957) We have made no durect
tests of thus latter hypothesis However, we believe that 1t 1s quite
likely that the U wave of the electrocardiogram 1s merely the sur
face record of repolarization of the ventnicular Purkimje system, that
1sto say that the U wave s the Purkinje-fiber T wave Thus conjec
ture 18 based upon hnowledge of the electrical properties of Purhimje
fibers which has recently been obtamed by means of recording from
single fibers Thus the action potential of Purkmje fibers 15 consid
erably longer than that of ventnicular muscle and the phase of rapid
repolanization of Purkinje fibers 13 concident m time with the U
wave It 1s also known that K+, which produces the most marked
vanations 1n the amphtude and timing of the U wave, has a more
marked effect on phase 3 of Purkinje fibers than on phase 8 of ven
tricular muscle The obseryation that the U wave mereaces with
stretch of the ventricles may readily be explamed by noting that
the Purkinje-fiber action potentisl 1s shortened when the fiber 18

hed (Hoffman, unpublished observation) and that dilatation
of the ventricle 13 hiely to impose an unequal degree of stretch on
various parts of the Purkinje system Thus the asynchrony of repo
lanization of different parts of the Purkinje system would result 1
& deflection of increased amplitude 1n surface leads It might besup
posed that the mass of the Purkmje fibers 1s too small to geperate &
detectable deflection 1 records obtamed from surface leads It may
be pointed out that the U wave 1s low 10 amphtude and that 1t 18
most readily detected in precordial leads Moreover, the Purkinje
fiber network 1s quite substantial, and the spread of actvation
through 1t 1s hugbly directional Repolarization of this system f’hcre-
fore produces potentral differences which are less subject to “ean
cellation” than are those of ventricular muscle

THE IN SITU SPECIALIZED CONDUCTING SYSTEM

Most studzes of the electrophysiology of Purkinje fibers have bec:
carrted out on 1colated preparations 1n addition these prepnmum;
have for the most part consisted only of segments of the fne}f:lbe
ning Purkinje system contained 1 the false tendons Studzes 0 Ay
specialized conductimg system in the mtact m situ heart haveust
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been mdirect Recently a techmque has been developed which per-
mts direct Tecording from all parts of the 1 situ speciahized con

ducting system of the dog heart (Stuckey et al, 1909) dunng total
cardiopulmonary bypass Stuce total body perfusion and Langen

dorff perfusion of the heart are supplied by a pump oxygenator 1t
1t possible to open sll four chambers of the heart and to record
durectly from the bundle of His the night and left bundle branches
the free-runming Purkinje fibers in the false tendons, and the sub-
endocardial Purlunje-fiber network This techmque has been em

ployed rather extensively by the authors 1n collaboration with
Jackson H Stuckey some of the unpublished results will be sum

manzed at this pont

tdentification of Records

‘With the exception of the bundle of His and parts of the nght and
left bundle branches the ventmeular conductmg system of the dog
heart can be seen clearly when the ventncles are opened The ap-
proumate location of the His bundle and bundle branches can be
determmed from well known anatorucal landmarks If close bipolar
electrodes of small diameter are applied to the endocardium at the

te sites p ted depol of the underlyng part
of the specialized ducting system 18 ded as a sharp, rapid
deflection 1n the loeal eardiac electrogram Stmultaneous records of
this sort obtaned from the bundle of His from the left bundle
branch and from the junction of the anterior false tendon with the
anterior papillary muscle are shown 1n Fig 7-13 It can be seen that
the His bundle electrogram follows local atnal activity by an interval
comparable to the nodal delay and precedes zll ventricular acttvity
by 20 to 30 msec The electrogram from the left bundle branch also
shows a sharp rapid deflection following shortly after the His-
bundle el and d 3! 1 activity at the base of
the septum by 30 msec During stimulation of the peripheral end of
the cut nght vagus nerve (Fig 7-13B) the mterval between atral
actiity and the His-bundle electrogram 1s increased 1n all other
respects the sequence of activity 1s unaltered When, on the other
hand stmulation of the ventncle causes retrograde excitation (Fig
7-13D) the sequence of excitation of papillary muscle left bundle
branck and bundle of Hia 1s reversed and the tnteryal between the
His bundle electrogram and atmal activity 15 wcreased Tracings
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F10 713 Records obtained by means of close bipolar electrodes from dxﬁex:ﬂ‘-
locations on the endocard:al surface of the 10 sty dog heart during tota} ca’r 1:;
pulmonary bypass by means of a pump ovygenator (4) and (B) Tecords fro
the left bundle branch (top trace) hundle of His (rmuddle trace) and bivied
papil'ary muscle (bottom trace) prior to (4) and dunng (B) vagal stumal ’t(mll
The deflections in the records are labeled 8 follows P FPurlanje fbers 4 @ e
mascle H# fbers mn the bundle of His b ventricular muscle Note mumerd:
the iterval between A and H duning vagal stmalatron (€} and (D) e
obtained from symilar Jocations in a different experiment during norral
de (D) %

and See text for d

of this sort, 1 conjunction with anatomrcal studies serve to identily
the records of each experiment

Electrograms of the Specialized Conductmg System

The Bundle of His If close bipolar electrodes are located near thnc
atrial end of the bundle of His the local electrogram 18 longer t)r
duration and shows less sharp deflections than if the record 131 Zn
tamed from the distal end of the srme strueture In either loe 1“!,
homever the clectrogram shows hitle evidenco of m;ym:hl;l:';’})5
activity 1 the His bundle Also of mnterest 1s the timang of t o
bundle electrogram 1n relation to the compleves of the e\ekch'a:o A
diogram and the PR interval It 1s apparent from records like
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Fia 7 14 Bipolar recorded from th di tem
at various lqcutxons i the m sita dog heart Jn all figures the top trsce 18
recorded from electrodes located at a fixed pomt over the buadle of Hrs The
lower recordsin each figure are (1) night bundle branch (2) junction of mederator
band with the nght antenor papillary muscle (3) junction of Purkinje fikers
with nght veatricular free wall (4) left bundle branch (5) emergence of left.
antenor false tendon from the septum and (6) functionof the left enterior
fal.e tendon with the antenor papillary muscle (H) action potential of His
bundle (F) sction potential of Purkinje fibers Changes 1n the configuration of
the ventricular complex on the upper trace result largely from changes 1 the
posion of heart dunting the expenmentel procedures Paper gpeed 200

pes
mm/sec tine lines 40 msec See text for dwscussion (Hoffman Cranefield
Stuckey etal 1909)
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shown m Figs 7-13 and 7-14 that a large part of the electrocardio-
graphucally silent interval between the end of the P wave and be
giining of the QRS complex 1s occupied by conduction 1n the His
bundle, the bundle branches and the ventricular conducting system

— ey —

—— [ p— )
T 1
Fic 715 Electrograms recorded from the left septal surface of the ﬁ“ci':
heart showmng the electrieal actisity of various parts of the zpccmhz('d son,
dueting system The upper two traces are unipolar electrograms rcccni;Xt from
fixed electrodes attached to the eprcardial surfaces of the left and ngl )
tricles re pectively The lower trace shows bipolar electrograms rccl:f ded
through 2n explonng electrode located at varous sies on the AEPL’IJ“ e
In each figure the mtial small rapid deflection (arrows) repmmud he ot
trical actiity of the subendocardral Purkinje fibers and the sccond deheCC
results from depol: of the local lar muscle Note Ule(ih o
1n latency between activity of speciahized fibers and adjacent wmncu1 ;rs )
st the vanious recording ites bee text for duscus.ion (Stuckey et ol 19

The Bundle Branches and False Tendons Electrograms rccordi:
from the nght and left bundle branches typically are shm;l!e;w
duration than tho ¢ of the His bundle and show more rapid cnha
tions Polyphasic complexes are often recorded over the basc of
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ft septal surface suggesting some asynchrony n the bl
ranches of the left mam bundle As can be seen 1 Fige 7 13 and
14 electrical activity of the left bundle branch precedes depolar-
ition of the adjacent septal mu.culature by as much as 30 msec
tecords from the free-runnmg false tendons are mmular in all
2spects to those recorded from the bundle branches

The Subendocardial Purkinge Fibers A number of records have
cen obtained from the junction of the false tendons with the
apillary muscle and from subendocardial Purkine fibers at many
oints on the right and left septal surfaces On the papllary muscles,
ear the center of the left septal surface and just above the base of
he anterior papillary muscle on the night septal surface, activity
f the subendocardial Purlunje fibers precedes depolamzation of
dyacent ventrncular muscle by as little as 1 to 2 msee (Fig 7-14)
The earliest activity of the septal muscle on the nght and left sides
s rarely separated by more than 1 to 2 msec At other locations the
urkinje-fiber electrogram may precede local veatricular activity by
:onsiderably longer mtervals (Fig 7 15) In general records from
wbendocardial Purkinge fibers are obtamed much more frequently
o the left septal surface this would be expected from results of
watomical studies of the distnbution of the specialized conducting
system

Conduchion Velocity in the Speciahized Conducting System

Simultaneous records from the bundle of His from the right and
left bundle branches from the false tendons, and from the junction
of the false tendons with the papillary muscles (Fig 7-14) permut o
direct caleulation of conduction velocity in different parts of the

pecialized d »ystem 1f of distance
aremade  Inthe bundle of His of do,, heart the conduction veloaity
1sfrom 1 0to 15 m/sec close to the atrioventricular node the veloc-
1ty 15 still lower In the free-runmny Purlinje fibers of the false
tendons the velomty reaches a value of 30 10 3 5 m/sec (Hoffman,
Cranefield Stuckey et al 1959) Conduction veloeity 1n both locs

tions 18 the same during normal and retrograde propagation at
normal heart rates Appreciable changes in veloeity are not produced
by vagal stimulation removal of the stellate gangla, or admnistra-

tion of epimephnine or norepinephrie 1 doses causing the usual
DTessor response
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Sites of Partial or Complete Conduction Block

Records of the transmembrane action potentials of single fibers of
the His bundle and of single penipheral Purkinje fibers show that the
action-potential duration increases progressively from the atrioven
tricular node to the false tendons (Iig 7-16) This finding suggests

W

Fia 716 T b Is recorded 1y from au:g:
fibers i the bundle of His (upper trace) and ventnicular Purkije 85
tion potent

Qower trace) of the rabbit heart Note marked difference in ac
duration at the two locations See text for discussion

that activity 1n the bundle of His mght reach the lJEl’lth‘”'“l
Purkmje fibers prior to the end of phase 3 of the Purkinje-fiber nct;gﬂ
potential and that in addition to delay at the atnoventneular B Le
local delay or block of conduction 1 the bundle branehes or f:l] z
tendons might occur When appropriately ttmed atnal extrasy st‘;] e

are mnduced delayed conduction and block may be observed et :r
1n the penpheral Purkinje fibers the bundle branches (Fig 710 %
between the His bundle and bundle branches (Fig 7-18) M:‘;’um

mught be expected from a comparnison of the action potentml



THE PURKINUE FIRERS we

A 4 )

TR Ml |

S b

Fio 717 Bipolar electrograms recorded from several parts of the m mtu
specialized conducting system of the dog heart showing partial and complete
block of ly timed atrial s Top trace junction of an

terior false tendon with antenior papillary muscle of Jeft ventricle second trace
emergence of left bundle branch from septum third trace record from over bun

dle of His bottom trace atrial electrogram In the two top traces the imtial
deflection indicates actiaity of the epecialized conducting system and the
second deflection indicates activity of the ventricular muscle in the third trace
the wmtial complex indicates activity of atrial muscle the second complex
indicates setivity 1n the bundle of His and the final corplex ndicates activity
of ventricular muscle In A note that an atrial extrasystole (third complex on
bottom trace) reaches the bundle of His after moderate prolongation of nodal
delay but then propagates with dimunished velocity in the left bundle branch
{note widened complex) and rea hes the papilary Purkinje junction after an
additional delay In B note that an atrial extrasystole (third complex on bottom
trace) occurring shightly earher than m A propagates through the atroven

trcular node and His bundle eliclts only a small complex from the left bundle
branch and fails to propagste to the peripheral Purkinje fibers excttation of the
papillary muscle (top irace) and septal muscle (second trace) 15 thua delayed

A simudar block of the postextrasystolic beet 15 slso appareat Ses text for
diseussion
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Fio 7 18 Smultancous bipolar electrograms recorded a2 soveral locations 22 5
1 st dog heart showing fudure of transmasion of an extrasystale from the
bundle of His to the left bundle branch Top trace strium  second trsc®
bundie of Tl third trace left bundle branch loner trace pspilery wuscle
Note that the atrial extrasystole (E) results n 2 normsl action potential 18 the
bundle of His (arrow) but that there 13 complete fmlure of excitation of the
Purkne fibers in the bundle branch The ‘ab cnee of 8 ventneulst coruplet b
the s bundle record following the extrasystole shows hat tronsmission 10 (56
ventnele fatle letely and that 1o eondueiton of the atral ext®
systole 18 hmuted to the atnoventricular node and Hs bundle

oo Tag 7 1) delaY or

¢ at the perphe
ors The ampor

tion of ventricular muscle snd Purkinje fibers (&
Jocal block of ventreular extrasystoles may occw
junction of ventneulat musele wth specahzed fib
tance of these observations n the understanding of certaid ahioof
rashites of cardiac conduetion such as congealed conduction, "h“"'“t
and reentrant rhythma s apparent, and further studses of this soT

are i progres?
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EXCITABILITY

The study of eardiac excitability hag revealed many new aspects
of the electrophysiology of the heart 1n recent years A comprehen-
s1ve review was published faurly recently (Brooks et al, 1925) but
work hag continued actively and there 1s much new matenal to be
described m this chapter The determnation of the threshold of the
heart to electrical stimuli 18 only one facet of the study of responses
of the cardiac cell membrane to current flow It will be seen that
many other than * ’1e many responses other
than the development of a propagated action potential, can be
obtamed by passing electrical current through the heart Particular
theoretical iterest attaches to the effects of anodal current flow dur-
ing the action potential and much of this chapter deals with com
paratively recent results in that area * The two major topies of this
chapter are the effect of apphed currept and the effect of the natural
electrical stimulus get up by the propagating action potential
Unless otherwise stated all the results mentioned n this chapter
wefe obtamed on dog or cat hearts

Methods

The eveitability of the heart 13 usually determiued by applymg
electneal stimuli through surface electrodes Such electrodes must be
attached to the myocardium 1n a way which does not inure the
underlying tissue The presence or absence of mjury can be ascer

* Many unpublished results which are presented w this chapter were chtamed

1n the course of research supported n part by & grant to the authors from The
American Heart Assocation
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tamned if electrograms are recorded peniodieally from the stimulating
electrodes with o direct-coupled amphfier, the presence of 1mjury ¥
mdicated by changes m the T wave, displacement of the ST seg
ment, or the appearance of & monophasic complex It wll be demon
strated below that the excitation of cardiac muscle can take place
at both anode and eathode Therefore, whenever bipolar Ltimulation
15 employed, 1t 18 essential that both electrodes be placed on areas of
myoeardium that are actnated simultaneously (Cranefield Hoff
man and Stebens, 1907} The questions of mze and refative position
of stimulating and recordmg electrodes wll b discussed below In
studtes of the recovery of exeitability m cardiae muscle 1t 18 smpor
tant to mamtam o constant heart rate and to stimulate only occa
sionally beeause alterations mn erther frequency or rhythm bave s
marked effect on the d of the action potentiat and therefore
on the recovery of excitability The stimulus may exeite mirscardia
nerve fibers and therefore the possible hiberation of chemcal
medintars must be taken 1nto consideration This precaution scems
most smportant when the heavily 1nneryated atrium 1s the object of
study
Single fiber Studzes It 13 posble ta shmulate a single cardie
fiber through an intracelluiar mcroelectrode This technique bas
several adyantages, but it 18 more difficult 1o use than surface stimt
{atson and as a result has been emploved m only a hmited number of
studies Pethaps the most fruitful comprormse 1s to stimulate wth
surface electrodes and fo record the resulfing change 1 tmmmm;f
brane potential with one or more intracellular mmeroelectrodes
care 15 taken to avord distortion of the reeord of trapsmembrane
potential by longitudinal current this techmque permits & determt
nation of the effects ot stimulating current on the trammcmbr&m}
potential and makes 1t posable to obeerve the development of h}fﬂx
responses and propagated action potentials It should be noted t! ﬂ{
when an intraceliular electrode 1s nsed to shmulaty & reductbion ‘;
transmembsane potential m the womty of that electrode 07¢
when the mtracellular clectrode 1s an anode duae
Stimulus Duration Classieal strength duration curves for car e
musele have been obtamed at various wateryals dunng phases ?’I?)El)
of the eardiac eycle (Onas et al, 1050 Xoffman, Gon, et al, f;’o "
The curves obtamed with cathodal strmuli ranging 1o d“mt;f’;u ghet
01 to 1o msee are e< entially smular in shape but show mue
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hresholds for the shorter durations When anodal stunul are
2mployed, ssmular strength-duration curves are found The minimal
Jurational requirement however, 1s longer for anodal than for
athodal stimubt Conscquently the effects of anodal current are best
studied with stumuly at least 10 m ec 1n duration

Lalency The time which elapses between the stimulus and the
re ponse ts made up of the stimulus-excitation latency 1n the victmty
of the if 1 de and the cond time from the strmu
lus site to the recording site Both of these may vary with stimulus
strength A threshold stimulus will excite more slowly than a supra-
threshold stimulus Moreover a very strong stimulus ean reduce the
conduction latency by stumulating a large area surrounding the elec-
trode and thereby giving rise to excitation farther avay from the
~timulating electrode and closer to the recording electrode

Threshold and the Threshold Potential The threshold of 2 tissue
classically 1s defined as the minimum amount of energy required to
ebeit the typical response of that tissue In most cases for the sake of
simplieity threshold 1s measured 1n terms of mumimal electric current
requirement It has been d that if the
potential 1s reduced to a critical level a propagated response will
develop (Jenerick and Gerard 1953) This eritical level 13 called the
threshold potential A threshold stimulus mn this sense 1s 2 strmulus
Just suffictent to reduce the transmembrane potential to that critical
level (Fig 8-14) Thereis a considerable body of evidence suggesting
that excitation of cardiac muscle does m fact occur when the
stimulus reduces the resting potential to a cntical level (see Fig
81B) The concept of a threshold potential will be seen to contrast
with the older1dea that evestation depends upon reducing the mem
brene potential by a enitreal amount A more detailed di cussion of
the role of threshold potential resting potential and membrane
Tesistance in determming excitability will be found in the chapter on
the sinoatnal node (Chap 5)

Electrode Size Exeitation results when a sufficiently large area of
celt membrane 15 depolanzed to or beyond the threshold potentsal
Such a depolanzation results from a flow of current through the
membrane and the threshold requirement may be thought of 1
terms of & mimmal current density through the membrane If a
stimulus s apphed with external electrodes only part of the current
contnibutes to eveitation pamely the part which penetrates the
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Fro 81 (4) Schematic record of the effect of subthreshold (s ) and thre hn!li
{¢} depolarizing current pulses on the transmembrane potential of » sx‘xﬁ,_
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membrane Flow of current mn extracellular paths does not con
tribute to excitation If one stumul lectrode s an mtracellular
microelectrode, 8ll of the current flow penetrates the membrane
In esther circumstance, the maximum loes! current density through
the membrane 1n the wieinity of the electrode depends upon the
resistance and the t of the imntracellular and
extracellular flud
It had been supposed that the threshold of the heart to surface
stimulation was mdependent of the size of the stimulating electrodes
provided the electrodes were faurly large Subsequent expenence
showed that this was not so The threshold may be reduced by a fac
tor of 100 by reducing the diameter of a surface elecirode from 3 to
05 mm (Cranefield and Hoff; lished) This fact has two
mportant appheations Furst 1t suggests that 1t 13 advantageous to
use small electrodes when the supply of electrical energy 1s imited
asibisima ck 1) )t a artificisl p ker Second true
)} may be ob d by using one small electrode
and one large electrode (Cranefiedd Hoffman and Srebens 1957)
1f one electrode 18 0 5 mm 1 dhameter and the otber 1s about 15 by
5 mm excitation will almost invanably oceur at the small electrode
1rrespective of 1ts polarity The advantage of this techmque 1s that
the Iocation of the diffuse electrode 18 known, and should exeitation
anse there 1t can be detected by recording m that viemty The
cathodal and anodal excitabilities discussed i this chapter were
deterruned with this tech 1t the ‘ ind ’ .
electrode ts sumply placed somewhere on the body the course of the

return current 1s not known and exctation by the return current
cannot readily be 1dentified

CATHODAL STIMULATION

It bas been shown 1n several studies that excifation can oceur at
elther the cathode or anode duning much of the eardiac ey cle (Brooks
etal 1955 van Dam et al, 1955 1956) Furthermore, 1t 1s Lnown
that, 1f the excrtability of the heart 15 tested with bipolar extracelly
lar electrodes the response to threshold stimulation durng phase 4
18 mtiated at the cathode whereas during phase 3 the threshold re-
eponse oceurs at the anode (Cranefield Hoffman and Swhens 1057
see also below) For this reason 1t 1s desirable to examine separately
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the effects of anodal and cathodal stimulation This esn be done 1f
the area of one electrode 1s much greater than that of the other
When an intracellular electrode 1s employ ed, a remote extracellular
electrode 15 necessanly diffuse If surface electrodes are employed,
special precautions, which are discussed 1n the sectron on methods
are necessary to ensure subthreshold current densities at the diffuse
electrode

Shmulation during Phase 4

When progressnely stronger depolanzing stimul: are apphed to
fully polanzed ( ‘resting *) cardiac muscle through erther a surface
or an tracellular electrode there is eheited first a local response avd

then, at a lngher current h ap ted action potential
The local response which can be scen 1n Fig 8 2, 13 most easily
1 3
R

N AT S0 ST ST o |

[ —— /
— o — -
——— Neamssmmm—
2 4
P ———
. )
e e a1 RO G WOV, )
e U
Nt

Fia 82 Records of the transmembrane potential of & awgle vcntncu!‘:[
muscle fiber showing the effcct of anodal and eathodal current pulses e]:‘ah!
etrength applied to the fiber through an tracellular ru me)eckmd:“ e
gubthreshold re. ponse 1 2 and threshold response i 3 Upper trace ’;‘!’am g2}
marks at mtervals of 10 and 50 tmsec (Unpublished record of Dr 1S
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recorded with an intracellular microelectrode The form of the propa-
gated response as recorded with erther surface or intracellular elec-
trodes depends on the type of trsue under study The conduction
velossty and the threshold-current requirement for depolanzing
stimub of fixed shape and duration are independent of the time of
stiaulation throughout phase 4 1n a her cell

Stimulahion during Phase 3

When depolarzing stymuli are apphed dunng the terminal phase
of repolanzation (Fig 8-1B), the threshold current requirement 13
shightly less than 1t 13 dunng pha e 4 This period of increased

bbity | ly corresponds to the penod of supernormahity
desenibed by Adnan (1921) Hoff and Nahum (1938) and subse quent
workers (Brooks et al 1905) The de of the t \;
action potential elicited at this tume 13 often somewhat reduced Itis
rezsonable to suppose that this supernormality results from the
combination of a slightly reduced transmembrane potential with a
threshold potential Jevel which 18 the same as that found dunng
phase 4 1e excitability 18 restored before the fiber 1s fully repolar-
1zed Studies of single fibers of 1solated Purkampe tissue {Weidmann,
19558) and of 1solated papillary muscles (Hoffman and Cranefield
unpublished) indieate that this interpretation 1s correct In healthy
mammahan cardiac muscle this pertod 1 brief 1n duration and the
Inerease 11 exeitability 18 very shight It should be emphasized that
the appheation of esther threshold or suprathreshold stimult dunng,
this interval results only m a single propagated response If the
heart 1s stimulated earlier i the cycle when the membrane s less
fully repolanzed the muscle shows an elevated thre hold and s smd
te be partially refractory The esrher mn phase 3 the stimulus 15
apphed the higher 15 the threshold until finally 1t 1s not possible to
evoke & propagated impulse even with a very strong (1 000 fimes
dustohe threshold) eathodal strmulus

If the electrical respon e of the heart 15 examined by recording
with close brpolar electrodes at some distance from the stimulating
cathode the propagated 1mpul e resulting from & strong eathodal
stunulus applied dunng pha & 3 differs from an 1mpulse evoled dur
ing duastole only 1 showing longer stimulus-response latenes If
however the fibers near the cathode are examined with transmem
brane recording, 1t 1s found that the response near the cathode 13
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quite dufferent in phase 3 and phase 4 In phase 4, as shown above,
the resp to a threshold or sup hold lus 15 an action
potential normal in shape and amphtude During phase 3, however,
the fiber responds near the cathode with a depolanization whch i
slow in rise tume, reduced 1 amphtude and short 1 duration (see
Fig 822) The earlier an impulse anses, the more 1t departs from
the normal shape and amphtude Rather eareful studies with trans
membrane recording (heo and Hoffman 1958) suggest that the
exeitatorv response evohed by cathodal stimulation dunng pha.e 3
may remam nearly stationary or may travel extremely slowly for
less than 3 mm, 1n exther case murh of the latency results from the
time required for adjacent tissue to recover, whereupon g nearly
normal impul ¢ es rapidly through the myocardial
tissue more than a few millimeters anay from the site of stimula
tion Such an xmpulse 18 normal 1n the sense that 1t presents a nearly
normal shape, amplitude, and cond veleety to an antraceliol
mucroclectrode located n nearby myocardial fibers 1t 23 abnormsl
n terms of the whole heart, since 1t 13 propagating through myo-
cardium and not through the conduction system mn the normat
sequence

1t 18 pos.able to obton regenerative depolanzation which does ok
result 1n propagation (* Joeal response’) by the nse of subthreshold
cathodn) stimult in phase 3 Nonpropagated respanses have been
detected by means of surface electrodes by Drury and Andrus (1 924)
and by Lueken and Schutz (1938) Drury inferred the existence of
such responses from the observation that a stimulus which fefl i the
relative refractory period might prolong refractorine 8 even though
3t farled to evoke o propagated re.ponse The phenomenon ob ery ed
by Schutz was dilferent wn nature In hearts subjected to fow tc'm
perature or preyvious treatment wath hypotome sodmm chlonide so'y
t1on he found that ref, outlasts repol Duning the
fime when the tissue was stil] refractory and after the monophasiv
action potential hud returned to the resting level, stumulation
evoked nonpropagated responses which were graded both 1n amplt
tude and duration (Schutz, 1836)

Stimuigtion during Phases Z and 3

It 13 not possible to evoke 2 new propa,
eathodal stimulation of the heart during p

gated netion potential t;y
hase 0 phase 1, pha-e¥
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or duning the first half of phase 3 However, theresponse of the:
brane 13 not wholly passive If sufficintly long and strong cat!
pulees are u ed, (C 1d and Hoff, 198b) a prok 1
the action potential may result (Iig 8-3) There 1s some ¢
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Fio 83 Transmembrane potential of a single fiber of cat ventricle thow

change n membrane potential resulting from a rectangular pulse of depol

eurrent of Jong duration applied dunng phase 3 Honzontal Line represen
potential

-~

.
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Tro 8-4 Recard sumilar to that shown n Fig 83 showng the effect of
of shotter duration

Te ponse even during & weaker and shorter stimulus since the
inembmne potential duning the stimulus 1s found to be dis
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The Relationship between Repolarizotion ond the Recovery
of the Cathodal Excitability

It will be seen below that anodal <timuli may excite even dunng
phase 2, cathodal stimuli on the other hand, ean excite only dunng
phase 4 and the ternunal part of phase 3 It 1s1mportant to note that
under certan conditions full restoration of evcitability does not
oceur at the same moment, as full repolanzation Low temperature
certain drugs and certain metabolic mhibitors sppear to create &
situation 1 which relative refractoriness outlasts repolanzation
Dxamples of such effects are to be found m Chaps 4 and 7 Such
effects are very interesting, and may moreover be of great sgnifi
cance 1n explaining the action of drugs The majonty of studies on
the action of drugs have been concerned with changes in the shape
of the action potential It 1s often found that a disturbance 1 the
relationship between repolanzation and the recovery of excitabiity
occurs at lower levels of drug concentration than do changes m the
shape of the action potential It therefore seems most desirable to
melude studies of excrtability 1n ail studies of the effects of drugs end
metabohic mhibitars on the electnical activity of the heart

ANODAL STIMULATION

The effect of anodai current 1s to hyperpolanze the resting meat
brane or to move the active membrane toward the resting state, 1 ¢:
at any tume during the cycle anodal current mereases the degree 0
which the 1nside of the ccll 15 negatrve with respect to the outside
Since activity 13 8s ociated with depolarization, excitation would not
1n general be expected to arse during the passage of hyperpolatizing
current In fact, exaitation at the anode usually arses after the
end of the stimulus and 1s thus break exeitation

Sthmulation during Phase 4

It 13 po sible to exeite ventnicular mvocardium with anodat stimull
at any time duning phase 4 The threshold 1s two to three umesb:;s
great as the threshold to cathodal stimul and 1t 18 reasons! h.V
constant throughout phase 4 Excatation always occurs after the
cessation of the flow of anodnl current {anodal opening e(cx(ﬂ(lgl{‘lﬂ
anodal break excitation) provided the stimul are of reasonal
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Juration 1¢ up to 20 msec Apparently excitation may am e at the
anode dunpg an anodal stimulus which lasts 30 msec or longer
(Cranefield and Hoffman, unpublished) Anodal exeitation tn phase 4
has been demonstrated 1 atrial and ventricular tissue with external
electrodes (Brooks et al, 1955, Cranefield Hoffman, and Siebens
1957) and 1 single fibers of the ventricle (Hoffman, 1059) and of the
Purkinje system (Fig 8-21)

LI LU IR -
oo cone

—

Fic 85 Transmembrane action potentials recorded from 2 simgle fiber of dog
papillary muscle showing one driven response followed by an evtrasystole
Initiated on the break of an nnodal (hyperpolanzing) current pulse spphed

during phase 4 Time marks on upper trace show wtervals of 10 and 50 msce
8ce text for disoussion

If the t: t potential 1s d near the site of applt
catron of an anodal stimulus of short duration 1t 15 seen (Fig 8 5)
that the fiber 15 hy perpolarized during the stimulus and that after
the stimulus ends the transmembrane potential not ozly returns to
the resting potential but continues beyond 1t 1 the direction of
depolanization A slow foot of depolanzation breaks mto a full
action potential However durng phase 4 1t 1s difficult to set the
anodal stimulus strength to produce a local break response rather
than a propagated action potential

Discusszon Anodal break excitation has been held by some authors
to be abnormal and not demonstrable m normal heart {Schaefer,
1942) Tt has been suggested that because of the complexaty of l:\u:
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rent flow 1n the intact heart, anodal exertation might be apparent
only, the result of a “virtual cathode ”” The demonstration of simul
taneous anodal and cathodal excitation 1 a well oxy genated m situ
dog heart (Cranefield, Hoffman and Siebens, 1907) seems to rule out
both these objections, particularly since the anodal threshold may be
only double the cathodal threshold It has alsc been possible to
demonstrate anodal excitation 1 smgle fibers both of the ventricle
and of the Purkinje system (see above, Fig 8-21) These fibers ap-
pear normal and 1n particular do not have a dimimshed resting
potential It 1s hard to suppose that eveitation m the mmediate
viemty of an wternal microelectrode could anse at s “wirtual cath
ode ” It thus seems reasonable to assume that anodal exeitability 18
& charactenstic of normal eardiac cells

The mechamsm of anodal excrtation remamns obseure The
anodally excited single cell shows a depolanization which results:n
exaitation The ¢ discharge” of the anelectrotonus after the end of
the stimulus provides a current flow of an excitatory direction
Cardiac fibers m all probabihty show partial mactivation even st
their normal resting polanzation, so that hyperpolanzation would
be expected to inerease the amount of avalable Nat carner (Wed
mann 19556) It 1s not elear that this would be a sufficient explans
tion of anodal excitation but such an nerease 1n available camer
would enhance excitabiity

Stimulation during Phase 3

Propagated Impulses 1t 13 possible to obtam propagated smpulses
dunng much of phase 3 1n response to anodal stimult of adcqﬂﬂ"e
strength and d 1f an anodal lus 15 apphed prog “l’!'
earhier during phase 3 the threshold first nises slowly, then fallz and
then nises sharply (Fig 8-G) The mmtial increace 1n thre hold tnke;
place during the termmal portion of pha.e 3 and overlaps part ts o
the cathodal supernormal period and relatiye refractory penof ha:
subsequent drop 1n threshold seen dunng the mddle third of p! .
315 50 marked that the anods] threshold nt this time 1sactually IO‘:};
than the anodal threshold during pha e 4 Durng this drop :
anodal threshold 1s much lower than the cathodal threshold n:“
remains lower throughout the early part of phase 3 (Fig &dﬁnon
propagated respon e elicited dunng phase 3 show adcoﬂd b
latency which s greater the earlier the stimulus1s appled an
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Fic 86 Strength mterval curve of dog ventricle Thresholds obtamed with
 punctuate electrode and a diffuse electrode Solid lme thresholds when
the punctuate electrode was a cathode Broken Lne thresholds when the same
punctuate electrode was the anode A monophasic action potentral recorded

from the mite of the punctate electrode ts superimposed Time zero 15 the dnve
tme (Craneficld Hoffman and Sichens 1957 )

13 always greater than that seen after full recovery Records of the
b potential ob d 1n the vieimty of the anode with

2l de show accel d repol dur-
ing the current flow and break exeitation at the end of the eurrent
flow Both the amphtude and neng velocity of the response are

an mtracelt
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greater than those of a response svoked by a threshold cathodsl
stunulus applied at the same tame duning phase 3
Local Response Subthreshold anodal stimul appled at any time
durmng phase 3 are folloned by local responses which are graded 1o
accord with the strength of the shimulus With a threshold anodal
stimulus the actton potential 1s seen to anse from the peak of the
loeal response Following s subthreshold snodal stimulus a short,
weah, cathodal pulse apphed at the peak of the postanodal local
response gives nse to a full szed sction potential The po tanodal
focal response probably eorresponds to the local responses ehaited
by cathodal stimuls from a membrane which 15 more fully polanzed
The term local response generally 15 pot apphed to an achon
potentinl which 15 almost normal in amphtude and shape Howesely
smee the repolanzation caused by anodal current may be Jocalized
toan area quite close to the electrode the break response may remas
& phenomenon whuch 1s local even though 1t shows full amphtude and
duration Under certam conditions large cathodal respon es dunng
phase 3 also are local in nature (Kno and Hoffman 1958) Thepo *
bilitses for propagation of anodal break respotises during phase 3
thus depend on the yecovery of tability m areas of brane
adjacent to the stimulating electrode
The No-response Phenomenon Ope of the most remathable results
of the studies of cardiae exertabihity by Brooks and lus caworkers
was the discovery of the no respon.e phenomenon {Brooks et a1,
1050 1955} This phenomenon was first observed m the atral and
ventricular myocsrdium of the mtnct henrt It can be obtained with
anodst stimulation dunng phase 3 At the time of the anodal supet
normahty deseribed above 1t 18 found that an wmorease of symilus
strength above threshold may result in loss of excxtation This fatture
of a stronger or longer stimulus to eveste at theintersalin the eardiae
eyelc when a neaker or shorter stimulus will produce & propagated
action potential 13 the no-response phenomenan N
The 1o respon ¢ phenomenon was pngmnally obsers ed Wt
bipolar stimulation but 18 mare easly studed with manopolar
anodal stimulation The use of this techmque (Cranefield, Hoffman
and Siebens, 1957) has shown that the no-responso Ph‘-“’”’“”"‘::‘l:
exclusively associated with ancdal shmulation 1¢ 1615 only an '-;
stimulation which may f211 to be effectnye following an mcmn";! le-
strength or duration The penod during which the no-respos & P
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nomenon ean be evoked 1s rather long (20 msec) and even extends
1nto that part of phase 8 in which the anodat threshold is hagher than
the eathode threshold Apparently excitation at the anode does not
reappear even if the stimulus strength 15 increased far besond the
na-response level Thus 1t 1s found that the range of strength and
duratson which will yield anodal exeitation dunng the ear)y part of
phase 3 13 exceptionally narrow, and 1t 15 very easy for a stimulus to
be exther subthreshold or above the no-response threshold {Fig 8-7)
Extrasystoles and Fibrillalion It 1s known that the “dip n the
anodsl excitability curve corresponds £o the vulnerable peraod durmg
which the beart i< prone to fibrillate 1n respon.e to a single suprs
threshold elestrical stimulus (Brooks et al , 1905) Pawly careful
studies have shown that 115 alnays possible to obtain single props
gated action potentials (of unknown site of orgim) by the use of
eXtremely strong stimulr during the period whep the no-respon e
h 15 the usual resp to anodal stimult (Cranefield,
Hoffan and Siebens, 1957) The pertod of vulnerability to fibnlls
tion does not therefore appesr to be comerdent with the period when
the no reponse phenomienon 1s most seadily ehaited (1e  the early
part of phase 3) The vulnerable period appears later, mn the Jatter
part of phase 3 and dunng anedal ity In
general 1t appears that fibnllation evoked by s single bipolar strmu
lus during phase 3 13 associated with the development of a sertes of
extrasystoles onginating m the viemnity of the anode However such
4 series of anodal extrasystoles may oceur without, provoking fibrlla
flan the onset of which 1» always signoled by the appearance of an
extrancous ’ mmpul ¢ which follows the burst of anodal extra
systoles and which does not oniginate 1 the near viemuty of etther
2node or eathode (Brooks Cranefield Hoffman snd Siebens un
publi hed) If the flow of snodal eurrent 1s sufficiently diffuse 1t 13 so
dufficult to evoke fibmllatton that 1t seems safe to assume that

fibnllation evoled by electrical stimulation depends upon anodal
evertation

Discuesion Int the absence of an adequate explanation of anodal
e‘mt%,tmn 10 phase 4 18 15 difficult to surmise why there should be a
41" 1n the anodal threshold i phase 3 It scems abvious that the
Tepolarization which 1s progress 3§ accelerated by the anodal
Shmulus It 15 possble that the anodal <upernormslity seen
Phase 3 results from a combiation of anodal break exatation with
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broken lne cathodsal thresholds Strenyth and mterval wn miflist b
milbseconds faset dip portionof the curve on an expasded umennds!kreo“
geale Cross hatched area en ares of no response ¥ exatation of un!f lnﬂ i
origtn of supra 1o Te pon ¢ threshold (Crarefield Hoffman and Siebents

the flow of depolanizing current from pearby depolanzed aredd

The contubution from nearby depolanzed areas would of cou;‘eﬂ
absent durmg phase 4 Tt should further be posnted out that :WY
strong anodal pul es applied dunng the period of anodal Euplcthsn
mality cffect greater changes 1 the transmembrane potentid
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do pul es of the same strength applied at any other tune mn the
cardiae eycle (Hoflmon and Cronefield unpublished) It might
therefore be expected that the shmulating efficacy of the anode
would be mcreased since the postanodal discharge of the hyper-
polarization (the classical “counter current”) might be greater A
purely speculative explanation of the no-response phenomenon has
been developed along armtlar ines Increasing the strength of the
anodsl timulus might merea e the area of repolanzation so much
that the excitatory flow from depolanzed areas would be abolished
{Cranefield Hoffmsn and Siebens, 1907) This argument has been
hened by the subseq d tion of p d

repolanzation

Simularly, no factory exp 18 lable for the abiity
of strong anodal stimuh to provoke multiple extrasystoles and even
fibnllation dunag phase 3 An analogous phenomenon n nerve Rit-
ter s opemng tetanus de cribed 1n 1800, also remains without satis
factory explanation It s generally stated however that Ritter'’s
opening tetanus can only be elicited from partially depolanzed
nerves It 15 therefore interesting to note that even very strong
anodal stimul applied during phase 4 elictt only a single response
whereas the first of the multiple responses i phase 3 begins at a
time when the fiber 1s partially depolanzed

Stimulation during Phase 2

Regenerate Repolars ation Durmg all of phase 2 and part of
Phase 3 the flow of anodal current not only accelerates repolanization
but does so 1 a fashion which has been desenbed as regeneratrve
When apodal and eathodal pulses of equal strength and duration are
appled to the ventricular myocardium 1t 15 seen (Tig 8 §) that
greater effects result from the anodal pulse Moreover 1t can be
teen (Fig 8-9) that 1f the strength of an anodal pulse of fived dura
t1on 18 snereased 1n equal merements the repolatization of the fiber
i the viemity of the anode does not mcrease 1n equal steps but
#hows a nonlinear increase as the strmulus strength increases Thug
effect has been demonstrated m Purkinje fibers (W eidmann 1951)
’;‘!;EIS;;] dog and cat papillary muscle (Cranefield and Hoffman

.

All or None Repolarization A direct though not necessary conse-
Guence of the existence of 1ve I

101 10 Te<p: to

i
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F1a 88 The effect on membrane potential of repolanzng and depols "m(f

pulses of 20 msec duration and constant strength applied at different interva

dunng the action potential Time calibration 100 msee voltage cahbration
100 mv (Cranefield ard Hoffman 1958k }

anodal stimuli applied dunng phases 2 and 81 the existence of an-m;
none repolarization If the anodel strmulus 19 sufficiently loog BD‘
sufficrently strong the nction potential does not resume its ongme
course after the cessation of the pulse nstead the fiber remams
fully repolanzed (Pig 8-10) All-or none repolanzation of Purkiye
fibers was discovercd by Werdmann (1951) nnd subsequently ’-bo“':
to exist in eat and dog ventnicular fibers by Cranefield and Ha‘fm:’c
(1958b) A mmiar phenomenon has also been demonstrated i ne
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Fie 88 The effect of drpolanzing and repolanzing pulses of 30 msee duration
on the action potential of & single fiber of papilary muscle Time calibravon
10 Tasee and 50 meee voltage calibration 100 mv (Cronefield and Hoffman
195% )

——

Fia 810 Transmembrane potential of a single Purkinge fiber of dog heart
showing one wamterrupted sction potential and superimposed the effect of &
pulse of hyperpolunzing current applied to the same fber through a second
microelectrode causing sustawed early repolanzation
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fibers (Tasaky, 1906, Tasakt and Hagiwars, 1957) and 1o a cobalt
wire model (Tasaki, 1957)

Propagated Repolarization The eustence of regenerative repolar
1zatton and of ell or none repolarization strongly suggests the posa
bility of propagated repolarization a phenomenon in fact demon
strated by Weidmann (1951) in Purkinge fibers The discovery of

A“ D
D
B N

£ e

[+ -~ (VTR

X —

Fio 811 Records showing the effect on the membrane potential of » sl
fiber of papillary muscle of repolarizing pulses sufficiently strong 1o 1 1‘\;
propagated repolarization All records obtained by drfferential recording
tween one ) de aide the and another located Just out de
the same aren of membrane (4) (B) and (C) Normal Tyrode solution r:euord
taken 0 5 ;om (4) 30 mm (B) and 55 mm (C) from the polanizing eleetre ':
(D) (E) and (F) Solution contaumng 25 per cent of the normal smount of €
Records taken 05 mm (4) 20 mm (B) ead 40 mm (C) from the pohmmf
electrode Time marks m C and F show mtervals of 10 and 50 msee Beo 1<%
for duscussion (After Cranefield and Hoffman 19585 )

propagated repolanization was foreshadowed by the largely neglected
work on propagated relaxation carried out by Biedermantt (18%]
It has also been possible to demonstrate the existence of propagat "
repalanzation 1w cat and dog ventricular fibers (Cranefield v
Hoffman 19585) 1 be
Propagation of repolanzation 1s shown 1n Fig 811 It w s
noted that when al-or none repolanzation s achieved 11 ;
viemity of the anode, shortemng of the action potentini1s obsers

be
st a distance Tho mechanism of propagated repolanzation Tust
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basieally sumilar to the mechanism of propagated depolanzation and
depend ou the flow of repolanzing current betw cen a repolarzed and
a depolarized area A repolanized area 1s 2nodal with respect to a
depolarized area The flow of current between a depolanzed and
repolarized area at one and the same time tends to exaite the repolar
12ed area and to repolanze the depolanzed area It would be ex
pected therefore thatunder certamn conditions the anodally repolar
1zed area mught become reexeited instead of the adjoming depolanzed
my
Ny
04

—

100 maec.

Fra 812 Diagrammatic representation of the effects of anodal current pulses
of three different strengths applied during phase 3 Sce text for di cussion

areas beconung repolarized This 18 found to be true and 1s discussed
m the {ollowmg section

Breal, Reezcatation It 1s found 1 cat and dog, papillary muscle
tha the following sequence of events can be obtained by progres-
E1vely increasing the strength of an anodal strmulus applied during
Phase 2 (1) the action potential resumes 1ts normal course after the
end of the anodal pulse (Fig 8 121) (2) the fiber remaims repolar
zed (Fig 8-122) (3) the fiber fully repolarized exhimts break
Teexcatation at the end of the anodal pulse (Iig 8 123} Break re-
excitation which presumably results from a combination of anodal
break excitation and the excitatory flow of current from adjoimng Y

>
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depolarized areas, 13 the usuat response of normal ventneulat muscle
to strong anodal stimuh It 15, therefore, difficult to demonstrate
P 108 of repol ton 1n this prey 1t has been found
(Cranefield and Hofiman, 1928b) that reduction of the external Cat*
concentration makes 1t more difficult to obtain hreak reexcitution
and therefore easier to obtam propagated repolanzation It also hus
been found m the squid giant a<on that reduction of the Catt con
centration m the extracellular flurd decreases the rate at whch
nactnation 1s removed under an anode (Frankenhacuser and
Hodghin 1957) This means that repolanzation of an exaited fiber
restores the exestability more slowly than under normal conditions
In general 1t seems bikely that sustaned repolarization il predoms
nate over break reexcitation whenever refractoriness lasts longet
than repolanzation Both low temperature and low Catt have this
effect

The separation of the threshold for d repolanzation and
breah excrtation makes 1t easer to study break reexcitation such
a preparation It can be seen (Fig 8 13) that a scquential increase
m the strength of a semes of anodnl stimul yelds progresuvely
higher levels of membrane potential and eventuates 1n o sustame
and complete repolanization Further merease of anodal stimulus
strength beyond this pomnt resuits i break reexuitation which 18
sraded i ampbtude and duratien both increase when the strength
of the stimulus 1s increased With a very strong anodal stimulus &
new, full action potential can be elicited at almost any tune dunng
phase 2 However, this action potential usually does not propagate
for any apprecable distance

Disew sion The cbservation that anodal current fow mitiates
regenerative repolanzation 1 phase 2 rased many interesting prob
fems which haye been discuseed 1n some detail (Cranefield and Hoff
man 1958%) Perhaps the central question concerns the nature of
normal repolanzation If a prematurely mvoked repolarization can
propagate, 1t seems hhely that propagation of repolarzation B“S]“
1 the normal heart Since repolanzation propagates very <low )‘
(about 02 m/sec), one would not look for a single pacemaker rf;:“z
which repolaration would spre.d over the entire heart W BE
might be expected 1s that each area which repolarizes bc,amfs:)!::t
adjoining area does so would contnbute to the repolarization O o
adjomung area In that cace repolanzation would be a propag




NN

N~

e Nl N N
NN

Fig 813 The effect of sepolanzing pulses on the action potentisl of a smgle
fiber of papillary muscle 1 a redium contamning 2v per cent of the pormal Catt
concentration Gradual increase 1n strength produces mcreasing repolanzation
(4 through B) followed by tnereasing break exaitation (F through I) Super
1mposed traces 1n the repolanizimg ranges sre shown in J' Superimposed pulses

m the reeccitation range are shown 1n A Calbrations :n G time 50 msec
voltage 100 mv (Cranefield and Hoffman 1958 )

process with multiple foe1 of ongin (Cranefield 1957) The signifi
cance of anodal regenerativene, s 1n phase 2 1s discussed in relation to
1onic theones 1o Chap 9

BIPOLAR STIMULATION

1f cardiac excitability 1s determined by the u<e of bipolar stimula
tion (1e by the use of a small anode and a small cathode both
placed on the heart) the results are complex As was shown by van
Dam and Durrer (van Dam et al 1955 1956) 1t 1s gmte possible to
place a pair of electrodes on the dog heart 1n such a way that the
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Fia 814 Action potentials recorded with the electrode shown 1n F The dz-
tance from electrode 1 to electrode 713 17 mm In each paur of records the upper
trace shows the action potential recorded from electrodes 5 and 6 sad the
lower trace shows the action potential recorded from electrodes 2 and 3 Ind
B C and D elecirode 1 was the cathode and electrode 7 the anede 1o 4 2
st:mulus of cathodal threshold strength was spphed during drastole aetimty
sprend from electrode 1 past electrodes 2 3 5 and 6 1 that order In Be
stimulus suficiently strong to exceed both eathodal and anodal thresholds was
applied duning diastole The impulse arising at the cathode spreads to electrodes
2and 3 the ;mpulse ansing at the anode spreads to 6 and 5 1 that order The
presence of anodal excitation 1n B 15 showa both by the mverted polanity of tho
action potential in the upper trace and by the shortened latency of that sction
potential The recordsin C and D are similar to those shown 1o A and Bewept
that the stimulus was apphed during the dip In € therefore threshotd 1
anodal and both action potentials sre inverted and the order of latenties 13
reversed 1n companson with A In D the strength was 1ncreased sufficienty’ to
produce simultaneous anodal and cathodal excitation 83 Judged by enterit
wumilar to those used 1n B Tn E electrode 1 was the anode 2nd electrode 7 ';”
the cathode the stimulus was applied during dia.tole and wss threshold for
the cathode the action potentials may be compared with those of anodal ontgR
in A through D (Cranefield Hofman and Siebens 1957)
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tissue underlyng the anode becomes activated as much as 40 msee
earhier or later than the tissue underlying the eathede This means
that the excitability cune obtamed dunng bipolar stimulation
{ef Figs 8-6 and §-7) will be domnated by whichever electrode Lies
on the tissue which repolanzed earhier It s possible, by mapping the
spread of activation te Jocate two arcas which are activated almost
simultancously and to place the eleetrodes on those areas However
even when this precaution 13 obseried 1t follows from the discussion
of anodal and esthodal exaitabiity given above that the bipolar
threshold curve ob d will be m nature

The compo 1te nature of the bipolar threshold results from the
fact that it 15 possible to exeste the heart with either an anodal ora
cathodal stimulus during much of the cardiac cycle (Nig 8 14) It
13 evident that 1f both anode and cathode are on the heart, the
threchold at any mterval wil be the lower of the two (anodal or
cathodal) thresholds It can be secen (Figs 8-6 and 8 7) that the
eathodal threshold 18 lower than the anodal threshold dunng phase 4
and duning the terminal portion of phase 3 The anodal threshold 13
lower than the cathodal duning the remainder of phase 3 The indi
vidual anodal and cathodal curs es can be obtained either by record
10g near the anode and cathode and determimng the strength of
stimulus necessary to elieit an actton potential at one and both or by
usng & “monopolar cathode or anode A recent paper (Cranefield
Hofiman, and Siebens 1957) di cusces both methods and al<o
deseribes the precautions which must be taken 1n using a “mono
polar * electrode

There 13 reason to belier e that various drugs and 10ns anoxia, and

II’erhnps all agents affect the anodal and cathodal curves selectively
t therefor

seems probable that d 10ns8 of the cardiac

exatability eyele and of fibrillation thresholds might be made most

gful by the deter of both the anodsl and cathodal
thresholds

THE RESPONSE OF THE HEART TO PROPAGATED

ACTION POTENTIALS
Methods

Propagated action potentials can be used to test the recovery of
exeitability of eardrac cells f advantage 15 taken of differences 1n the
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action potentsal duration and of the corresponding differences in the
duration of refractonness found m dufferent fiber types Such differ
ences ate pronunent at the junction of Purkinje fibers with papillary
muscle (Hoffman, hao, and Suckling, 1957) and at the junction of
atrial muscle with fibers of the atrioventrcular node (Hoffman, Paes
de Carvalho, de Mello and Cranefield 1959) When a fauly abrupt
change 1o fiber type and action-potential duration ocours withn &

tp d=tAmphler

Cohbrator

i

Fia 815 Disgrammati representation of pupilary muscle (dense supple)
and sttached bundle of Purkinye fibers (light stipple) with mugle Parkioie
fiber indicated by dotted lines $; S; dniving and testing stmui apphed ta ﬂ;e
pepilfary mu cle through pin electrodes S, fest pulses agplied to SmE®
Purluye fber through one mde of doubl mueroclectrode Ity through E't
recording microelectrodes located m papllary wuscle away from (Rs) !“dﬁ'“
(R the junction with Purlanje ibers and in o swngle Purkinge fiber st ;)
and distant from (R the same junction In some exp mments tna separit
single- were employed for Ry and Sy (Hoffman hao &

Sucklimg 1957 )

distance of less than 1 mm 1t 15 posuible to excite both fiber £yPes
2nd then to evcite the mare rapidly repolaring fiber 8 sccond Ume
The second action potential of the more rapidly recoerng fiber
will reach the junctional area at & tume v hen the fiber of the ottfr
type 1 sull mcompletely repolarized The npew yesponse of the
partially repolanzed fiber 13 an ndex of s excitobility &t ¢ :
moment of amval of the second netion potential The moment
which the rapdly recosenng fiber 13 exated a second tune dct\;;
mnes the moment ot which 1ts action pofentil il arme “r:ng
junctional region Thus the evetability of the slowly recove
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fiber can be tested at varnious times and at the corresponding degrees
of repolanzation

In the preparation shown m Fig 8-15 the fiber which recovers
rapidly 1s a fiber of the papillary muscle and the slowly recovering
Bber 13 a Purkinje fiber Stimulating electrodes mn erted 1n the distal
end of the papillary muscle are used to supply regularly spaced
dnving stimuli The driven impulses propagate without delay
throughout the papillary muscle across the junctional region and

IR
NN
NNN=

-

-
Fie 818 Stmulation of Purkinje fibers by action potentials of papillary
micle Transmembrane potentials recorded from single fibers of papillary
muscle (fop trace) and Purlanje system (bottom trace) Stimulus artifacts
show g5 downward deflection on both traces Both conditiomng sud testing
stmub applied to papiliary muscle Time calibration m 4 1 10 (small pips)
284 .0 (large pips) msec mtervals Voltage calibration m steps of 20 mv shown

for both 4,
Suckimy lrgusc;s) m F Zero reference level not shown (Hoffmen Kao and

<

I

l

(

then throughout the length of the attached Purkmje fibers An
Mtracellular microelectrode mserted m a single papillary muscle
fiber close to the junctional area mdicates the time of armyval of
e:i{cltahon at that point and records the smplitude and configuration
fn;he ;mon potential (Fig 8 16 top trace) Another mucroelectrode
oy tted 1n a single Purkinge fiber some distance from the junction

o%s (Fig 8-16 bottom trace) the tuning and shape of the propa
Eated action potentral 1n Purkine tissue A third mucroelectrode
1sinserted 1n a single Purkunge fiber near the junctional area to record
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the local response of the Purkinje fiber The sccond, or testing
stimulus, which 1s applied to the papillary muscle at varying mter
vals after the drive eliaits the test action potential The test action
potential arrives at the junctional area either during phase 3 or the

=
DN

TFia 8-17 Effective refractary peniod of papillary muscle Records nﬂmn!!ﬁ“m
brane potential of a smgle Purkmje fiber (top trace) and a sungle p2p 3‘3:
muscle fiber (bottom trace) In A and B the conditioning and testing s""l'n
applied to the papillary muscle elicit propagated responses 1n both tis-ues o/ ¢
the test action potential of the papillary muscle reaches the I’Urkzzﬂ?d‘rect
earlier during repolarization and fails to excite Under this condition Gi
stimulation of the Purkinye fibers gives rise to action potentials which rach s
Junctional region too early (C) or just late enough dunng rcpohf;‘;ﬂ 1
to cause a propagated response 1n the papillary musele Time cal r-!ud by
10- and 0-m ec mtervals in A Upstrokes of action potentials 1ndicaf
dotted Iines (Hoffman Kao and Suckling 1957)

early part of phase 4 of the driven response of the Purkm:fi ﬁ:’:c's
The electrode on the papillary muscle ade of the junction it ‘f do
the arnival of the test action potential at the Junction The elee! F:he
at the Purhinje fiber 1de of the junction indicates the rC*P‘msle %mco
Purkinje fiber 1 the near vicinity of the test action potentia’
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an apparently large response 1n the viermty of the junction may not
propagate farther, the electrode 1n the more distant Purkinje fiber
15 used to determune whether or not propagation mto the Purkinje
fiber occurs

A different sequence of stumul: makes 1t possible to use the same
preparation to study the recovery of excitabiity of fibers in the
papitlary muscle In this case the test action potential in the papil-
lary mu cle fiber 15 deliberately provoked too soon to excite the
Purlinge fiber 1e, 1t 19 caused to arnve at the junction when the
Purkinje fiber 15 still totally mexeitable The situation 1s now
reversed, the Purkinje fiber proceeds to recover from tts first action
potential at a f1me when the papillary muscle fiber 1s1n the mddle of
1ts second action potential (Fig 8 17) It s then possible to apply a
stumulus directly to the recovered Purlanye fiber at such a time that
a test action potentzal will propagate through the Purkinje fiber and
umpinge upon partly repolanzed papilary muscle

Finally the response of a single fiber to propagated action poten
tials can be compared to 1ts response to applied cathodal and anodal
current pulses by using 4 double-Jumen microelectrode mserted 1n 2
fiber located at the junctional ares (see below Fig 8 19) (Hoffman,
Kao and Suekling 1957 Kao and Hoffman, 1958) Onelumen of the
double electrode 13 used to pass pulses of current and the other 1s
employed to record changes i transmembrane potential resulting
either from propagated action potentrals or applied electrical stimuli

Shimulation of Purkinie Fibers

The most detaled studtes of the response of cardiac muscle to
Propagated action potentials have been carried out on Purlinje
fibers because of the relative absence of branching 1n this system as
compared to that found m ventnicular muscle and because of the
ease with which several electrodes can be placed 1n a single fiber
When a test action potential propagating m the papillary muscle
reaches the junction with Purkinje fibers early durmg phase 3 of the
aelon potential of the Jatter (Fi, 8-18D) the junctional Purkinje
fiber respouds with & small locsl depolanzation which fails to
Propagate (g 8 181) Somewhat later durtng phase 3 the response
of the area 1s d 10 ltude (Fig 8 18C}, and
either the spatial decrement 1s less marked or propagation results
(Fig 8 18H) btlllater during phase 3 the response of the junctional
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the local response of the Purkipje fiber The sccond, or teshing,
stimulus, which 15 applied to the papillarv muscle at varymg nter
vals after the drive elicits the test action potential The test action
potential arrives at the junctional area ether dunng phase 3 or the

A L, . c \
] :\
y NI

Fio 8-17 Effective refractory peniod of papillary muscle Reenrds of mnszmﬂ;
brane potential of & single Purkinge Sber (top trace) and 8 eingle papy "]
rauscle fiber (bottom trace) In A and B the condiboning snd testick “"’;“
applied fo the papillary muscle et propagated re ponses 12 both s ues ﬁg"
1he test action potential of the papillary muscle reaches the P\xrkmxed et
earlier durng repolanzation and fals to exaite Under this condition x:t‘xc
stimulation of the Purkinje fibers gives nse to action potentiald whuch r:‘ac o
Junctional region too early (C) or just late enough dunng yepolanzs ‘{‘;ﬂ »
%o cause o propagated response m the papilary muscle Time “bdt:mli‘ oy
10- and «0 m c¢ intervals 1n 1 Upstrokes of action potentials mdics
dotted kmes (Hoffman Kao and Suck g 1657 )

o

f the Purkine fiber
early part of phase 4 of the driven respon<e o onin Juates

The electrode on the papillary muscle mde of the ) de
the arnval of the test action potential at the junction The elgcol; :he
at the Purkinye-fiber <ude of the junction 1ndicates the rﬂ*P(;“  Simee
Purkinge fiber m the near vicinity of the test action potentid
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an spparently large responee 1n the vieimty of the junction may not
prapagate farther, the electrode m the more distant Purkinge fiber
13 used to determine whetber or not propagation into the Purlinje
fiber occurs

A different sequence of stimult makes 1t possible to use the same
preparation to study the recovery of excitability of fibers m the
papillary muscle In this case the test action potential m the papil-
lary musele fiber 15 dehiberately provoked too soon to excite the
Purlange fiber, 1e 1t 18 caused to armve at the yunction when the
Purlinje fiber 15 still totally mexcitable The situatton 1s now
reverced, the Purkinje fiber proceeds to recover from 1ts first action
potential at a time when the papillary muscle fiber 1s 10 the middle of
1ts second getion potential (Fig 8-17) It 1s then possible to apply a
stunulus directly to the recoy ered Purkinge fiber at such a time that
8 test action potential will propagate through the Purkinje fiber and
Impinge upon partly repolanzed papillary muscle

Fally, the response of 2 single fiber to propagated action poten
hials can be compared to 1ts respanse to applied cathodal and anodal
current pulses by using a double-lumen microelectrode mserted 1n &
fiber located at the Junctional area (sec below Fig 819y (Hoffman
XKao and Suckhing, 1927 hao and Hoffman 1908) Oue lumen of the
double electrode 13 used to pass pulses of current and the other 13
employed to record changes 1n tr b 1
either from propagated action potentials or applied electrical stimuls

Stmulation of Purkinye Fibers

The most detarled studies of the response of eardisc musele
Propagated action potentials have been cirmed out on Purhmje
fibers because of the relative absence of branching 1n this system a:
compared to that found m ventricular muscle and becau<e of th
ease with which several electrodes ean be placed 1 a single fiber
When a test action potential propagating m the papillary muscl
Teaches the junction with Purkinje fibers early dunng phase 3 of th
action potential of the latter (Fig 8 18D) the junctiotial Purking
fiber responds with a small Jocal depolanzation which fails t
plopagate (Fig 8 187) Somewhat later during phase 3 the respons
o the areg 13 d o atphiude (Fig § 18C), an
either the spatial decrement 1s less marked or propagation resul
(Fg 3 182) 8t later during phase 3 the response of the Junction
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Fig 8-19 It can be seen that as 1o other expertments, propagated
action potentials of good amphitude and rise vcloaity result if repolar
1zation 18 nearly complete (Fig 8-198 and C) Small, slowly nang
but still propagated action potentials an e somewhat earher (Fig
8-19D) Only o decremental response appears when the membrane1s
stimulated by the test action p 1 before ad te repol:

tion has taken place (Fig 8 191) The respon.e of the same fiber lo
applied cathodal stimult 1s shewn on the bottom row of the figure
Cathodal current pulses gnve nse to propagated action potentials
when the cell has reached a level of membrane potential (Nig 8 196

AN
:lc_\\i_\%\_\pf-

action potentssls
es (F through )

Fio 819 Stmulation of a ingle Purhinje fiber by propagated
of papiflary musele (A through £) and by cathodal current puls i)
Note sinilanty of effective refractory peniod for both types of stumul { A
Time calibration i & 1 10 and 50-msec wmtersals Voltage cahbration ;x;!
of 10mvand ero reference level (heavy Line) shownin J See text for disedss
(Hoffman Rao and Suckhing 1957)

and H) sumlar to that which permnts a propagated respon & it e
sponse to the propagated action potential The level of membrm:
repolanzation at which apphed eusrent pulses are meffuctivers Ab;u
the same as that at which propagated impulses fal (s0e Fig &1 ;
Cathodal stimuly apphed at this level of repolarization grvene fan n}x,
to local respon es (sce Iig §-23) These results, obtamed ;‘: .
stimuiation of single Purkinge fibers with both propagated 8¢ Sf
potentials and apphed cathodal stimult are summanzedn Fxg() ;)
and are n good agrecment with earlier studies by eidmans {1 ixe
who studed the loeal response to eatbodal current pul.es app!
duning pha.es 3 and 4

Stimulation of single fibers of papiilary musc
1ar electrodes gives less conclusive results than
the Purkinje system since m the former the syncy tial na

{o through mtracelld
docs stimulztion ©
ture of the
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Ti0 890 Summary of results obtamed when & single 1solated dog Purkinge

fiber 19 simulated at various times during repolanzation by action potentials

Tropagsted from attached paprllary muscle (4 and B) and by rectangutar

DPuises apphed through an intraceliular microelectrode (€ and D) (4) The

transmerobrane potentials recorded from papillary muscle at locstion I 1
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Fig 8-19 It can be seen that, ag in other experiments, propagated
action potentials of good amphitude and r.e v elocity result af repolar
1zation 18 nearly complete (Fig 8-198 snd €) Small, slowly g
but still propagated action potentials anise somewhat earher (Fig
8-19D) Only a derremental response appears when the membraness
stimulated by the test action potential before adequate repolarza
tion has taken place (Fig 8-19E) The reaponse of the <ame fiber to
apphed cathodal stumult 1s shown on the bottom row of the figure
Cathodal current pul.es give nse to propagated aefion potentials
when the cell has reached n level of membrane potental (Fig 8 16

AN

K \ \ ‘\ \L— l\ ]
- —-\_ - \_X_ \ \_‘ (\— ;n:
agated aclion potentrals

¥ie 810 Shimulation of & single Purkinge fiber by prop! iy
of papitlary rouscle (4 through £ snd by cathodal current putses (7 th;au% '
Note similanty of effective refractory penod for both types of stymuh s
Time ealibration 1n 4 10 10 and 50-msee ntervals Voltage caibratoon 12 ;wu
of 10 mv and 2eto reference lev e} (heavy kno) shown m J See textfor discus
(Hofman Koo end Sucklmg 1957)

and H) sumular to that which permits a propagated respousé 2 ”

sponse to the propagated sction potential The level of memb‘r:::
repolarization at which applied current pulses are mneflectivess am
the same s that at which propagated impulses fail (see Tig 8 o
Cathodal stimuh applied at this level of repolanzation give “;e i(:o o
1o local responses (sec Fig 8-23) TFhese results, obtain e
stimulation of engle Purkinys Rbers with both propagated ﬂc&
potentials and applied eathodal stimul, are summarzed it Fxglgm‘
snd are in good agreement with earhier studies by Weidmauz ( e
who studied the local response to catbodal current pulses app!
during phases 3 and 4

Sumulation of «mgle fibers of papillary musc
lar electrodes gives less conclusive results than
the Purbinje system smnce wn the former the syncy!

Te through niracelli
does stmulation @
tral natura of the
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theitsa propagated response at a relatis ely low strength Alo,nsthe
anodal stunulus 1s placed later and later dunng repolanzation the
threshold current requirement 1nerea cs as shown by the amplitude
{ of the ptlses on the top trace. Dunng the latter part of phase 3

i

toodal stimulation 15 thus more effectine than cathodal and alo
f moreeflectss ¢ than anodal stimulation later dunng pha.e 3 or duning

Fhase4 A amrlar penod of nnodal supernormality has been scen 1n
Pepillary musele preparations

NN
NN

f,f"“;';’; Comparison of the effectrveness of cathodal and anodal stmult
elgrtmd ireetly to s mngle dog Purkinte fiber through an mtracellular micto-
pistrid different times durng repolanzation Lower trace tran membrane
Pz, CEDCF trace record of stimalus strength (upward defections de-
Braton 5y 2est d def byperpalarizing earrent) Tume cal
tation m

Beps of 3

D shows interyals of 10 and w0 micc voltage cahbration 1 H shows
01y See test for drcussion (Hoffman 1959 )

::0‘;1&\ stimuh play any role m the intact heart? The results of
19“:. 108 on anodal exertation (Cranefield Hoffman snd Siebens

T) have led us to surmise that an infarct might act as an anode
¥ith respect to excited tissue The action potential of fibers near the
Y t mught be shortened snd their exeitability enhanced Such
M"l’!emng bas m fact been demonstrated (Brooks Gilbert and

#2z¢lla unpublished) The effect of current flow 1n the viciity of
the ufaret, hag not yet been fully studied It should also be noted
that oming o the long duration of the Purkinje-fiber action poten-
tal the ventrigular fibers probably are anodal with respect to the
Purlanje fiber for 5 time dunng every cycle (see Fig 8-16)
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Graded Resporise

Appled Stmuly The graded nature of the response of cardise
fibers to stimuls applied during phase 3 of the action potential was
first clearly demonstrated by Weidmann (1951) by the u e of angle

oot
00 msee

rect stimulation 8t
(B} records (O}

F16 §22 Graded respon ez 1o Purbinje fiber ellited by du
Tsnes yeprescats

chfferent 1ntervals dunng phase 3 (4) Experimental setup,
tracngs of sclected zesponse 1n B Separation of the two base
s0myv see text for dicusaion (Koo and Hoffman 1958 )

Purkinje fibers and applied cathodal pulses of relatively loog dura
tion Subsequent expenments (Kao and Hoffman, 1958) have beea
conducted ta study the lovel of membrane potentia] as which props
gation fails 1 both Purknge fibers and papillary muscle and to ct;l:'ld
pare the graded response to apphed stimuls and to propags
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action potentials In addition, these expeniments have provided
interesting 1nformation on the nature of the increased latency of
respon es elicited from partially repolanized cardiac muscle fibers
Figure 8 22 shows a senes of records obtained from a single 1o~
lated Purlanje fiber One side of a double-lumen microelectrode was
used for stmulation The response of the membrane was recorded
through the other lumen and also through another microelectrode
located st some distance from the lus site As a cathodal
rent pul e of fived strength was applied progressively later during
Pha e3, the local re<pi ded at the lus site increased 1n
amphtude mse velocity, and duration The more premature re-
spon es show clear decrement at the distal site, the later responses
appear at the distant il )| de ps propagated action poten
tials which vary i nse veloaity ampltude and duration One
toteresting feature of the responses at the distal recording site 1s the
appearance of a second delayed peak which has been mterpreted
as resulting from excitation 4t some other more excitable region of
the membrane
If the time of application of the stimulus 13 kept constant and the
current strength 1s vared the results are stmilar as shown m g
823 Dunig the latter half of phase 3 the amplitude of the response
&t the stimulus site 18 propartional to the strength of the stimulus
Weaker stimul; elieit graded depolanzations which show spatial
decrement When the amphitude of the local response at the cathode
1 large enough (Fig 8-23C response 8) at the distal recording site
there 13 & slowly tising response which agamn shows a delayed peak
Thus suggests that the propagated response actually onginates as
some other area and appears m the record obtamned immediately
2djacent to the stimul ! de only as a prol m the
descending hmb of the local response One other aspect of the records
ihﬂwn n Figs 822 and 8-23 should be pomted out at this time In
oth papillary muscle and Putkinje fiber the time of onset of the
Wtimately propagated response depends m part on the amphtude of
the local response Thus, when the stimulus strength 18 increased
above that which 18 Just suffi to mitiate p; (hig 8-23,
Tesponse 8) or applied shightly later than the earliest time durmg
:"l:“e 3 permitting propagation (Fig 8 22 response 8) the peak of
© fesponse at the distal mte sppears appreciably earlier n the
eyde (Tags 823 and 8 22 9and 11,

Iv)
P Y]
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Graded R o Prop d Action P {s Use of the papl
lary muscle-Purhinje-fiber preparatson has shown that graded re-
sponses, smiar to those resulting from cathodal stuaul result when

8 pr ted action 1 stimulates an ad, fibier at the

approprate tume during phase 3 Records of this type are seen 1

LN

\

100 mv

A

oo
msec Sher

Fra 823 Effect of stimulus strength on graded response m a durkioge
Preparation sumilar to that shown in Fig 822 (4) 2nd (B} records lroxgo n::;e
prepatation (C) Selected tracings from A Two base lines separtited by
see text for chscuszion (Ao and Hoffman 1958 )

Fig § 18 and are shown more clearly in Iig 8-24 In this eqzer:ﬂéiﬂ:
trace shows ch m b p
the bottom ot the Junction ® h

single Purhmje fiber wmmediately adjace
papsifary muscle and the top trace the activity of the same L;:J:;
about 2 mm away from the junction As the stimulsting z_x‘c .
potentl reaches the junction tater and later dunng phase
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A

-t
-t - -t

Fio 84 Graded responses 1o a Purkinje pber Experimental arrangement
wmy);

az 10 that 10 Fig 8-18 except that bottom trace is from the Junctional
@on and top trace from 2 mm away Time calbration 10 and 50 msec
Detals i text (Aao and Hoffman 1958 )

Tesponse changes from a purely local phenomenon showing spatial
decrement (Fig 8-24C and D) to a local response which culminates
I8 n action potential (Fig, 8 24F and F) The duration of the local

Tespon.e prior to depends upon 1ts litud,
GENERAL DISCUSSION
Latency
N :t has been known for many years that 1n all tissues the latency
e

%een stimulation and the appearance at a distance of the propa
&ated sction potential changes when stimult are 2ppled dunng the
relative refractory period Studtes on merve (Forbes Ray and
Gnith 1923) demonstrated that this change 15 due mamnly to a
change 1 latency of the of the d nnd\
that conduction velocity over most of the fiber length 1s onl
shightly glowed regardless of the time of & the strmulus
T hasbeen found (Brooks et al 1955) that the
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vahd for the heart. A clear indieation of two mechamsms which eon
tnibute to the merensed stimulus response mterval 15 shown
severa! of the preceeding figures T'erst, the time requured for the Joeat
Tesponse to rise to an effective level varies with both the strength of
the stimulug and the level of membrane potential duning phase 3
Second, the rate of nise and amphtude of the resulting sction poten
t1ol vary and thus influence the rate at which activity spreads in the
immediate viciuty of the stmulating electrode An additional factor
contributing to changes m latency when stimuli are applied duting

A B

AN

- —
Fio §25 Transmembrane action potentisls recorded from s singls Purkine
fiber (top trace) and a single fiber of aitached papillary musels (bottom trace)
Note that as testing stimuli ehicst premature responses from the papilary
mascle progressavely eather dunng phuse 4 the response of the Purkunje Sber
shows a corresponding degree of prematunty only up to a certan loy ol of o0l
brase potential Purkinje fiber responses o earher activity m the papitasy
muscle appear at 4 constant interval dunng phase 3 and thusshow sn. 1ncreasiog
fatency with respect ta sctivity 1 the papillary muscle See text for discussion
{Hoffman Aoo and Suckhng 1957 )

phase 3 is seen 1n some records namely the site at which the prop3
gated ri & Fesy actually As has been demon
strated this point may be either nearer to or more distant from the
stimulating electrode

The effect of these factors ss magnified when the propagated rr;-
<ponse travels from a more rapidly repolanzng tissue 1nto one whueh
recovers somewhat more slowly Thus, when activity 13 recorded on
each ade of the papitlary muscle~Purkinje-fiber junction and “;:e
1ng stimult are apphed to the muscle progre stv ely earher aftcrdw_
dniven response (Fig 8 25), the respouse of the Purlanye ﬁbc; i the
placed eather in the cycle only up to & certain pomt W cnﬁbcr
stimuls are stitl more premature, the respon e of the Purkime
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appear at a fixed time and the latency between the arnval of the
action potential at the and the ap ofa ted
action potential in the Purkinje fiber increases progressively When
the two recording electrodes are both located 1n the Purkinge fiber
one quite close to and the other only 1 mm from the junction the
cause of the marked delay 1s apparent (Fig 8-24) The extent to
which these effects may vary becauce of shight local differences 1o the
action pot. 1 duration 1s ble Thus an action potential
may rapidly grow to normal smphtude and propagate at normal
veloeity 1n one fiber, while in another because of a sightly slower
repolanization at n more distant site either delay or complete failure
of may ensue Dl m the rate of repolanzation
may also influence the nature of the response at the junction
the more completely repolanzed fiber exeitation will start at the
Junetion while 1n o less fully polanzed fiber excitation may occur
only at & distance The possibil for a d d o

the mtaet heart to premature action potentials are thus greatly
enhanced by the presence of different fiber types with action
Potentials of shghtly differing durations

The Safety Factor

The safety factor of propagation in eardiac muscle formerly was
luated by d the de of threshold change just
ufficient to block propsgation (see Rothschuh 1952 p 49) This
method 19 liable to error 1 that any factor producing a major change
. threshold may ly alter the Tesponse
1tself An estimate of the safety factor alse may be made from the
Studies 1n which the stimulating efficacy of the propagated action
botentral was compared to that of cathodal pulses of known strength
appled at similar intervals duning pha e 3 In the ¢ expersmenta
which are described above the earhest effectve cathodal stimulus
applied during pha.e 3 was 4 5 to 6 5 times the drastolie threshold
current requurement this observation suggests that the propagated
action potential has 2 safety factor of at least a mmular order of
magnitude However two factors in the ¢ experiments will tend to
8ive too low a value for the safety factor Tir t, the regenerative
Tespon e of the membrane 15 actually changed when the fiber 13 part-
Iy depolanized presumably owing to the effect of resting potential
on activation of Na* casmiers (see Chap 9) Becond in expenimenta
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m wihich propagation passes from papiliary muscle to Purkinge
fibers the progresuve ncrease 1 fiber diameter would lessen the
effectiveness of the tus It 13 hkely, therefore, that the propa
gating action potential 1n cardiac muscle has o safety factor com
parable with that found m nerve (Hodglun, 1937)

Refractoniness of Cardiae Muscle

\any defimitions of refractonness have been used 1n desenbing
the recovery of exatabiity of cordine muscle A classical division
nto absotute and relative refractarmess (Brooks et al , 1930) depends
upon measurements of response made with recording electrodes at
some distance from the stmulating electrodes With this method 1t
13 possible to determine an absolute refractory period during which
no dus can evoke a i response  relative refractory
pertod m which strong stimuii can evohe propagated responses, &
supernormal pertod when the stimutus requirement 12 less than m
fully recovered tissue and a period of full recovery 12 whieh the
threshold s low and constant

Drury (Drury and Love 1026 Drury 1936-1037) defined the
effectiv e refractory period as the period which ends at the earite :
morment dunng recovery when a resp toa IGERE) t
throughout the musele The effective refractory penod thus corre:
<ponds 10 duration to the absolute refractory penod The term sUg
gests that the musele 1s not 1n faet “absolutely refractory to the
effects of current flow but 13 merely unable to mitiate 2 pmpﬁgﬂted
response That the heart can Jhow some kind of response duting the
absolute refractory period was shown by the finding that a stmulvs
which falls too early to give nse to a propagated action patential may
ave nse Lo s prolongation of refractonmess (Drury snd Love 1926,
Lewisand Drury 1926) More recent work (Cranefield and Hofiman
1958b) suggests that there 1s no pertod duning the cardac cycle whiﬂ
a sufficiently long and strong anodal or eathodal stimulus 1s wh;l )"
without influence on the recovery process It can thus be seed 4 13
the term 1r7es; perrod 13 not factory unless 3t 18 cle}'ﬂﬂy
defined 1n terms of propagated response Drury also defined u“3
recovery fime as the moment when delay between test and respon
becomes constant

1 we attempt to summanze the properties of the heart wbwl;;:’;
above ferms are wntended to describe we must first note that




EXCITASIUTY 253

all desenbe the gross behavior of the whole heart and not the be-
havier of single eells We find that the following periods can be
delineated
1 A perod 1n which no propagated nction potential can be
evoked by electrical stimulation The tissue 18 netther ‘absolutely
refractory ' nor * irresponsive”” durmg this period swnce many active
changes can be :nduced by current flow Noris it strietly possible to
subdivide this pertod into an early part when subthreshold responses
are hard to obtam snd a late part when they are easy to obtamn
Although the heart 13 not absolutely refractory toward electrical
stmult 1t13¢ effectively ! refractory m that 1t will not respond with
# propagated action potential It 1s obvious that the term refractory
183 very unhappy one but rather than refer to the ‘period durnng
which a propagated action potential cannot be evoked by a stimulus
even though the stimulus may produce other active responses in the
tl.sue,” 1t 13 probably logical to designate this period as the effectue
refractory period
2 The effectrve refractory period ends at the moment when 1t
becomes possible to evoke a new propagated respon.e by an electr:
calstimulus Such g response can be evoked only by a strong stimulu«
end appears only after a considerable latency The period dunng
which excitation can be ey oked by a strong strmulus and after a long
latency can be smd to end at one of two moments the moment when
the threshold reaches the value found 1 phase 4 or the moment when
the stimulus-response latency reaches the value characteristic of
Phase 4 These tno moments are not the sume The period which
begins at the moment when a response can first be evohed and ends
2t the moment when the threshold reaches the value charactenstic
of phase 4 15 the relative refractory period The moment when the
f:‘m;llus Tesponse latency reaches the value characteristic of phase 4
th:?- Iled the full recovery time T 15 thus seen that the beginning of
reir: tatlve refractory period 1s dentical with the end of the effective
needzozybpennd but that the end of the relative refractory period
3 I: me the same as the full recovery time
by 8 b e normal heart the relative refractory penod 1s followed
s ﬂm's; m;srval during which the threshold 1s slightly lower than
4 Fori phase4 Thisinterval 1s known as the supernormal period
al ome reason the perod following the end of the supranor
Penod has never received s name which characterizes its

W
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exaitability It 1s phas<e 4, or drastele, and in ventricular fibersit 13 a
pertod when the eathodal threshold s low and constant gad the
stirulus-response interval 13 low and eonstant

It would obviously be desirable to :dentify the vanous penods
described abova wath the state of  cell as determned by 1ts traus
membrane action potential This 1s unfortunately rather diffients In

420
w ol
~20
FRT
~40
14
£ap
~80
~20
——
B VS LT SN ER DAY S URURII UURTE WPRUUIOUN VORERe T
W [ BN - T T M I

" SEC
Fio 828 Ecbematic diagram of the eusl telstonsiup between tmnsmembl;l:“
potential and eathodal evertabihty FRT full recovery tune APP sbsol k\;”
refractary period ERP sfirctive tefractory periad RRE vistive refrsctoy
penod S¥P supumormal penied See text tor diseu.ion

the narmal fiber 5 cortmn relationship usually holds nnd s relr
tionship 15 depicted sn Fig 8 26 which shows the transmeppbrate
action potential m relation to the different perods The ub:c!utzo
refractory pencd lo.is throughout alf of phase 0 phase 3, phu.seh.
and part of phase 3 The relative refractory penod begsas Whea e
{ransmembrane potential reaches a level of about 60 mv The supefr
normal penod appears to be assovated with the termunal part :ﬁl
pha o3, 2nd the full recovery tume ordinanly comadis with the :m
of the supernorms! persod and wth (ull repolanzationt The gmthe
aifficules Wineh anse 1n establhung this relationship cm:ccﬂ:rhB
end of the relatwve, refractory period and the full recovery ime
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1350 becau e each depends upon the properties of the cell in a very
complex fashion

Threshold depends upon the level of the transmembrane potential
and of the threshold potentsal It also depends upon the cable
constants of the fiber Moreover since the relative refractory period
as usually determined depends upon the use of external stimulating
electrodes the threshold depends upon the fraction of the stimulat
ing current which penetrates the membrane It 1s therefore impos
sible to regard the relationship shown i Iig 8§26 as precisc
Equally, since the full recovery time depends for 1ts definition upon
the appearance of normal lateney and conduction veloeity 1t can
not be readily related to single-cell properties Conduction 1eloeity
158 complex function of all the factors upon which threshold depends
andis1n addition & function of the swiftness with which regenerative
depolanzation 15 able to develop Subject to these reservations the
relationship shown in Ig 8 26 can be accepted as a basis for discus
sion It should be remembered that the threshold to anodal stimuli
showsan entirely different relationship to the transmembrane action
potential (see Fig 8 21)

The character of the response of a stagle cell to anodal or cathodal
stinult during the various phases of the action potential was dis
cussed v detax] at the begmning of this chapter It need only be smid
Yere that the propagated response 1s always 1bnormal 1 rise time
awphiude, and propagation velocity throughout all of phase 3 and
I partreular therefore throughout both the relative refractory
Penod and the supernormal period It 1s thus the full recovery time
and not, the end of the relative refractory pertod which signals the
appearance of a fully normal exaitability both in the whole heart and
10 the smgle cell It has also been pomted out that various agents
Such aslow temperature altered pH drugs and metabohe mmhibitors
™3y change the relation hip between the transmembrane potential
:nd the recovery of exaitabiity When this occurs the situation

O%n 1n Fig 8 26 no longer obtains
Wsl:ﬂdles of the exertability of the intact 1n sttu heart as earried out
then external stimulation and recording sre far easier to conduct
whel m: sigle fiber studies They may also reveal properties of the
app:::- eart which cannot be revealed by single fiber studies It 1s
IRl eat on the other hand that such studes will have maximal

e if they can be conducted and nterpreted i a way which make:

;/
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1t easy to relate the results to the transmembrane potentiat (Hofl
man, liao, and Suckling, 1957) The usual deseriptions of refracton
ness or exeitability of the heart fail to take into consideration changes
1n the response to the apphied stimuls Tlus aspect of the recovery of
exeitabihity of cardiae muscle appears to be of consderable smpor
tance m view of the farge safety factor of propagation (Hoffm.n
Kao and Suckling 1957) Indeed, most of the unusual respon e
patterns of partially repolanzed cardime muscle would seem to
depend more directly on the ultered respanse (1e  the abnormal
action potential) than on a change m the threshold to appled
electnieal stimult Use of 2 small saction electrode at the stimylus
stte will usually give gome of the desired information about changes
1m electrical resp without introdueing the d Ities inherent 18
microeleetrode recording
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GENERAL ELECTROPHYSIOLOGY
OF THE HEART

An attempt 15 made in this chapter to revien the varous prop
erties of cardia cells from a phenomenological viewpoint and also
to exapune some theoretical nterpretations of the resting potential
Pacemaker activity depolarization and repolanzation The theo-
retieal investigation 1s largely limited to the modern 1onic theory
Tt will be seen that, the version of that theory presented m Chap 2
Tequires many modufieations and that its application to cardiac cells
Temaws speculative to a substantial degree

EXCITATION AND CONDUCTION IN CARDIAC FIBERS
Normal Conductyon

There seems to be no reason to suppo e that the conduction of
the action potential m cardiac cells 1s fundamentally different from
et 10 o o excitable tissue All the available evidence sug
gests tha, the primary events ate electnical 1e that propagation
depends upon the fact that depolanzation af any point in the fiber
18 regenerative anq upon the further fact that the fiber possesses
eOre-conduoton Dbroperties which ensure that full depolarization at a
PaIntn the fiber wyll induce regenerative and all-or none depolariza
Yion g adjacent, areas

Local Response

Regenemtne depolanzation which does not develop mto a

Propagated ation potential 1s an 1mportant charactenistie of car-

"3¢ muscle No, only 13 1t possible to demonstrate & classical local
257
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response to subthreshold depolanzation duning diastole, but it also
Py probable that local ¢ play a role in the intart heart
during phase 3 This 18 80 because the intact heart contamns fibers
whose achion potentsals differ i duration from the action potentsals
of contiguous fibers a faet which permuts & eccond exertation to
arnve at a fiber stil incompletely repolarized (sce Chap 8) A locs!
response may develop under these condittons, and 1f 1t does 1t pro-
longs refractoriness at the site at which 1t oceurs It 1s probable that
premature mvaston of various parts of the conducting system by
atnal or ventneular impulses does oceur and that the resulting local
response at the junction with fibers of long refractoriness 1s 1mpor
tant 1 und dimg such ph as echoes, the apparent dual
atrioventricular conducting systems and themtiehion of fibnllation

Threshold Potential

1t has been proposed (see Chap 2) that exaitation aries when the
transmembrane potential of an exestable cell 1s reduced to a certan
entical vajue the so-calfed thre.hold potentiaf This idea 1511
contrast with the older 1des that exertation depends upon reducing
the transmembrane potential by a certain amount The evidence for
the eutstence of & threshold potential sn Purkange fibers is quite good,
the esidence for other fiber types 1s less conclusne

All or None Response

In cardiac muscle ns 1 nerve and most types of mam
skeletal muscle the usual electrieal response 15 all-or noném pature
When the membrane patential 1s lowered sufficiently, regencratt &
depolanzation carries the membrane potential more or les¢ rapidly
to & new level which 5s charactenstic of the partiular fiber uud;f
conaderation and whick g independent of the strength of the
stunulus The swiftness and magmtude of the all-or none rc‘pm‘i:
are dependent on the fiber type the level of membrane pa?ﬂ\z‘sl
prior to stimulation the rapsdity with which the membrané P"“"(iﬂ
attams threshold and alse on the geometrv and membrane poter
of fibers just ahesd of the active region In addition all the m::"e
factors which have been described ns modifying the NGGY;S’” o
responte also nfluence the upstroke of the action Pom‘th ed‘\;t“‘
erated by a particular fiber when a constant stimulus 18 apP
fixed level of membrane potential

malian
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Conduction Veloaity

The all-or none response of eardiac muscle 13 propagated at
matkedly different velocities 1n different parts of the heart The
extreme values may be as Jow ns 0 02 m/sec 1 the atnoventncular
node and s bigh as 4 m/sec 1 the fal e tendons of the conducting
Systerm A good deal of compleuty attaches to the interpretation of
changes i conduction velocity No complete mathematical formula
tion relating conduction velocity to the other properties of excitable
fibers hag ever been precented except that of Hodghin and Huxley
(19328}, and that equation has never been solved explieitly for con
duction velority This 15 so 0 part because conduction velocity
depends upon so reany factors It d ds upon the cor d
DProperties at rest (which are known with sccuracy only for Purkinye
fibers) upon the coreconductor properties during activity (which
can only be estimated), upon the threshold 1 and resting
potenttal and most importantly upon the active response of the
membrane which determimes the rapidity with which regenerative
depolarization develops at an e<eited area

Changes m the core-conductor properties might account for some
cbanges m conduction veloeity as mught changes mn the threshold
Potential or resting potential but most changes 1n conduction
veloeity probably depend upon changes tm the rate of depolanzation
inlmmg to the bl b The d of econduction
;’elomy £een 1n depolanzed fibers or in fibers in 8 medium containing
oW Na¥ prohably results from the fact that the upstroke veloeity 1s
M‘“ed It seems quite musleading to explam a slow upstroke
cas:my as resulting from a slow conduction velocity when m most
o tli it ;s actually the slow conduction veloaity whirh 1s secondary
oy : 0w upstroke velority This distinetion mav be clanfied by
!gszb;xce to mermbrane action potentials (Hodgkin and Huxley,
s bm which & larpe 2rea of membrane 15 synchronously exeited

o thr 12 which the upstroke of the action potential 18 slow he-
oA be conduction velocity 1s slow the membrane actron potential
con d\xcne expected to show a rapid upstroke In fibers i which slon
depal m:l‘-é velocity 1s secondary to a slow ntrmsic regenerative
Yoo upsta ton the membrane action potential would also show a

roke veloaty

Amm“gh most changes 1 conduction velouty 1n a gven fiber
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response to subthreshold depolarization duning diastole, but 1t also
appears probable that local responses play a role 1n the mtact heart
during phase 3 [his 1s so because the intact heart contains fibers
whose action potentials differ in duration from the action potentials
of contiguous fibers a fact which permits a second exatation to
arnve at a fiber still incompletely repolanzed (see Chap 8) Alocal
response may develop under these conditions and if 1t doe 1t pro-
longs refractoriness at the site at which 1t occurs It 1s probable that
premature vasion of various parts of the conducting system by
atnal or ventricular impulses does occur and that the resulting local
response at the junction with fibers of long refractormess 1s 3ampor

tant m understanding such phenomena as echoes the apparent dual
atrioventricular conducting systems and themtiation of fibrillation

Threshold Potential

It has been proposed (see Chap 2) that exertation arises when the
transmembrane potential of an excitable cell 1s reduced to a certad
entical value the so called threshold potential This ides 1812
contrast with the older 1dea that exestation depends upon reducing
the transmembrane potential by a certain amount The evidence for
the existence of a threshold potential i Purkinge fibers 1s quite good
the ¢vidence for other fiber types 1s less conclusive

All or None Response

In cardiac muscle as in nerve and most types of mammalian
shelctal musele the usual electrical response 1¢ all-or none 1 nature
When the membrane potential 1s lowered sufficiently, regl?““"m‘le
depolarization carrses the membrane potential more or less rapidly
10 & new level which 1s charactemstic of the particular fiber un;ihel'
consideration and which 1s independent of the strength of ::
stimulus The swiftness and magnitude of the all or none respoln;j
are dependent on the fiber type the level of membrane potent 131
prior to stimulation the rapidity with which the membrane poten:n |
attains threshold, and also on the geometry and membrane poie“my
of fibers just ahead of the active region In addition all the mt »
factors which have been described as modifying the rcgeﬂ:)m ;n
response also mfluence the upstroke of the action pntcnlllcdi“
erated by a particular fiber when a constant stimulus 18 spp

fixed level of membrane potential
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employed to aid in the mnterpretation of the sanous elertrocardio-
graphie waveforms If this hind of mformation s available the
appearance of the electrovardiogram may be predicted It 19 not
wsually posable however, to deduce the shape of the trancmem

brane potentials and of the sequence of activation from the
electrocard The d shown in Tig 9 1 emphasizes the
fimited nature and scope of information contamed in the usual
electrocardiographie tracmg For evample the electrocardiogram
rarely contamns any indication of the electrical actnity of the
smoatrial node the stroventmeular node or the speciahized eon

ducting system If electrograms are recorded directly from ail parts
of the heart the true sequenee of electrical activity can be appre-
ented and details such as the proportion of the PR mters el acoupred
by conduction 1n the ntrmam atrioventrieular node Fg burd'e, and
peripheral Purkinge fibers are revenled (Tigs 7 13 7 14) Howesis
even recards of this sort fail to give adequate mformation on Tocal
duf m the tr brane potental Only by correlating

studies of the electrieal aettyity of single fibers and groups of fibers
wih the electrical artnvity of the entire heart can records of the

latter sort be subjectcd to more precise interpretation

THE RESTING POTENTIAL

Magmivde

The magmtude of the resting potentia} of vanous types of eardnac
muscle fibers 18 sted i Table 31 Although many lower values
have been reported the resting poteatial of most cardiac fibers 1
between 8o and 9o mv Ths range of valuesisin reasonable aE"-‘%‘
ment With the magmtude of the potential calouloted from aceepté
values for the K* concentration gradient and with the prcdxctlo!l:
of the 10me hypothesis In some tissues, such as the smus 3 eno%!
and smoatmal node the lon resting, potentl may be n‘;\ocm(t
with a low fiber k¥ coneentration and high Na* concentration {<¢¢
Table §-1)

Effects of Extracellular Jons v
The rosting potential of cardiac muscleis not changed uppmzci)?)r A

1f the concentration of Na¥ in the extracellular flmd 18 mcm’a cdo g

NaCl 15 replaced by 1sosmotic amounts of cholmo chlon
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sucrose Changes m the concentration of Cl~ or of the bivalent
cations (Cat+ and Mg*+) simslarly have httle effect on the magmt
tude of the resting potential under ordinary circumstances As in
nerve and most vertebrate sheletal muscle the resting potential of
carduac fibers 13 strongly wnfluenced by It If the concentration of
this ton 13 mereased above normal the resting potential falls m
lmear refation to the logarithm of the h* concentration VWhen the
K+ concentration 15 decrcased below normal the resting potential
usually fails to incres..e and often falls to low values Acetylcholine
which 15 thought to 1ncrease the permeability of the membrane to
K, has been shown to bring the resting potential of atrial and sinus
tissue closer to the p quilibrium 1

P

Other Factors

If the resting potential 18 clo e to the potarsium equilibrum
potentral most agents have ittle effect on the resting potentsal or
only a delayed effect Thusanotia substrate depletion and a vanety
of metabolic inbibitors cause & slow moderate depotanzation High
concentrations of cardiwactive substances such as qunidme and
digitalis act prmilarly Marked cooling for prolonged periods of time
causes some depolanzation s does estensive stretehing

lonic Basis of the Resting Potential

The poteptial difference across the resting membrane of an
exatable fiber 18 thought to result from the high concentration of
Potassium 1nside the fiber and the tendency of this 1on to diffuse
mitwards to a regton of lower concentration If the membrane Wen‘a
seloot Iy b

y p o [ the p
should be given by the relationship
_(E [A#]
or, 2t 37 G,
Ad]

E=6l5log {A‘ﬂ
At normal extracellular p the resting poten-
tial of cardiac muscle fibers closely apr the value obt

from substitution of measured values for I+ and K + 1z the equa
tion abgve Thus in cat ventricle the fiber h %13 151 meq/1 (Robert
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son and Dunthue, 1954, sn Tyrode solution contaming 2 7 meqg/! of
K+ the caleulated value for the potassmm equihbnium potentsal
104 mv, 18 reasonably close to that measured by means of mntrs
cellular microelectrodes (85 to 90 mv} In fibers of rablut atrum the
K+ concentratron 1s 114 meq/f (Walmor Carlos de Melfo, unpub-
hshed observation), mn the Tyrode solution used the h* concentra
tion 15 2 7 meq/? The theoretical K+ equilibrum potential therefore
18 99 5 mv while the average measured resting potential 19 88 mv.
Past of the discrepancy may result from errors i measurement of
the resting potentisl another source of error 13 found 1 the expert
mentally determined values for fiber &k + which must depend upon 2
caleulated volume for the extracellular space The difference between
the caloulated and d restang potential might also result from
potentals contributed by other 1ons It hos been estabhshed that the
resting membrane 18 permesble, not only to K* but also fo Ns%
Cl-, and Cat+

It seems quite possible that the restng cardinc mombrane 18
mdeed almost selectively permeable to K+ Howeter, until eareful
measurements of Testing potential have been made m CI” free
media an accurate estumate of relative permeabilities and relative
cantributions of It and Cl- to the transmembrane potential canpob
be obtamned The contribution of Ca** pnd Mgt to the reshng

1 can be pted as neghgible, smce complete sbsence of

these 10ns or marked nereases 1n their concentrations are without
any apprecisble effect at normal values of Lot

The changes i resting potential caused by an eleva
extracellular K+ t1on also support the coneept that this
potential 19 caused largely by the potasaium concentration grndhent
In lower than normal concentrations of K* the slope of the b:;
relating resting potential to log Ja,* 1s less steep than that predict
by the equation given sbove perhaps because of current c:\mcd
aeross the membrane by other 1ons Another possibility, SUgB t -
by experiments on sheletal musele (R H Adnan, unpublisted); "
that potassiam permeabihty may be mversely related to the dnvis
foree causmg K* efffux In agreement with either of these m
hilittes 18 the finding that the mp
eaused by acetylcholine results m an mereased
all levels of X,* and does so particularly at Jow
effects of Catt depletion 1n low B+ solubions msy be

tion 1n the

pe
sesting potentist 8
tevels of Bt The
‘brought about
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1 the same way or through a decrease in inward No+ current One
other factor nfluencing membrane potential and presumably also
potassium permeability should be mentioned When the resting
potential 13 low, as 1t 13 1 normal pacemakers or in other fibers
which are partrally depol d the tran b potential often
approaches the potas.ium equilibrium potential just after phase 3
If pha.e 3 15 ndeed associated with an increase in potassium perme-
ability, this observation supports the proposition that the resting
potental 15 determined largely by the potassium concentration
gradient and the potassium permeability An alternatinve explana
tion for the brief phase of hyperpolarization during and after phase 3
s that 1t results from mactwation of Nat carner and a transient
decrease in 1nward Nat* current

It hag been mentioned that a vanety of factors which mught be
expected to decrease the active K+ transport mward across the
membrane, exther with or without a concomitant change 1n permea-
bility and passive movement of potassium, do not cause an abrupt
fall m the resting potential These findings sugyest that metabolic
actmity contributes to the resting potential primarily 1f not solely,
through the of 5 normal d +
All svailable evidence thus suggests that the resting potential of
cardiac muscle results from the tendency of h* to diffuse from a
region of hugh to one of low 100 2CTOSS A b largely
but not exclusry ely permeable to thision The major weakness in the
experimental evidence supporting this concept stems from a lack of
Information on the contnbution of Cl- to the resting potential
Smee CI~ 15 1n Jow concentration wside the fiber and m high concen
tration i the extracellular flud the potential difference due to ths
1on would be of the same sign as that due to the h* concentration
gradient Tt 15 to be hoped that future studies will supply mforma
tion on the movements of K+ and Cl- across the resting membrane
durmg phase 3 and phase 4

THE ACTION POTENTIAL
Introduction

In each of the preceding chapters evidence has been presented
which hears upon ! posstbly ble for the exeita
bility of cardiac muscle By far the most extensive stuches hay e been
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carned out on sngle Purkinye fibers (Weidmann  1906a), which,
because of their large dismeter, relatn ely frequent branehing, sod
weah vontraction, are best swted of all cardine muscle fibers for
experiments of this sort In summanzing evidence beanng on the
nature of the action potentia} of eardioe mu.cle, therefore, con
siderable emphasis will be placed on results obtamned from micro-
electrode studies of Purkinje fibers Wherever possible, comparable
data pertanimg to atrial and 1 entricular muscle will be weluded for
the sake of companson

Y

The Applicabritty of the Hodgkin Hyp

The theary of the perve mmpulse of the squid gant axon as
develaped by Hodghmn and Huxley and thete aswociates 13 complex
and well supported In ressewing the extent to wh oh that theory
msy be apphied to cardiac mu cle 1t 1s nece <ary ta present a more
extended analysis than was gives i Chap 2 Each line of reasoning
wiuch 15 mmportant 1 the theory as apphed to the giant axon
will be presented along with the comparable evidence for cardine
tissue
Impedance Changes If the action patentsal 13 the result of an 1
creased permeabrlity to any or all ion specses, 1¢ 15 ta be espected that
the membrane reaistance wiil fall dunng the upstroke of the aetion
potential, swee the freer mos ement of 1008 across the membrane will
vesult m 2 lower resistance to current flow The demonstration of fhis
sort of fall 1 1mpedance n the squd giant avon (Cole and Curbs
1939) 33 usually regardrd as & classic demonstration of the es entiel
correctness of the wiew that a change n 1usc permeabibty 3
essential to propagatian of exextation The findimg steclf of covree
sheds no hght on the nature of the 1ons mvolved

Vanous findings on cardie cells mdicate that membrane 58 iste
ance falls dunng phase ¢ Howeser, even the most careful studty,
that of Werdmano (19563) failed to deteraune the prenise degt;éﬂ :‘
which mpedance falls during phase ¢ Wesdmann found that hn’c
Sow (about 1 per cent of 1ta diastolic value) at the very end of p ;
G and the very beginmng of pha e 1 It 18 thetefore obyious that er-
falls at lesst that low durmg phase @ but st may fall umle‘:ry
Wdmann's studies of K, were made on Purhinte fibers and ‘nng
httle u eful soformation 13 asaiable on the change of Ka U
phase G 1 other cardiac fiber types
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External Na+ and Actron potential Amplitude One of the earhest
observations (Hodghin and hatz 1948) on which the Hodghin
theory 13 based was that & quantitatsve relationshup eusts between
the ratto of Na,* and Na + and the amplitude of the t b
action potential of the gant axon It was found that a lowering of
Nag* reduced the amplitude of the action potenttal without pro
ducing & symificant change in the resting potential Moreover the
reduction of ampltude was found to be n reasonable quantitative
agreement with the prediction of the Nernst equation fora potential
difference eaused by an 1onic ton cell This t was
found 1o hold over a rather wide range of external Na* concentra
tions Finally 1t was noted that a sufficient reduction mn Na * re-
sulted 1n loss of conduction This fact long known was shown to
te ult not from the total abolition of the regeneratiye respanse but
from a lowering of 1ts amplitude to a pomnt where the action potential
w33 too small to stimulate adjacent areas

Results 1n substantial agreement with the Hodghm hypothesis
were obtamed on dog Purkinje fibers by Draper and W exdmann
{19a1) Results on sheep ventricular myocardium are in reasonable
agreement, with the Hodgkin hypothesis (Déleze 1959) A ertical
estimate of other results on ventricle will be found 1 Chap 4 the
general conclusion advanced there 1s thst the results do not con
vineimngly support the Hodghuin theory although 1n most cases they
may be interpreted 1n terms of that theory The most extreme
departure from the Hodghn theory 15 found i the results of
Coraboeuf and Otsuha (1956) on guinea g ventricle 1n that tissue
the action potential seems able to go on quite meely 1n the nearly
total absence of external Na+

1t 15 somewhat disturbing to note (Table § 1) that the Purhmje
fiber the action potential of which behaves in fanly good accord
with the Hodgkin theory, departs farther than most cardiac cells
Trom the pieture of ligh Na + and low Na+ The Purkinje fiber 13
reported to have a comparatively high Na * and a comparatively low
K+ This fact emphasizes a fundamental difficulty m evaluating
results of thus sort the pauaity of rehable data on tome distribution
e cardiac cells

Ezternal Na+ and the Steepness of Phase 0 A decrease in Na +
decreaces the deny ing force acting on Nat and also decrea es the
amount, of Na+ available to carry mward current Both these effects
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cause 8 dimsmished rate of depolanszation during phase 0 Thus finding
18 well documented for the squid axon and 18 farrly well demonstrable
m Purkinje fibers (Draper and Weidmann, 1951) sheep ventncle
(Déleze, 1959) and rabbit atnum (Hoffman, unpublished) Agam
Coraboeuf and Otsuka (1956 found that lowenng external Na*
does not dumimsh the steepness of phase 0 1 gumen pig ventricle

Voltage clamp Studhres A major line of evidence m support of
Hodgkin’s explanation of the action potential in the giant 2von
comes from the so-called voltage-clamp studies In these studies
special electrodes and electronie feedback exremts make st possible
to displace the resting potential to a new value and hold 1t there
The changes in permeabslity which oceur result i a change m the
current flow to hold the \: tential at a constant
value The eurrent flow 15 measured and gives an mdication of the
permeabiity changes (Hodgkin, 1957) If the membrane potential
1s displaced beyond the threshold potential oceurs, and
the membrane undergoes the sequence of mward and outw ard euf
rent flow whach 15 assoeiated with the b1zl rise 1n sodwm permes
bility and sith the later mp pormesbility It hss
also been posmble mn the mant axon, to separate the permeabslity

change mte components of sodium and potassum permeabibity
different voltage levels 12

change by ok the b at

i d of Na*+

Further important information about the Na‘t permeabibty
2. 18 ob d by the two-step clamp expeniments In these

experiments the membrane 1s clamped at some level, and then the
voltage level 1s suddenly shufted If the mutial Jevel was one which
produced an action potential the effect of a new clamp 26 8 level
nearer the resting potentsal s to turn off the action potentxa! tos
greater or lesser degree Expermments of this sort gise snformation o8
the effect of repolanization on Na* permeabshity snd also reveal the
ntrnsie fall m Na* permeability whick resulls automatieatly !mr!rl
depolarization (the mactivation of Na+ permeabihty 29 & result 0
depolarization)

1f the smtual level at which the membrane 13 clamped 33 not one
swhich results 1n exertation and the seeond level 15 one which doed
aformation 15 obtained on the effect of prefimmary dcpolmf;"(’g’e’
or hyperpolanzation on the sub cquent seton potential to
membrane 15 parhially depolanzed for & tume before the ac
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potential 1s evoked 1t 1s found that mactivation of the Nat carmer
syste has orcurred Thss 1nactiation manifests itself m a lowered
degree of Na* permeability increa « dunng the action potential
Such mactwvation corresponds to the lowered amphitude and r=e
rate of an action potential propagating through a partally de-
polanzed fiber Hyperpolarization on the other hand, mereases the
degree to which Na* permeability increases dunng an action
potential This corresponds to the old observation that an action
potentral which propagates through a hyperpolanzed region does so
with increased velocity (faster upstrohe) and increa ed amphtude

Weidmann (1925« b) bas carried out experiments of a simtlar sort
on smgle Purlange fibers by applying polarizing current through one
mtracellular microelectrode and recording the transmembrane action
potential through another microelectrode mserted mto the same
fiber 2t a hort distance from the polanizing electrode In theee
experiments the frapsmembrine potential close to the polanzing
electrode could be mamtamed at any desired value by means of a
feedback uiremt However since only & small portion of the mem
brane way clamped at the desired potential measurements of the
membrane current were not obtamned Instead changes in avals
biltty of Na+ carrier were 1nferred from changes 1n the nsing velocity
of the action potential upstroke and from changes 1 the magmtude
of the over hont

When the membrane of the Purkanje fiber was clamped for 50 to
100 m ec at cufferent potentuals and then stimulated an S shaped
relationshup between the clamp potential and rate of nse of the
2ction potential was obtamed The rate of rise was maamal at a
E,mnsmembmne potential of 90 myv or higher was half maximal at
Imv and {ell to zero between 40 and 50ty Also the overshoot
Was matimal when the membrane was clamped at 90 mv and fell
to zero at clamp potentials of 60 mv When the eame studies were
made 1 a solution contaning only 2u per cent of normal Na* a
sumifar 8 chaped curte was obtamed however maamal rate of rise
Bas only 37 to 57 per ecnt of that seen m normal solution The
relationshup between the membrane potential and the nsing veloaity
of the action potentia]l was the same when the membrane was
clamped at the dessred level during dastole as when the clamp
Voltage was applied during the action potential SBrmularly, when the
Membrane was depolanized by excess KCl an mncrease i membrane

-
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potential due to the voltage clamp restored neing velocity of the
action potential to values comparable to those obtained at =rmdlar
clamp voltages 10 normal scluton Double pulse experrrents
sumlar to those deverrbed for the sqnd gant axen demonstrated
that changes in the nsng velocity of the sction potential followed a
change m membrane potential more rapidly when the change 1
membrane potential was large The time constant for changes m the
rate of nse vwas found to be less than 20 mree

Thesr experuments can be nterpreted to mean that changes m the
mavximum rate of nse of the action potential are mndicatr e of changes
1 the sodium permeabshty of the membrane and of changes 1 the
tward sodium current density In this sense they are also amen ure-
ment of the availabiity of Na* carner and can be compared to the
results obtamed by Hodghm from squid gant axon In general there
15 2ood agrecment betw een the messurements made on the two types
of tissue Studies of other types of cardiac muscle also suggest that
there 15 o smilar relationship between the level of membrane
potential prior to shmulation snd the rate of nse of the acten
potential and amphitude of the overshoot When papillary mustle
fiber, are repolanzed by pulses of anodal current applied at any time
after phase § (see Chap 8), the muximum nsing velooty and
amplitude of the bresh response depends on the lcvel of membrane
poteutial prior to the break i much the same manner asshownid the
voltageclamp expenments When the resting poteatial of cardise
fibers 15 lowered by a vanety of factors such as cxcess hC Fiz 39
or local pacemaker actvity (Fig 7-4) there s a decrease it then wg
velocity and 1n the amphtude of the action potential

Smee 1t has not been posstble to effect 4 true * clamp | of a cardiac
cell, 1t has not been possible to determine the true chapge permoed
bility duning activity, nor has it been possible to separate the per
meability change into changes attributable to speusfic 1088 Suchhs
ceparation n the squid giant axon provided the ba 19 for a 3
ematical synthes:s of the action potential salely mn terms of wltl:!gf
and time dependent permeability changes (Hodgkn and Hud ;;E
16028) A reconstruction of this hind obvsously has not been posst
for card.ac celis a1

Ton flux Bleasurements If the action potential results fror!:wnt
wmerease 3 Na* permeabihity and Na* mflux and s wubsed ol
inerease in K+ permeability snd h+ efltux, each action poter
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should result 1n a net gasm of Na* and loss of K* by the fiber If the
passive electrieal properties of the excitable membrane are keown, 1t
13 possible to estimate the magnitude of the tome fluxes associated
with an action potential Studies of giant nerve fibers have demon-
strated that during aetis ity there 1s a net gain of Na+ and loss of K+
and also that the magnitudes of the net fluxes determined by the
use of radioactive tracers are 1n good agreement with the values
obtained from calculations based on the 1omie hypothesis (heynes
1921a,b) Other studies of gant nerve fibers have shown that after
2 period of activity, there 1s an active extruston of Na* and uptake of
K%, 0 that the normal concentration gradients of these 1ons are
mamtained (Hodgkin and heynes 1954, 1955) This active trans
Port of 1ons can largely be inhibited by certain agents such as
dintrophenol nzide or cyamide, however, even when Na* extrusion
and h+ uptake are markedly depressed by such metabolic poisons
the action 18 dm litude and form and the
uptake of Na* during actrvity 1s unaltered The concl b d
from experiments of this sort 18 that metabolic activity 1s important
D mamtaning the normal concentration gradients of Na* and K+
and 1 promoting recoy ery from activity but that metabolic reac
ions of this sort are not directly involved in the production of the
action potental

number of studies of several types have shown that under
&ppropriate conditions activity of cardiac muscle 1s assocrated with
& tet loss of h* and gan of Na* In general however if 1solated
Preparations of heart muscle are mn good condition and ire m an
:?Propnate there s no d rable net change in the
. e content of the fibers even after prolonged periods of activity at
fasonably rapid rates Moreover 1t has not been possible to
c:;‘lsﬂn trate » net gam of Na* or net loss of K+ during a single
won la¢ action pot. The most e exp of this
‘mhare those of Wilde (1957), using a turtle heart previously loaded
radioactive K+ he demonstrated a pentodic efflux of K+ which
3bpeared to be synch, wmith repol I p of
::Q?:mn;uscle are treated with any of a large vartety of metabolic
and thg(;see C‘lllﬂp 4) there 13 a decrense in the resting potential
decnense t;m‘}i’ tude of the action potentisl and frequently a
of the se € duration of the action potential as well However, all
early changes in the action potential may well result from the
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effect of the altered resting potential on mward Na* current When
metabolic mhibition has evsted for longer times there 13 hitle
doubt that the some concentration gradients are altered and that
the fiber gams Na+ and loses K+ This observation supports the
obvious conclusion that the mamntenance of the pormal concentra
tion gradients depends uliimately on some aspect of eellular metabo
hism, bowever, 1 the heart as i grant nerve fibers, there 13 no
evidence i support of the tder that the action potentsal itself 18
directly dependent on any of the metabohv pathways which have
been blocked by mhbitors

Summary

It will be seen that the evidence m support of the apphcabihiy of
the Hodgkin hy pothesss to cardie cells 18 less comymemg than i
that w hach supports the applicabihity of the theory to the giant aton
1t 15 interesting to note that the few quantitative studies syadable
afl have one thmg i common Reduction of external Nat alters the
action potential, but 1t docs so to o lesser degree than the theoy
predicts Thus fact suggests the possihility that some other 100
participates n the depolarization It seems extremely lihely that an
merease 1 Px plays a significant role wn the proce s of depolanza
tion i mast cardiae fibers 1t also seems hbely that some 5d
unhnown factor 18 important

ditional

REPOLARIZATION
Introduction

Most of the peculiarhes which distinguish action potcnmalst;f
cardiae cells from those of other exeitable tissues are associated wit
the delayed and slon repolanzation which 13 seen to o greater of
lesser extent 1 records from all cardinc fibers The duration of tb,;
achon potental of eardine cella v aries within the same heart 83 2%
a8 from one species to another, but 3t 1s usually long 10 commpansas
with the action potentsal of nerve or skeletal muscle of the species :‘
questson This sustaned depolanzation may be ymportant 10 ’mle
tainng the prolonged traction ch 1siag of heart muse n'
moreoyer, most of the curious aspects of cardsne exatability m{ a:;c
durimg the peried of repolonzation Because this aﬁpcc; 0‘ o
clectrical activity of cardic fibers 15 not ouly unv ual b
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poarly understond the effect of a varety of agents on repolanzation
will be suramarized below In the last =cction of this chapter an
attempt 18 made to relate the varous known facts to an some
theory The summary of the effects of varous agents 13 onented
toward the theoretieal discussion and 18 not therefore exhaustne
No detailed comparison with the giant axon will be made since it 18
clear that the mechanism of repolarization 1n cardiac cells differs
igmficantly from that of the giant axon

The Phases of Repolarization

Tt seems advisable at this pownt to examne entically the divison
of repolanzation into three phaces This division 18 used because 1 18
romentent for de eriptive purposes Phase 2 corresponds to the
plateay and phase 3 to the phase of raptd repolarization Yhen one
speaks of the slope or steepness of pha.e 1 2 or 3 one refers to the
slope of 2 line more or less tangent to the action potentin) during the
phase i question This tangent does not represent in detail the
actusl voltage change Among other things mportant transitions
are ignored completely These transitions, from pha ¢ 1 to 2 from
vha e2¢0 3 and from pha ¢3to4 are of considerable interest or
example cooling changes the transitions as much as or more than
1t changes the glopes of phases 2 and 3 In general any agent which
afferts the time coure of repolanzation alters the whole shape of
action potential To describe the effect of temperature or some other
varble .olely 1n terms of the slopes of phases 1,2 and 313 to suggest
that nothung has changed but the time axes of the.e pbases Finally
¥ should be erphanized that certain properties of the membrane
E“:h asimpedance change continuously durmg any particular phasc
fun.:i distinction between the three phases may or may not be a
h 2mental one 1 any case the nomenclature will be used in this
COApter as 1t 15 1n the rest of the book
Bb:f:z Presence of Three Phases tn Dafferent Tussues In =mite of the
near] r;servatluns 1t 15 important and interesting to note that
tion i 1:1 :xc)tnble tissues chsplay at least two phases of repolanzs
repolas Ct correspond to phases 2 and 3 A slow and fast phase of
o sl\ekltml lon may be scen eg 1n thesolated node of Ranvier and
orab g al muscle As far as cardiac tissue 15 coneerned the presence
on th gce of the various phases has been discussed m the chapters

e fiber types Broadly speaking all three phases are present in



74 ELECTROPHYSIOLOGY OF THE REART

the Purkwje fibers and ventricutar fibers of large mammals, phase 1
15 often absent 1 atna and at Jow temperature m frog and turtle
ventriele, phase 2, though present 15 steep and bref i the atnum
of most species and 1 the Sentricle of some small mammals

Temperature

A crtical examnation of the effect of coolmg on the cardiac achon
potential ummedately reveals the tnadequacy of n description of the
changes produced by lon temperature phrased only i terms of the
temperature coefficient of the slope of the three pha €3 of recovesy
It 1s certainly true that the great majonty of the prolongation results
from g decrease in the slope and therefore a lengthening, of phase
2 On the other hand extreme coohng prolongs phase 8 rather drastt
eally Moreover transitions between the phases become markedls
slowed, and something almost Like o new phase may appear betseen
phases 1 and 2 Much wformatson doubtless remans to be obtaue
by new and detailed studhes of temperature effecis The worb of
Hemtzen suggests that neither the division into three pha esnor the
wse of o smple (ha 18 adequate to descnbe efiects of temperature o7
the action potential In the meantime the perfinent observations €3
be summarized by stating that eooling greatly prolongs the duration
of the action potential in oll fiber types from all species and that
phase 2 15 more sensitrve to temperature change than ace phases 3

and 3 {see Chap 4)

Rate

Increasing the frequency of activity i eardiac tissues decreascs
the duration of the sction potential A decrea e1n rate rescmbles 8
decrease 1ip temperature n that the obsers ed yrolongntmn may
largely be attnbuted to an \ncreased duration of phase 2 The rate
effect 18 a strong one In some fibers the action potcnml duration
may be reduced by a suffient 1nerease in rate tole s than one-thir
of the duration scen when rate s infinutely slow’ All studies ”:e
volving rate changes are subjeet to certain reser ations which &
ducussed 1o detml 1o Chap 4

1t seems probable that 1 eny particular cardiag cell thcrehl:{
under any guven set of conditions a rate which s so slow that fur:‘ “
slowing will not produce any incre € 1t duration The dumu;m
cuch a rate 1s therefore presumably ‘Qetermined solely bY thege
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environmental factors such as temperature and 10nic mihieu acting 1n
conjunction with whatever h are rep ble for rep

tion When rate 15 changed the new duration does not immediately
reach a teady state The shortening scen with acceleration requires
& number of beats to stabihize, while the prolongation seen with
slowing may require twenty or thirty beats or longer to become fully
established An extreme increase in rate may abolish phase 1 entirely
and even result 1 each new action potential ansing before full re-
polarization of the preceding action potential Acceleration of such

degree markedly changes the entirc configuration of all pha s of the
action potentral

D N A \ N N

B

T L T
——
gtl):rg.: Records of transmembrane potentials recotded from a single Purkinje
oot cf;v:m,fj some dexl;olanzatlon during phase 4 (Abud“ihm? fn:mcn :]\;5::
ume e k.: tm—y muscle (below) In both eets of records the top tra he §
at intervals of 40 and 500 msec Note the configuration of the single

extrasytole 1m each record Sec text for discussion

Premature Beats If the t1 sue under study 18 stimulated at o
regular slow rate 1t 13 of mterest to note the configuration of the
2ction potentials of single mterpolated extrasystoles A number of
such early extrasystoles are shown in Figs 8 18 and 8 22 When the
€xtra action potential an es 8o early that phase 0 13 slow and the
2mplitude 13 reduced the duration 13 markedly reduced It will be
Seenm Fig 9 24 that a moderately early extrasystole which pro-
duces a regd nd 1 foll 1 by an afterhyperpolanza
hon (fourth beat) Finally a beat interpolated midway between
%0 other beats shows a remarkable change 1n configuration (Dig
92B) the action potential 18 more square, 1¢ phase 219 rather
flat and the transition between phares 2 and 3 19 rather abrupt

lons

Sodium Tt has been noted that a marked reduction of external
Nat concentration results in shortening of total action potential ~
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duration whereas an nerease of external Nat results lengthen vy
This generalization unfortunately s not 4 comprehensive one Two
vanables appear ot present to be most mapartant 1n determmng the
exceptions Species vanmation and vanation m the substance uted to
replace NaCl The need for systematic expeniments on a .ingle

Table 91 The effect of sodium depletion on setion potential dura
ton depencs 1n Part on the remdusl concentration of Na* In
stude of rabbut atnum (% 15 3 8) moderate reduction of Na+ may
caue some prolongation further lowering of Na* concentration then
leads to the shortenmng usually obseryed

Tapss 61 Tar Erreer or Soorost Dertenoy
O Action Forentisn Derarioy

Species NaC2 Ter
and replaced | centage gﬂg{“é’: Referen ¢
tissue by | replaceq ] 9
——————
Dog Sucrose 87 IReductin | Draper snd Wedsmann
Purkinge fiber, 01 4
Suapping im(!e!Sucmx» @ Peduction | Granefield Eyster s
Ventnelp Gilson 10>18
Frog Suero » TIncrease RBrady and Toodbury
Ventrycle (199 }
3 Choloe Decrease Brady and Woodbury
Ventricle chlonide followed by | (1957)
inerease
Gunea pig Choline 25 Incren o Coraboeuf and Otsuks
Ventnele | chlonde (1956 otis
Gumea pg, Choling 50 Prolongation | Corsboenf and
Ventnele chlonde folloned by | (19 6)
reduction 5
Gusea pig Choting Trolongation | D&leze (1909)
Ventncle ehlonde
EaCrose
Sheep Sucroseor] 7, fReduchon | Détdre (1953)
Ventriue choime
chloride Craoe
Rabbat Suroscor} 7, Reduction | Hoftmen n:d o
Atrum chohing field unpublel
chlonde
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The cholimergic action of chohne chloride 1s only 0 001 per cent
33 great as that of acetylcholine Nevertheless there 13 no reason to
vegard choline chlonide ns an inert substitute for NaCl thus fact 19
Partieularly tmportant 1 studies of eardiae tissues On the other
band substitution of NaCl by sucrose results 1n replacement of both
Na*and CI- It 13 clear that much worh needs to be done n thisarea

Potassium Increase 1n external ht shortens the duration of the
action potential This effect results 1 part from & reduction 1n the
Te ting potential On the other hand application of & high concentra
tion of KCl to fibers of the turtle ventrcle durnng phase 2 causes a
matked curtaiment of this phase without prior reduction of the
e ing potential Weidmann has found anodal polanization to be
neffective 1n counteracting this effect (Shanes 1958) Weidmann
has also shown that anodal repolarization of fibers depolarized by a

'oh extracellular concentration of K+ restores the amplitude of
phase 0 relatyy ely more than 1t re tores the duration of phases 2 and
3 1t thus appears that the effect of K+ on duration results only 1n
bary from the concomtant reduction n the resting potential
Attention should be called to the results of Wilde whieh suggest that
there s ubstantial increase 1 the efflux of h+ from cardc cells
durng exther phase 2 or phase 3 (see Chap 4)

Calerum Red of the extracellular Ca+t -
creases the duration of the sction potentsal of ventricular fibers
¢hiefly by mereasing the duration of phase 2 Phase 2 occurs at alevel
Somewhat closer to the resting potential than 1t does in the normal
fiver  Sumilar reduction 1 Ca*+ has lttle effect on the action
Potentals of atrium or Purkinje fibers Elevation of Ca*+ resultsin
reduction or disappearance of phase 2 mn both papillary muscle and
atrmum In gtrum although phase 2 13 steep phas<e 3 1s slow inthe
Presence of excess Cat+ Elcvation of Ca*+ has little effect on the
action potentials of Purlun;e fibers

Acetylchaline

. Ventricle and Purkwnge Fiber These tissues are extremely msenst-
1lve to the action of acetyleholine and vagal 1 Neverthe
t“s: very high concentrations of acetylcholine have been reported
’;;bm'ten the action potential of frog ventrcle and of Purkinje fiber
ese actions oecur at concentrations so different from those which
Tepraduce the effests of vagal stimulation on atrum that they may
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perhaps be ignored pletely In any event one should not assume
that the mechanism bv which these changes are produced is sumilar
to that postulated to explam the effect of acetylcholme on atrial
fibers

Snoatrial Node and Atrioventricular Node The pnneipal effects of
acetylcholine on these fibers are on phases 0 and 4 In general, how
ever, nodal fibers show some slight shortening of action potentl
duration at concentrations of acetylcholme Ingh enough to reduce
greatly smoatrial nodal pacemaker activaty or eause atrioventricular
nodal block

Atrium  Acetylcholme causes & remarkable shorterung of the ac
t1on potential of atrial fibers 1n all speeies which have been studied
In the presence of an adequate concentration & vartual abolition of
phase 2 occurs and in fact the voltage time cousse of repolanzation
1s fundamentally changed (T, 3 5) The succession of fast, slow, and
fast phases represented by phases 1, 2 and 3 seems o yamsh and to
be replaced by a sumple continuous change i membrane potentisl
1n whuch repolanzation resembles an exponential decav proceeding
most rapudly 1tially and less and less rapidly as time goes 0 The
last 20 per cent of repolarization 1s actually quite <low, but the
earher part 13 so fast that total duration 1s vastly reduced Tran
tionsl shapes can be seen at mtermediate concentrations of acetyl
cholme Evidence from various sources strongly suggests thet
acetylcholme increases the permeability of the atnal cell to B
Such an merease would be m sccord with the observed effect on
Tepolanzation

Epinephrine

Acetylcholme affects the slope of phase 4 '
veloaity of repolarization in atrium Epinephrine affects the slope 'IJ:
phase 4 m kers in manner opposite to acetylcholine, but y
effect on repolanzation 1 atrum or other types of cardmac ﬁbex':hl-c
by no means as marked nor 13 1t as obviously antagonistic 10 o
acetylcholine effect If epinephrine leads to an mereased rate, ";’m
induced shartening oceurs If aeceleration does not aceut, the ; e
of epmephrine on repolanzation depends on the species and :m e
Table 92 shows results from experunents in which rate ¢
supposedly did not occur

1n pacemahers and the
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Tagiz 92 Tax Erreer or Epneennine o4 tae Donaion
ar e Action Porentian

Effect Reference
None Chumey (1952)
Frolongation Webb and Hollander {1858a)
Shorteung Brooks et 81 (1955)
Prolongation Lucken and Bchite (1938)
Shght prolongation | Cranefield and Hoffman un
published

Resting Potential

It seems to be quite generally true that, when the restmg potential
= tedured, not only are the steepness of phase 0 and the amplitude
of the action Potential reduced but total duration also 1s decreased
generally at the expense of pha e 2 8o many of the agents which
teduce the resting potential probably elso alter the ht/h* ratio
that 1t 15 difficult, to separate & possible K+ effect from the effect of
the resting potential per se

Cathodal Stimyty

Pultes of cathodal current which are reasonably short compared
with the duration of the action potential are without marked netive
eect duning phase 1 or 2 although the change 1n transmembrane
Pofential 15 nat, wholly pasave Dunng the latter half of phase 3
:ﬂthodal stunul esther give nise to local nonpropagated depolanza
101l or to action potentials of low rise veloaity reduced amplitude
and short duration

Weak Anodat Stimul;

Anodal current pulses which are short with respert to the duration
of the action potential displace the transmembrane potential some-
: 3t more during phase 2 than do cathodal stimult Active responses
0 anodal stimuly during pha e 3 include the appearance of propa
(gated action potentsals at stimulus strengths lower than are needed
or cathodal excrtation Propagated action potentials can be elicited

Y anodal stimuh early m phase 3, at which time no propagated
Tesponses can be elicited even by very strong cathodal stimuh
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Strong Ancdat Stimuls

Strong anodal current pulses apphed dunng phase 2 are capsbie
of inducing all-or none repolarization In \entricle this all-or none
repolanzation often termmnates in reexeriation after the end of the
anodal stimulus If, however the fiber 1s cooled or subjected to los
Cath, break reexcitation 18 less readidy obiamed, and mstead 8
sustaned repolsnzation results which mav gie nise ta prapagated
repolarization Sustamed and propagated repolarization without
break reeeitation 13 more readily obtamed in normsl Purkmje
fibers than m ventricular muscle Strong anodal stunul apphed
during phase 3 mav fail to cveite at the same mterval when weaker
or shotter anodal stimult give ri.e to propagated action potentials—
tius 15 the no rusponse phenomenon

Separation of Repolarszahon and the Recovery of Excifability

The fact that full repolanzation does not necessonly wnply full
recovery of exeitability 1s of great interest Buch a situation hasbuen
found 1n studies of the action potentsal of frog heart under certai
conditions and has been shown to play & role i the actiod of
quiniding It35 also seen m the artificial situation de enbed above 18
which cold or lowering of Cat+ reduces the ikelihood of snodat brcal(
reexextation following strong anod il stimuli apphed doring phase2
It 13 also possible that recovery of exmtability lags behund repo'an 2
tion 1n normal fibers of the smoatrial node

Anodal Polanzation

Continuous anodal polanzation and anodal potanzat i
2t the end of phase 0 and contined on into the next phase 4 b9 "
duce marked reduction i the duration of the action potet:
(Fig 9% This reduction m duration 1§ very great sben compﬂf?‘
with the hyperpolarization seen i the succeeding phase 4 and mﬂn‘
be observed in the almost eomplete absence of suck yperpola? i

1o mbated

Cathodal Palanzation

1115 posmible to “elamp” the trap membrane p "
fovels of depolanzation by applying suitable curreat (¥ ::‘ém(?xg
19565) When the transmembrane potential 13 thus cha(;!., e the
04), there 18 no evidence of an impedance chonge du™

atential at vanod*
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Fio 93 The effect of

anodal polanzation on the sction potential of papillary
5 The anodal pulse 13 turned on immediately after the end of phase 0
uDetimposed eweeps show efleots of mereasing current strength hote the
marked aceeleration of repolarization which results from current strengths

which
Hamf,‘“,‘;us";‘}y slight hyperpolarization during dustole (Cranefild and

ny

e

£10 94 Tracings of gho transmembrane potential of a single 1olated Purkinje
r showng 1

be effecty of depolanzations of long duration brought sbout by
BeeiDi8E the membrane poentral st vamous levels for an miceval of 2 soc
* for discussion (Werdmann, 19565
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“clamp,” and there 18 therefore no delayed rectification of the sork
seen m the squid axon s the result of an mncrease 1 Py Thismeans
that the mere passage of time, combmed with s given level of
depolanzation, does not result 1o 2n merease 1 R permeahility I
18 of interest that, when the #clamp’” 12 released, the transmembrave
potential rapidly falls, probably with the time canstant of the men
Lrane, to the approumate potential at which phase 3 ordisanly
beguns, and repolanzation then proceeds along & voltage tume cour<e
elbsely resemblng that of phase 3

impedonce

The electrical impedance of the cell 1 supposed to bear a relation
to the permeability of the membrane toons When the smpedances
Iigh, the jome per bility 15 g d to be lon The
observation, therefore, that the mped of the cardae fiber 8
high duniog phases 2 and 313 of great ymportance t020me theonesof
repolanzation All theomes ads anced to date take Werdmann 8
observation on the mpedance of the Purkunje fiber 85 2 starting
pomnt Further studtes of mpedance With various ‘methods and 08
as many other cardrc tissues 28 possible are urgenily needed but
euch studies are unfortunately very difficult and ndeed poteatstly
somewhat treacherous

Weidroann (1951) deterrared the 1mpedante change of & 8
Purkinje fiber dumng phases 1, 2, and 3 with a technique usiog
intracellular electrodes One electrode was used to spply P“‘sesfd
anodal current to the membrane, and the other was used £0 rﬂc‘;
the resultant changes 1 membrane potential An exprrment of b
type mdicates ch 1n umpedance, snce the higher the membrazé
resistance, the greater 18 the potential change acro 3 i IESPDHSC;‘;
a current pulse of constant amperage Wesdmann found g Znﬂ:s
that during phase 1, Bw 13 lower than i phase 4 and dunag P e
1 and 2 1t nses fandy rapudly and steadily until 3t reaches & ¥
more than three tumesthat observed duringphase 4 Healso b ¥ «
2 marhed and rather rapid drop 11 R dunng phased These obsff;m'
tions are 1n general agreement With those of earher vworkers :mg
using less satifactory metbods, found nn wopedsnce nse

hase 2 (see Chap 4)
F Somewhat s\mé’ar results have been obtauaed 12 smdu:?i 01;5;‘5“)";‘
pig ventricle (Coraboeuf, Zacouto, Gargoutl, snd Lapla®
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was found that impedance 1 es durning phase 2 and drops durng

phase 3, but B.. 18 never as large during phase 2 as duning phase #

Changes in the membrane mmpedance of emngle fibers of rabhit

atrum have recently been studied by recording the displacement of
\

= V——

PR

— — \—— ——

4

T\

— —

=\ \ A
Fe 05

—
st g e50rds of the transmembrane potential of & single fiber of rabbit
other e ored des one imside and the
sl progy the membrane showing 1 poten

Dhases 0"&&1 by constant-current anodal pulses applied at vanous times during
change od4 The short segment of record at the bottom shows the potential
a5 Produced by current pulses of the ssme strength when both recording

s are loeated Just outede the membrane Bee text for discusmon

gags;embrane potential caused by pulses of anodal current applied

1““)“blelren(z times during phases 0 to 4 (Cranefield and Hoffman

iy shed ob ervations) The results obtamed (Fig 9 5) suggest

reu, ere 13 4 marked drop i R,, during phase 0 and that membrane

att Ance increases progressively during phases 2 and 3 and finally
2118 5 steady value early 1 phaso 4
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Recent studies of dog atnum (Trautwen and Dudel, 1928,
Matsuda, personal commumeation) ndieate that the actwon of
acetylehaline 13 accompanied by a defimte reduction of smpedance
durmng repolanzation This observation 15 1n accordance both with
the K+ permeability mnerease which occurs when acetylehohne 13
sdded to atnal tissue end with the fall 1n impedance duriog phase 4
which results from the actton of acetylcholne The most amportsat
question regarding the action of acetylchohne on atnal fibers 19
whether the action on 1mpedance 1s speesfic or nonspeaific o5 far 83
the diff phases are d If one supposes that repol
100 of atrial cells 1s accompanted by a nse m Py and & fall 1 fx
durmg phase 3, 1t does not follow that acetylcholine enhances these
changes On the contrary, the effect of acetylcholine may be to
ncrense Px to o high les el which remawnsrelati ely constant through
ont the entire cycle If that 1s the case the action potentialin atrd
fibers exposed to acetylchohne might depend solely upon cychiest
changes mn Py

Regenerafive Repolorization

‘The highly nonhinear respon.e of the transmembrane potentist 40
anodal stumul apphed durimg phase 2 suggests that repolarszation
4 regenerative process A vanety of observations argue for regurdﬂ:i
phase 2 ag a pacemaher and phase 3 as a phase of active regeneratt
repolanzation These observations are summanzed m Chap 8 ml
m Cranefield and Hoffman (19585) Trom thus powmt of 11w the Ievv3
of transmembrane potential at which phase 2 ends nat Phﬂfr“ "
begins may be regarded as a th hold for repol bo“l "
existence of such a threshold would imply that, s 8 sufficiently A:!fc
area of membrane wers to be held for 4 sufficiently lang time at "
threshold for repol. ron repolanzation would then contimtie 0
1 much as ve ali-or none depolanzation follow

a th:eshold depolanzation

Potossium Flux -

There 15 general agreement that K+ leaves the cm;d:a‘c cellﬁtgum
activity and that acetylchol 5 Rt pl Y ;”y vt
The pnnaiple pomnt of disgreement 18 to what cxtcnn On th
corresponds in time to the phase of rapid repo!»mﬁt;lo s allaf the
pornt disagreement 1s complete, some suthors claiming tha
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excess h+ efflux d with activity depends upon an merease
m h* permeability duning phase 3, while others claim no merease
whatever 13 needed to explain the h+ loss assoeiated with activity

Inhibifors

Most 1f not all mhibitora act as does anowa to produce a shorten
g or lo s of phase 2, so that fibers whose action potentials ord:
narily show a well marhed plateau begin mstead to show an action
Potential rather like that of atrial fibers The most obvious inter
Pretation of these ob.ervations 1s that metabolic mhibitors and

hypoua damage the membrane with the expected consequence that
K* permeability nerea es

A POSSIBLE JONIC MECHANISM FOR REPOLARIZATION

Infroduction

If the transmembrane potential Ew 1n cardiac fibers 13 a.sumed to
fepre ent pnmanly the sum of an emf resulting from a Na+ gradient

* and an emf resulting from a I+ gradient Ex and if the relative
contribution of each emf 1 assumed to depend upon the permeabili
tes to those tons Py and Py and if the observation that mpedance
 high during phase 2 18 accepted as correct then the folloning
statements are probably correct

1 Dunng phase 2 the transmembrane potential 15 near zero
This meang that the contributions to the transmembrane potential
of By and By approsimately balance one another and therefore that
Py and Py are of the same order of magnitude

2 The fact that the membrane resistance 1s high mdicates that

xand Py are both rather low

3 The fact that the transmembrane potential shufts slowly
towards By darmg phase 2 mdicates that Py 18 fallng or that Px
Snsing or that o Na* extrusion mechanism with the charactenstic
of & charge pump 18 operating

arous theories have been adyanced to explamn these observa

tions (Weidmann 19065 Cranefield and Hofiman 1958a) None
Bas proved to be completely satwsfactory Our opmion 1n 1957
(Cranefield and Hoffman 1958a) was
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A simple hypothesis for the mechanism of repolarization may be formu
lated as follons during phase 2 the potential gradient permuts outward h*
mosement but K+ permeability 13 low, perhaps loner than m dustole As
the concentration of h+ rises outside the fiber 1t enhances K+ permeability
When s certam level of outaide K+ 15 reached (which would ordimsnly
cortespond to a certin ratio of K,* to K + and therefore to a certma mem
brane potentwal) K* permebility begms to nise more rapidly nitiatug
phase 3 If external l* 1s artificially increased the expected result wourd
be an mcrease 1 the slope of phase 2 and a decrease i the slope of phs * 3

The hypothesis that the change 1n potential which occurs durios
phase 2 of the recovery process 1s analogous to the depolarization obsericd
durmg diastole 1 a pacemaker cell and that the change 1 phase Jusan
active regenerative depolanzation which begins when a certain le\efohf
membrane potential 1s reached 15 a very attractive one On the basis of sucI
5 hypothess a change 1 the duration of the action potentia! could re‘“[;
from a) change in the slope of pha e 2 b) change m the theeshol
potential of repolarization ¢) change in the level of potentzal at the begin
mag of the plateau

Since the above hypothes:s was formulated we hav ck ?Pg;
informed from time $o time about work bemg conducted on ehee "
muscle which ponted to the possibility that potassium permznl
bility 1 that tissue 18 inverselv proportional to the electmcbed!:\llnn
gradient acting on K+ (A brief report of this work, byR H A 1 the
presumably will appear soon 1 the Proceedings section ? o
Journal of Physiology ) A simlar hypothesis 1s developed be "mm
terms of cardiac muscle It will be seen that 1t entirely wcorl;pgy
the earlter hypothesis advanced above, but 1t should be emp
that 1t 13 equally speculative

An lonic Hypothesis for Repolarization

f 1t 15 assumed that Py 13 imnversely proportion:
forces which act upon K+, a remarhably
obsersed propertics of phases 2 and 3 may be exp
force which acts upon i+ 1s the sum of & concentration .
an clectric field The concentration gradieat can be 1M SRt
by extreme elevation of k +, under phystologreal condlf“’:mmm
always lower than &+, and the driving force of the wn: punog
gradient 15 outward The clectne ficld actually re;ler:;‘ccwﬂhv
phase 4 the field tends to hold I+ mside balaneing the

af to the drV8
ber of £
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concentration gradient, whercas during phases 1 and 2 the electric
field a:ds the concentration gradient 1n moving I* from the mnside
o the out ide of the fiber Thus durning phaso 4 the driving forco
aching on h* 13 nearly zero, and according to the hy pothesis Py 15
bih During phases 1 and 2 the driving foree acting on h* 1s high
Px therefore would be low
Under normal conditions such a property of Px would produce
epolanzation in the follow ing manner At or shortly after the end
f phase 0, Py would be low The gradual return toward F x during
hase 2 (which mught result from an mcrease in ho* immediately
utside the fiber or from any of 2 number of other factors) would
radually imeren.e Py The interaction between Px and transmem-
brane potential v, ould serve to produce a regencrative increase
U Pr durmg phase 3, which would account for the phase of rapid
epolanzation
Various special conditions can also be explained in terms of this
h)’POthesxs The action of anodal stimult 1n indueing all-or none
epolarzation ean be explatned 1n terms of & shift 1n transmembrane
otential towards Ex causing  rise in Px The repolarnzation which
e ults Secondary to a mse in h + during phase 2 (Weidmann’s
* shug’ ) would come about from the fact that an mcrease in K,*
Jcreases Pe The numerous observations on the effects of acetyl
holne by poyia metabolic inhibitors and the hike in abolishing the
lateat are of course readily explained by the assumption that these
'Ar0us agents produce more or less nonspecific elevation of Px It
Snteresting to note that 1n theory a perfectly good action potential
20 be obtaimed i 2 fiber which has 2 high but unchanging permea
ikty to Bt and which merely undergoes a cyclic change in permea
ity to Nat 14 seems quite possible that the action potential of
2trial fiberg subjected to rather large concentrations of acetyleholine
0eUrS 10 this manner This nterpretation accords with the observa
ion that under these conditions repolanzation 1s very rapid that
* Permeabnlity 19 high and that the action potentsal amplitude 18
educed 1t 15 thyg fingl point which suggests that h+ permeability
"7 be steadily high 1 such fibers
e failure of Py to riee dunng prolonged depolanzation under a
Voltage ¢ clamp may be mterpreted simply Py does not rise as the
result of the Passage of time but 2s the result of an clevation 1n K+
F of & movement of the transmembrane potential toward Ly The
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fact that a normal phase 3 appears after the release of such 8
“clamp” appears to agree nith this mterpretation It s also evident
that ratenduced shortening may be interpreted mn terms of an
ncrease i Px  Whether this increase could be explamed solely 83
the result of an elevation in K+ 13 not clear, but probably some
other factor s mvalved We may examine a summary of the obeersa
tions which the theory mght explamn

1 In the presence of Nat carper wactivation both Py and Px
would be low dunng phase 2, nnd the transmembrane potential
would be near zero R would be hugh during phase 2, since Ps would
be low

2 Any accumulation of R+ outside the fiber would Jower the
concentration gradicnt and thereby dimmish the dring force and
merea e Px which would accelerate repolarization

3 Accumulation of K+ outside the fiber might very well occur s
a result of increased rate If so, the observed effect of rate on actiot
potential duration would follow

4 Artificial increase of h * either by increasing the conccntﬂ:h?"
m the solution or by the njection of &  slug”” of h* would s ' ¥
decrease the drnving force, increase the permeability, and <horten

the action potential
5 The of phases of repolanzation mght follow f"’"'f,l;f:
theory If phase 1 represents early Na* mactivation phase 2 rug
and B unt

well represent a slow nise i K + which slonly shifts Px sapid
the process b more or less tive and the more
phase 3 results
G The observation that repolanzation seems to
would fit with the i1den that as E. moves towa
potential, Px mcreases and results mn a further shi
resting potential 1, anduce
7 The same argument would explam why anods!l s}t:mudl ’s’:mns
sustmined repolarization Such stimuly, 1if long enovg Znh wau
enou h would result m a shift of En i & direction WIS
increase Pg (lar}
milarly
8 The retardation of repolanzaton by catbodal pulse: :lt lower
would result from the fact that holding the membrad
potential would hold Py, at a low level de 8b0
9 The ob ervation that action potentials of low a;“g:‘i;]atenml
are short 1n duration would fit the theory since an act!

be regeneratisé
rds the resting
At toward the
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of low amplitude would repre ent a smaller depolartzation and there-
fore a lesser reduction of Px

Two important agents Na* and temperature, have not been
mentioned Lowenng temperature prolongs action potentials of
cardiac fibers largely by mereasing the duration of phase 2 Lowenng
Na* shortens the action potential by shortening phase 2 Both these
observations may be explained on the bass of the hypothesis out-
Imed shove In the case of low extracellular Na* active mward
tran.port of h+ might be decreased (Swan, personal communteation)
and thus K,* would increa.e more rapidly, Px would increase more
rapdly and E, would increa.e more rapidly In the case of low
temperature the rate of active mtrusion of h+ would be decreased
which would cause o shorter action potental If on the other
hand R+ effuc during pha.e 2 13 dimimushed by 2 reduction m
temperature the observed lengtheming could be explaned Such
an explanation would require that R during phase 2 be ncreased
by cooliny, It 15 not hnown whether this happens

Tty mteresting to note that this theory about the nature of Px
Tatses tons about p Ler activity hat different from
those advanced m Chap 5 If spontaneous depolanzation occurs
during phase 4 by any mechanism ot all then the depolanization
Hself would duntmsh Px thereby icreasing Rm A remterpretation
of the 1dea that an ncrease 1 R mdicates o decrease 1n Py 28 the
Primary event in pacemaker activity might be required sinee any
thing which led to depolarization would diminish Px and increase R,

It 13 apparent that the assumptton that Py 13 inversely propor-
tional to the driving force acting on K* can explamm a great deal
We lack demonstrative evidence for the theory and such evidence
can be obtamed only by membrane-mpedance and 1on flux studies
of & type difficult to exccute and mterpret The observed fact that
K* leaves the fiber during activity does not necessarily imply that
A+ permeability rises as has been pomted out el enhere Finally,
the ad hoc nature of the mterpretation should be emphasized The
tame changes which sre postulated to increase Px might also be
assumed to alter either Py or the activity of a Na+ pump Itis prob-
ably well to emphasize that no theory of repolanzation has been
advanced which has met the test of making radically new and cor
Tect predictions and thus uncovering new fundamental experimental
knowledge In spite of this the theory given above seems promising
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SUBJECT INDEX

Acetyleholine as cause of pacemaker
setvity 130 131
effect, on atnonodal gunction 151
52 163

effect on atrioventncular node 145-
152 155 156 158-160 163
165-168 172 278

effect on atrium 16 53-57 66 73
83 114 125 145-147 278

effect on bundle of His 145-147

effect on K+ permeability 56 57
65 66 1°9 264 278 284

eff ct on lower node 147 148

effect on Purlanje fibers 182 207
ket

effect on sinoatnal node 110-113
129 278

effect on upper node 148-151
effect on ventricle 86 87 2.7
mechanusm of action 56-57 287
(See also Action potential Action
potential configuration Action
potential magnitude Condue
tion veloaity Depolarization
rate of Depolanzation slope of
spontanecus end Resting po
tentsal magnitude for effect of
acetylcholine on)
Acnidine orange effect on ventrieular
action potentsal 100
Action potential 510 265-272
charactersstics i decremental con
duction 158
de enption of phases 5-
eﬂ'ectulacetylchohne on 53—57 86—
88 125

effect of Ca++ on 187

effect of eptuephrme on 57-59 70

effect of fibrillation on 101

effect of Na*on 35 §7-91 185 186
267

Action potential effect of rate and
rhythm on 180-182
monophasic relation to transmem
brane 16-19
and permeability changes 35-39
Action potential configuration differ
ences 1o same heart 4719
duning relative refractory period
211-256
effect of acetylcholine on 1n atrio
nodal junctional fibers 151 152
1 atrioventricular node 147-152
m atrium  53-57 88 125
m bundle of His 145-147
i Purlune fibers 182
1n sinoatrial node 110-113
n ventnicle 86 87
effect of ancdal current flow on 1
Purkinje fibers 197-195
m ventricle 192-195
effect of Ca+* and Mg** on 1n at-
rum 69 277
mn Purkinje fbers 187-190 192-
195 277
i ventricle 94 277
effect of cathodal current flow on m
ventrcle 219
effect of ClI” on m atrum 69

1 simoatrial node 115 116
n ventnde 94
offect of opinepbrne and noreps
nephnne on m atrum 279
m Purkinje fibers 8 9 183 184
279

14 sinoatrial node 113 114
1 ventricle 87 279
effect of fbrillation on 1n ventricte
101-102
effect of kypoxia on m atrum 70
171

-
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Action potential configuration effect
of hypoxia on i Purkinje f
bers 196-197
m ventrcle 101, 102
effect of K* on 1 atrum, 35 62-

Liig

m Purkinje fibers 161, 186 187
192-195

in sinoatrial node 112-113 118
1

m ventricle 86 91~94 100 161
162

effect of Na* on 1 atrum 61 87-
81 275-27
m Purlunje fibers 185 186 275-
21

in ginostrial node 115
n ventncle 86-91 27,277
effect of premature excitation on m
Purlunge fibers 239-252
effect of rate and rhythm on 1n atn
oventricular node  153-15.
163 1065-168
1o atnium  51-53
1 Purlunge fibers 180-182
n ventncle 80 83-86 274 275
effect of resting potential on 1n atn
oventricular node 161
m Purlunge fibers 161 192-195
m ventncle 161 162
effect of stretch on 10 Purkinge fi
bers 197-198 202
in ventnele 101
effect of temperature on 1m atrum
172

m Purkinje fibers 191 192
1n smeatrial node 110-114
m ventricle 80 86 95-98
effect of various drugs on 1n atnum
7

mn Purkmje fibers 103-198

1o sinoatrial node 112 113

n ventricle 98-101

normal 1n atrial roof 49

1n atrioventricular node 138-141
155 156 163 165-168

1 atrium 7 4247

0 bundle of His 178 179 200
201 208-210

1n cnsta terminahy 49

1 endocardl surface of ven
tricle 76-78
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Action potential configuration nor-
mal 1z epicardial surface of
ventricle 76-78

i false tendons 8 9 176 179
200 201 °08-210

1 Jatent atrial pacemakers 121

1o pectinate muscles 49

1 peripheral Purkinje fibers 176
179 200 201 208-210

m snoatnal node ¢ 10 107
108

1 stnoatrial ring bundle 47-49
1n sinoventricular canal 48

1a s1nus venosus 126 177

m speciol atrisl fibers 7 8 47-

9
1m ventricle 8 75 76 79 80 85
86

(See also Action potential magnt
tude Depolanzation rate of
during phase 0 and Repolati
zation)

Action potential duration (see Action
potentis] configuration)
Action potential magnitude 3% 44~
46 176 178 d
duning relative refractory perio
211-256

during voltage clamp 769

effect of acetylcholme on 1 strio-
ventnicular node 147-157 163
165-168

1 atnum 5457 3‘1;530

1 frog sartonus

n Pufkmje fibers 187 277 g
1 snoatnial node 110-113 ¥

pid Je 86 87
m ventricle
effect of anodst current on 12 Pur
kinge fibers 199-105
m ventncle 227-233 at
effect of Ca** and Mg** on 10

m 69 .
mnl":.uhn;e fibers 187-190 19”

1 smoatrial node 115
1n ventricle 94

effect of Cl- on 1w stmum &
70

1n ventricle 94-93

effect, of CO3 on 1n Purkite Ehers
197
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Actien potential magoitude effeet of
epmephrine snd norepaephnng
on i Purlanje fibers 183 184
m mnoatnal node, 113 114
1 venfncle 87
:Kml {Sl Bbrillation o5, In atrum

m ventncle 101 102
elfacf[ of hypoxis on 10 atnum 70,

1
m Purlnge fibers 196 197
In ventricle 101
eftct of h* on 1n tnum 62-67
@ Purkinje fibers 161 16” 188
187 1°-195 270
in mnogtnial pods 117 117

Astion potentual magmtude normal
in Purlane fbers 176-178
1n minostrial node 107 108
10 inus veposus 125
1 ventnele 78
Action potentisl phases ln vanous
Eber types (ses Action potential
configuration)
Action potentia] reversal (see Action
potential magnitude)
Action potential upstroke velocity
{aee Depolsnzation rate of dur
ing phase 0)
Activation of heart (sce Sequence of
ectivation)
tran post 30 271
70

on atram
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Atrnioveninculsr junctional region 133
Atrioventnicular nodal block from
acetylcholine 145-152 166 167
from high rate 152-155 166 167
partial and complete 162
site of 151 1.2
Atnoventricular nodal delay in chick
embryo 135
effect of acetylcholine on 140-152
165-168
effect of rate on 152-155 165-168
end mtercalated disks 161
locus of 135
mechamsm of 156-162 166-168
early theortes of 135 136
1 retrograde conduction 163 164
1n retrograde transmission 200
Atnoventnicular nodal echoes 171
172
Atnioventricular node 42 132-174
262
anatomy of 132 137 138 15, 156
159-161

conduction veloeity 260

effect of acetylcholine on 278

evidence for dual pathwav i 168-
72

pacemaker activity i 123
termmology 132
Atrioventnicular ning pacemaker ac
tiity m 123
Atropine effect on atrium 70
effect on sinoatnal node 112
Axon glant 37 38 39 40
Aznde effect on active transport 271
effect on atrum 71
effect on snoatnal node 118
effect on ventricle 99 100

Barum chlonde effect on ventricle
94
Bigeminy produced by CO, 197
Bipolar stimulation 233235
composite nature of threshold curve
233

Bird heart 76 175
Bundle branches 208

Cadmum chlonde effert on ventricle

[
Calewm (Ca**) effect on atrum 67-
69 277
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Calcium (Ca**) effect on exaitability
69 190

effect on Purkinje fibers 187-190
192-195 200

effect on repolanzation 23° 278

effect on swmoatral node 115

effect on threshold potential 190

effect on ventricle 94 277

effect on ventrcular electrogram
82

intersction of with h+ 189 190

(See alse Action potential Action
potential configuration Action
potential magpitude Depolan
zation rate of Depolarization
slope of spontaneous Resting
potential and Resting pntenhsl
magnitude for effect of Ca*

on)
Calf heart 41 76 87 90 91 198
Carbon dionde effect on Purhmje &
bers 197
effect on sincatriel node 117
Carcolin effect on atrium 70
Cardiz. glycosides 99
Cardioputmonary bypass 203
Cathodal current flow 257 o
effect of durng phase 2 218-2 0
during phase 3 217-220 241~

44
durmng phase 4 216-217 241-
24

ation 2¢8-.81

lariz
effect on repolar: e Cathodstcur

Cathodal excl§atlon
rent flow,
Cathodal stimuls (s Cathodal eurrent

low)
Chick embryo heart 45 87 99
Ch;onde (Cl) effect on strum 69~
70
effect on resting potentlal 2561123
effect on sinoatrial node 11 S,
Choline chlonde effect on 8

61
effect on ventricle 88-89
a9 substitute for Ma* 277 198
Cocaine effect on Purkinje fibers
195
Concealed conduct1on 210 258
Concentration cell

Conduetion 2041 257
concealed 210 258
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Conduction decremental (see Decre-
mental conduction)
safety factor of 51 252
n mottnal node 120
Conduction selocity 1n atriosentncu
llmsr6 node 141-145 157 158

n atrium 47 143

In enista terminalis 14 143

in false tendons 135 136 178 179
207

in His bundle 135 1.6 113 178
179 207

1 prpillary muscles 79
m penipheral Purhine fibers 130
136 178 179 207
n smostnal node 118
and slow rate of depolanzation
259-960
m trabeculae carnae 79
1 ventricle 79
Conduction veloity effect of acetyl
choline on 1n atnoventricular
node 147-152
m atrum 54 56
1 Purkimpe fibers 207
n ventricle 87
efiect of epmephrine and norep
nephrine on. m Purkinje Sbers
07

1 ventricle 87
effeet of hypoua on m Purkinje
fibers 197
effect of K+ on_n atrum 117
10 Purkinje fbers 161
i ventricle 91-94 161 162
efiect of Na* on 1 Purlanje fibers
185 186
n ventricle §8-91
effect of ratc of depolanzation on

161 162

effect of rato and rhythm on 1n atri
oventricular node 152-1.5
165-108

In ventrcle 8486
effect of temperature on m atrum
kil

2
n Purkinje fibers 179
m ventricle 79 98
Contractile myocardial tissue special
1zed properties 200
Contractility of Purkinje fibers 201

315

Core-conductor properties 23-26
(See olso Passive electrical proper

ties)
Crista termnahs 40 142 143
Cyanide effect on action potential
“duration of ventricle 100
eflect on active transport 271

Decremental conduction 157 260
n atnoventricular node 157-161

162
Depolaniantion persistent local 110
21

mte of durmg phase 0 effect of
acetylcholine on 51 56 147-

102

effect of Ca** and Mg** on 69
94 187-190 193-195

effect of C1~ and other lonson 69

effect of current flow on 19.-195
269 2 0

effect of epinephrine and norept
nephrine on 113 114 183 184

eflect of hypowia on 196 197

effect of h* on 62-67 91-94
161162 186 187 192-195 270

effect of Na* on 35 36 60 61
83-91 185 186 °G7 268

effect of rate and rhythm on 51—
u3 8486 152-155 165-168

effect of resting potential on 39
161 167 192-195 260 270

effect of temperature on 71 72
191 192

effect of various drugs on 193-
195

slope of spontaneous effect of
acetylcholine on 109 110-113
114 126 129 130 131 182
2:7 278
effect of mnticholinesterases on
112

effect of Ca**on 115 128 183
187-190

effect of Cl-on 115 116 198 120

effect of CO on 117 197

effect of drugs on 195 196

effect of epimephrine and norept
nephrine on 9 109 113-114
126 127 183 184 278 279

effect of hypoxia on 117 183 197
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El of excised fibers 180

elope of
effect of h* on 112 116 117
128 190
effect of Na*on 115 128 186
eﬂg%oi stretchon 117 118 197~

effect of temperaturson 109 112
114 129 191 192
mechanism of 121~125 127 269
spontaneous 7-10 48 42 104131
133 140 141 151 176 200
280

Dhgitahs effect on Purkige fhers 195

effect on sipoatnal node 118

Dhgitoxin effect on ventncle 99
Dinstropheno! (DNP) effect on active

transport 271
effect on atrsum 70
effect on smoatrial node 118
effect on ventnete 99 100
Dip m strength-duration curve
22222

4
Diphenhydramine effect on Purkiaje
9,

Dual

Bbers 195

ainoventneular transmission
gystem 258

alternative theory 170 171

evidence for 168-172

Doration ©f actwon potential {see

of false tendons 203

of His bundle 134 203

of left bundle branch 203

of Purkenge fibers 180 207210

recording of n evestabiity stucies
21

2
of nght bundle branch 203
of sinoatnal oode 104 105 106
120 121 ‘
unipolar  durection of gpread of
setaty 13
relation to transmembrane acton
potentual 12 "
veloesty of apread of astwity
of ventrcle 80-83
effect of calelux on 82 o
effect ol conduction veloatyon §
effect of epmephnas o8
effect of hypous on 81
effect of norepmephrine ?‘n 82
effect. of potassuc on B2
effect of rate on 81-82 .
relation of to trapsmembran
potentiat 5183 81 85
of small mammals 83 s 30
Flectrolyte conteat of eardac el

122
Electsotonc spread 23 24
Isz nod

Action potentral y)

Echoes 110 124 175 258

Eetopie X

m atrioventnicular node 171 172
1 eardine conduction 210
P,

n e 143151
distingwshed from decrementaleon
7
duetion 1 cotneal PP

5
{Ses also Pasmwve el
erty

reticulus

8 (see

Effecttve refrsctory permod of atino

ventricular tronsmumon 134
Effluography 02

Electrocardiogram  relation to amgle

cell potentials 260-262
{See alse Elcetrogram P wave QRS
complex T wave and U wove)

Electrodes close bspolar 11 14 13

s1z¢ and threshold 213-215
suction 16

for testing excstability 211212
(Sez slso Mycroefectrodes)

Electrogram 11~18

of stroventneular sods 134 125
of atnum 49 50 56

elfect of scetylchelise on 58
tipolar E1 14 15

21
Enzymstw whibstors ffees, o sebie®
‘potentu] duration 100 ot
Epoepbrinesnd norcpxgephﬂ;e
ekin) 3
Bﬂtﬂtwo:’n 181 195 200 207 278
effect on mmoatsal node ;
effect on ventriele 87 27 - 6
effect on veatneuler e!ectrt;grs‘mm
(See alse Action patential Aroon
potentsel configurstion o
poteatis} magmtude Cuntm
tson veloaaty Dcpo).snnm”
rate of Dcpohnmunn oo
taneous and Restng p;)i -
magmitude for effect of &P
phrine on)



SUBIECT INDEX

Exatsbibty 211-256
of atrioventricular nodal fibers
during total block 148 151
of atrum 73-7:
effect of h* on 62
effect of resting potentizl on 62
67

effect of stimulus on mtra atrial
nerve fibers 7.
effect of temperature on 72
effect of vagal stimulation on 126
cardiac 10
of papillary muscle effect of Ca**

on
of Purkinje fibers effect of Ca**on
190

of smoatnial node 118~120
techniques of measurement of 211~
215

monopolar sumuli 215 235
use of surface des 211 712

nz

Fluonde effect on atrum 71
Flutter atnal 125
Frog heart 2 43-47 54 73 76 78 79
§5-100 103 108 111 113 125
126 120-131 276 279
Full recovery time 252 253
(See also Refractory period)
Functional refractory period 169

Graded response (sce Local response)
Guines pig heart 45 47 76 83 91 99
103 113 276

s bundle electrogram 203
1dentification of 155
His-papillary muscle mterval 203-210
Hodglun Huxley theory 2641 60
88 90 91 127 18, 192 259
applicability to heart 266-272
Human beart 76 95

of ventricle effect of temperature

on 95
{See also Anodal current fow
Cathodal current flow Pur
kinje fiber-papillary muscle
junction  Refractonness Re
fractory period Repolanza
tion  Thye hold  Threshold
potential and specrfic drugs
other agents and _ﬂbey Lypes)
Exotation 20-41 257-2
Exhaustion nonspecnﬁc eﬂ'ect on
atrioventnicular node 172
effect on Purlanje fibers 193
Extrasystoles effect on action poten
tial shape 53 275
1n response to anodal stimult 275

False tendons (Purkunje fibers) 206
electrogram 203
Fibnllation 258
and action potentml duration 201
atnal 74 195
durmg periuslon 101—10"
effect on resting potential 100
effect on tran membrane action po-
tentuals 100
Decessity for adequate tssue mass
o mamtam 10
1n response to anodsl etimult 225—
227

y lunng 102

Hypoxa 101

‘comparison of effect with F+ eon
centration effect 101

durmg fibnllation 102

effect on atrioventricular pode 172

effect on atrum 70 71 171

effect on Purkinje fibers 196-197

effect on muoatnal node 117

effect on ventrcle 100 101

{See also Action potential configura
tion  Action potential magnt
tude Conduction velocity De
polarization rate of Depolani
zation slope of epontaneous
and Resting potential magm
tude for eflect of bypoxia on)

Impedance membrane (see Pasave
elestrical properties)
Tnactivation of sodmm carmier 37
38 39 268 269
during anodal current flow 222
effect of snodal current on 192-195
effect of Ca**on 194 232
effect of resting potential on 192-
195

voltage clamp studies 269 270
Infarct current Bow 1n viewmty of

Imtiel negatmty of mmoatrial node
102
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Intercalated disks 21
and atrioventncular nodal delay
161

Intrinsic rhy thmieity (see Depolariza
tion spontaneous)

Todoscetate effect on ventricle 99
100

Ton flux measurements 39 40 270-272
Tontc theory (sez Hodgkin Huxley
t!

heory,
Tons (see’ Caloum Chlonde Mag
nesium  Potassium})
active  transport of (see Active
transport)
Irresponsive period 252

Junetion potentials 2
Fod heart 44 178 179 198

Lanatoside  effeot on ventrcle 99
tency (sce Stimulus response la

tency,
Left bundle branch electrogram 203
Length constant 24 25 158
(See also Passive electrical prop
erties)
Lathtum chlonde effect on
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Metabolio 1nhibitors actions of, eom
pared with K+ 100
effect on duration 285
effect on electnical setity of
smgle fibers i swoatral node
11

8
effect on membrane permeabiity
100

effect on ventricle 99-101
interpretation of mode of actior
287-289
Metabolism role in mamtaming 10810
gradients 20 272
Microelectrodes 14
ng
mput curemts amphfiers display
apparatus 3
Juaction potentials 2
tip diameter 2
Monophasic zetion potentials 16-19
Multifoeal activity 1 stretched Pur
hnje fibers 198
Myofibris 21

Neomonacrn effect on ventriele 100
Neostigmme effect on atrium k']
Nernst reluhm‘l 30

action poteatial 95
as substitute for Na+ 186
Local response. 19 40 257-258

to znodal stimul 224 244-245

evoked by applied stimulr 245 247

evoked by cathodal stumub 216
217 218

evoked by propagating artion po-
tential 239-241 248-249

Magnesium (Mg*+*) effect on atrium
G67-60

effect on ventricle, 94
Mecholyl effect on atrum 70
Membrane eapacity 25

(See also Passive electrieal prop-

erties)
Membrane impedance (see Passte
clectrical properties)
Membrane resistance (see Passne
electrical properties)
Membrane time constant defined 25
(See also Passive electrical proper
ties)

224

nse

;:dr:lsp?ielayp (see ‘Atnioventnicular
nodal delay) ©

Nodal rhytbm site of escape 143

Norepumephnine (see Epinephrine 8¢
norepimephrime)

Ousbamn effect on atrim 71
effect on ventricle 99 .
Overshoot {see Actinn potentssl mag
nitude) .
Ox heart 129 135 178

P wave 50 117 206
Pacemaher activity (se¢
tion apontnneous)
Pacemakers 104-131
absence of 1o fcft &
In ventricle 106
tn amphibtan hearts 104 ”
1 atnov cnmcu}sr nc:.;e 1!‘..‘
10 atrioventricular
mn atnum_ other than stRo:
node 121-176

Depolariza

trium 123

atrsl
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Pacemakers 1n bundle of His during
total block 149
confined to peciahized tissues 106
latent 10 107 112 121
m Purkimje fibers 199 200
m einostnal node 106 107
sites of shifts 105
true 10
Papillary muscle-Purkinge fiber june
tion (eee Purkinje fiber-papil
lary muscle junction)
Parasympsthetic blocking agents 113
Parasympathomimetic agents 113
Passive electrical properties 19-33
266 271 280-284
2nd conduction veloeity 255 259
determining shape of action poten
tal 258

and exeitabilty 230
walues of 1n stnum 73
effect of acetylcholine on 73
effect of prostigmine on 73
m Purkinje fibers 198 28°-"81
effect of Ca*+on 190
n smoatmal node 114 128
m ventrcle 103
Pectinate muscles 49
Phus; of the action potential defined
7

Phosphate effect on strum 70
Physostigmme effect on smnostnal
node 112
P (see Potassium permeahility)
Plasma membrane 21
Potassium (K*) effect on atrum 35
626
effect on excitability 62
effect on P wave 117
efect on Purkunye fibers 161 162
186 187 192-195 270
effect on swnoatnal node 112-113
16 117
effect on ventncle 86 91-94 100
161 162

effect on

ay

Potassium (K*) reversal of action of
by anodal current 193
(See also Action potential configura
tion Action potentisl magnt
tude Conduction veloeity De-
polanzation rate of Depolan
gation elope of spontaneous
and Restng potential magni
tude for effect of K* on)
Potassium permeability 31-41 56
57 268

of atnum 113
change m during action potential
3.~41 761
effect of acetylcholine on &6 57 65
129 278 284
wcreased by metabolie 1nhibitors
100 101
\oversely proportional to dnving
force 286-739
Pu (see Bodium permeabihty)
PR wmterval 50 201 2
Procatne amide effect on alnoventnc
ular node 168
effect on dog papllary muscle
fibers 90

effect on Purlinje fibers 195
effect on stnoatrial node 118
Proflavine effect on ventnicle 100
Propagated repolanzation (see Re
polanzation propagated)
Prostigmine effect on atnum 73
Purkinje fiber-papillary muscle june
tion 161 170 187-189 202-210
236-251
block at 200 201
effective refractory penod of 195
Pyrilamine maleate eflect on ven
trcle 99
Pyrophosphate effect on atrum 70

Q wave {sec QRS complex)

QRS complex 11-16 80-83 180 206
(Ses also Electrogram)

QT mterval 83 8¢ 87 99
(Se¢ also Electrogram)

Quudine effect on

8.

efflux 277 281

flux measurements 270-272

release of durng systole m ven
trcle 92

node 168
effect on atrum 71

effect on dog papillary muscle
fibers 99

effect on Purlange fibers 195
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36-41

Qundime effect on 1 node
118
mechamusm of action, 105 196

R wave (se¢ QRS complex)
Rabbit heart 7 43-48 54-57 65 66
70-72 101 108 111-118 121
122 124 128 130 136-168 179
208 276
Rare earth chlondes effect on ven
tricle 95
Ratheart 8 43 44 46 47 51 54 70
72 83 108 113 122 176 279
Rate effect of temperature on 98
effect on atnal fibers 51 52 163
effect on atrioventrieular nodal
delay 152-155 158 165-168
effect on conduction velocity 84
effect on Purkinje fibers 180-182
effect on repolanzation 274
effect on sinoatrial node 119 120
effect on ventricle 83-86
(See also Action potential Action
potential configuration Action
potential magnitude Depolan
zation rate of and Re ting
potential megnitude for effect
of rate on)
1mpozs;1bxhty of ruling out effects of
4

regulation of 126-127
mechanism of change 105 108~
18

1n smoatrial node 105
views of Eyster and Meek on 105
{See also Depolanzation slope of
spontaneous Pacemakers)
Refractonine s 38

all-or none 227-231

of stral fibers effect of acetyl
choline on 16 54-57

effect of Ca**on 277

effect of epmephrine on 278

effect of Kt on 277

effect of Na* on 2/5-277

10me mechanism of 285-"86

nature of 19 232

phases of 1n various fissues 273
274

effect of rate on 274
effect of temperature on 273
ropagated 227 230
gndprgcovery of excitability 18-
220 254-255 780
regenerative 227 284
(See also Action potential config
uration}
Reptilan heart 175
Resting potential 4-6 30-40
a8 cause of 1nactivation 39
during voltage clamp 263
evidence of recording by micro

electrode 4-5
interaction of Ca* and K+ on 189

1
1ome basis of 263—2!.25 26
and metabolic activity 260
reversal of effect by anodal polarzé

tion
theoretical discussion 4 8 26-41
48

Resting potential magmtude
444!

5
end cell s1ze 177 178
tyl holine on In atno
e o routh node 147-142
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