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PREFACE

Since Paul Cranefield published his monograph, The Conduction of the
Cardiac Impulse, in 1975, much has been learned about the role of the slow
inward current in cardiac electrophysiology. Because of this expanse in know-
ledge, both basic and clinical, it appeared reasonable to review in a mono-
graph once again what was known. When Martinus Nijhoff first approached
us to undertake the task of updating this information, we were initially
reluctant for several reasons. First, we did not feel that the subject could be
adequately and thoroughly reviewed, from the cell to the bedside, by a single
person. Second, time constraints on all of us precluded even attempting such
a task.

However, we were encouraged by several of our friends (‘egged on’ one
might even say, since they wished the job done but did not want to do it
themselves!) who promised faithfully to contribute chapters on time if we
accepted the task. So we did, and most of them did also.

In assembling this work, we have used the editorial pen sparingly because
we felt that we had invited experts to review their own areas of interest and
they needed little help from us. Naturally, such an attitude on our part leads
to inconsistencies in style, in points of view, sometimes in data or statements
of ‘fact’ and most certainly results in unavoidable redundancy, as parts of one
chapter overlap another. However, from the outset we decided that, although
the book might suffer from these failings, it would prosper from a minimum
amount of meddling by us.

To all contributors we extend our gratitude. The book in fact belongs to
each of them. The adage, if you wish something accomplished, give it to a
busy person, is certainly true. The scientific leaders are all very busy, but yet
found time to write ‘one more manuscript’ for this book. As usual, they are
paid in the academic currency of self-satisfaction that comes from participat-
ing in, what we hope, was a worthy venture. Most assuredly their share of the
royalty will not alter their tax bracket.

A special thanks goes to Robert F. Gilmour, Jr., who helped us review
many of the chapters, to Shirley Proffitt, who bore the extra secretarial load
willingly and efficiently, and to Bettie McCloud for her expert typing assis-
tance.

DoucLas P. ZiPEs

Indianapolis, Indiana Joun C. BAILEY
January, 1980 VicTorR ELHARRAR
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I. OVERVIEW



1. HISTORICAL PERSPECTIVE

SiLvio WEIDMANN

The history of the slow currents as relevant to the content of this book starts
around 1950, although several basic facts had been described long before.
In 1879/80 Burdon-Satpderson and Page[l] presented a rheotome analysis
of the cardiac action potential and found the long-lasting plateau to be typical
for the ‘injury action potential.” Direct recording by a capillary electrometer
(Figure 1) followed in 1883 [2] Reversal of polarity in the course of cardiac
activity was reported to the Dutch Royal Academy of Sciences in 1873 by
Engelmann et al. [3] but was declared to be doubtful by Engelmann himself in
1877[4]. The minimum ionic requirement for a frog’s heart to beat in an
artificial salt solution has been known since the work of Sydney Ringer in

Figure 1. Action potentials of a frog’s heart as recorded by a capillary electrometer. One electrode
is placed at the base of the ventricle on intact surface. The other electrode is placed near the
apex, where the tissue is injured by a hot wire. Breaks in the black line are about 5 sec apart and
mark direct ventricular stimulation. From ref. 2, Plate 11/6, with permission.

D.P. Zipes, J.C. Bailey, V. Elharrar (eds.), The Slow Inward Current and Cardiac Arrhythmias,
3-9. Copyright © 1980 by Martinus Nijhoff Publishers bv, The Hague/Boston/London. All rights
reserved.
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1883 [5], and the role of Ca** in ‘producing the wave of contraction out of
the wave of excitation’ was recognized by Locke and Rosenheim in
1907/8 [6].

In 1931 Adrian[7], having reported on slow depolarizations in insect gan-
glia, presented a record from an isolated sinus node of the frog showing
practically no diastolic depolarization (d.c. recording, but diphasic) prior to
activity (his Figure 10B). He argued that threshold can be reached in two
different ways: (a) by slow depolarization as in the case of insect ganglia or (b)
by slowly rising excitability at a practically constant membrane potential.
Asher and Scheinfinkel [8] had been educated to believe that cardiac rhyth-
micity depends on nerve cells and thus did not know what to expect when, in
1936, they set out to re-investigate the ‘electrosinogram.’ Leading off
between the sinus and the right atrium they described ¢ Formenreichtum’ and
failed to comment on the slow potential drift preceding the sinus action
potential (their Figure 5). In the same year, Goldenberg and Rothberger[9],
aware of the autorhythmic properties inherent in the ventricular conduction
system of mammals, set out to record monophasically from *false tendons’ of
dog hearts in a moist chamber (Figure 2). Two years later, in 1938, Arvani-
taki[10] reported on the slow depolarization typical for the pacemaker region
of the snail heart.

It was clear in 1938, at least to Cole and Curtis[11], that a change of
membrane potential requires the space charge on the double-layer capacity to
be altered. But, strangely enough, Cole and his co-workers never attempted to
identify the charge carriers. This decisive development in our present concept
was left to a former pupil of Kenneth Cole by the name of Alan Hodgkin
who, together with Andrew Huxley, extended Bernstein’s membrane theory
of 1912[12] to what is known as the ionic theory of the action poten-
tial [13].

All through the history of electrophysiology there has been a tendency to
take for granted that differences between nerve, skeletal muscle, cardiac
muscle and smooth muscle are of a quantitative rather than of a qualitative
nature (see [14]). Starting with the early 1950’s, interest in cardiac electrophys-
iology expanded rapidly and there is no indication that this development is
nearing its end. The reasons for its growth are twofold. First, the technique of
recording by Ling-Gerard microelectrodes[15] could be used with relative
ease to give absolute values of transmembrane potentials[16,17]. Secondly,
and perhaps more important, there was the new concept of specific ions
carrying net charge across the surface membrane just waiting to be exploited
by cardiac electrophysiologists. Identification of Na* ions as charge carriers
for the upstroke of the action potential [17] required little more than repeating
the experiments published by Hodgkin and Katz[18] for the squid giant axon
in 1949. To show that the cardiac membrane at rest was mainly K *-perme-



able [19] required a plot of membrane resting potential against external K*
concentration and a comparison with the values expected from the Nernst
equation.

The real troubles started when efforts had to be made to establish (a) why
action potentials of cardiac tissue lasted so much longer than those of nerve,
and (b) why slow diastolic depolarization existed in pacemaker regions. The

Figure 2. String galvanometer records from a spontaneously beating *false tendon’ of the dog.
One end of the preparation has been squeezed by forceps to produce a monophasic record
(showing slow diastolic depolarization). Time marks at 200 msec. From ref. 9, Figure la, with
permission.
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appearance of this volume on ‘slow currents’ in 1980 must be taken to
indicate that many problems regarding the slow voltage drifts as seen in heart
are still open to discussion.

In my monograph of 1956 ([20], Figure 20) I tried to indicate possible
conductance changes to Na* and to K* which might produce an action
potential typical for a Purkinje fiber. Since gx in the membrane of the squid
axon rises upon depolarization, it did not occur to me that one might assume
g« to fall. One day in 1959 Edouard Coraboeuf came from Paris with a
manuscript in his luggage. It was difficult for him to convince me that there
was no way to account for the strongly positive intracellular values of ventri-
cular action potentials other than to assume a voltage-dependent drop of
g« [21]. T felt somewhat heretical towards Hodgkin and Huxley but had to
give in. From that moment, I was ready to re-interpret my findings published
in 1955[22]. We now refer to the phenomenon of a potential-dependent gy
drop as ‘anomalous rectification’ since the finding is opposite to that
observed in the squid giant axon membrane, where K* conductance rises
upon depolarization.

In 1952 Hodgkin and Huxley had assumed that the passive flow of any ion
is dependent on the driving force and conductance for that particular ion
(independence principle). A case where the principle does not hold was first
published by Hodgkin and Keynes in 1955[23]: Increasing extracellular K*
concentration decreased *’K* efflux from squid giant axon by a much larger
amount than could be accounted for by the small decrease of driving force;
they hypothesized that the interaction might be understood by the help of a
‘single file model.” In the heart, the delicate balance between inward current
and outward (K*?) current seemed to be influenced in a rather unexpected
way: By increasing extracellular [K*] the net outward current increased
though the outward driving force for K* must have decreased. The effect
could be demonstrated even if the extracellular [K*] was raised in the turtle
coronary circulation at a time when the action potential had started, thus
excluding the idea that depolarization of the resting membrane is the clue to
explain an increase of K* efflux[24]. A thorough study showing [K*], to
influence unidirectional “?K* efflux and unidirectional *’K* influx was pre-
sented in 1962 by Carmeliet [25].

On the occasion of the 22nd International Congress of IUPS held at Leyden
in 1962 Denis Noble convinced his listeners that the time course of Purkinje
fiber action potentials as well as the corresponding changes of conductance
could be accounted for by assuming that specific membrane conductances to
Na* and K* change as a function of membrane potential and as a function
of time [26]. The report by Otsuka and Coraboeuf[27] and its confirmation by
Déléze [28], showing action potentials of normal duration in a solution which
contained only 8.3% of the normal [Na*],, were taken as nonconformist



information clarifying nothing and perhaps unnecessarily confusing our theo-
retical concepts. Another source of confusion were the findings by Matsuda et
al. [29], Wright and Ogata[30] and Pillat[31], who demonstrated that under
special conditions the cardiac action potential could be dissociated into two
parts, an initial spike and a later dome, the second sometimes missing or
following the spike after a more or less pronounced notch. Since many of us
were aware that a certain level of free intracellular Ca** is necessary to
activate contraction of skeletal muscle [32], and that the lack of Ca*™ in the
bathing solution uncouples the electrical and mechanical activity [6] of cardiac
tissue, it would have been natural to assume that Ca*" ions are displaced
from the outside to the inside of the cell during the plateau phase. Evidence
to this effect was much delayed by our knowledge that the action potential of
dog ventricular muscle becomes prolonged rather than shortened in a Ca**-
free medium (for example, see [33]). In 1966 Reuter applied depolarizing direct
currents to Purkinje fibers in a Na™*-free solution. In the presence of Ca**
the potential time course showed two steps, the second one having a ‘ thresh-
old’ in the range of 3040 mV, inside negative[34). Niedergerke and
Orkand [35], working with frog heart driven at a very low rate (I/min), showed
the size of the overshoot to be proportional to log[Ca* "], over a considerable
range of Ca®" concentrations (0.1-5 mM, 18 mV for a 10-fold change) in a
solution containing normal [Na*],. The compromise that evidently had to be
made was that depolarization of the membrane by fast inward current (Na™)
opens a different channel that is activated with some delay and has a poor
specificity for cations such as Na*, Ca** [36] or even Sr**[35,37]. The
evidence for Na* still playing some role, at least in Purkinje fibers, was
recently emphasized by a pronounced shortening of the plateau following the
administration of TTX at such a low concentration that the upstroke of the
action potential would not be affected to a major extent [38].

As to the nature of the slow pacemaker depolarization in Purkinje fibers,
the situation at present is rather confusing. Three possible hypotheses were
advanced in 1956 [20]: 1) a time-dependent increase of inward current carried
probably by Na*, 2) a time-dependent decay of outward K* current and 3) a
gradual slowing of an electrogenic Na* pump. The computations by Noble
[26] published in 1962 were based on hypothesis No. 2. Experimental evi-
dence in favor of this hypothesis was seemingly presented in 1966 by Vas-
salle [39], who voltage-clamped spontaneously active Purkinje fibers at their
maximal diastolic potential and noted a decrease of membrane conductivity as
a function of time. This interpretation of a slowly decreasing gy, universally
accepted up to 1979, is now given a different interpretation by Noble and
co-workers (no full papers available as yet), who argue in favor of a rising
inward current being responsible for pacemaker depolarization in Purkinje
fibers.



A similar mechanism had been postulated in 1955 by Hutter and Traut-
wein [40] and by del Castillo and Katz [41] who showed that vagal stimulation
could slow down or even temporarily reverse slow depolarization of a frog’s
sinus venosus.

As to slow currents observed in the AV nodal region, much of our present
knowledge is the result of Brian Hoffman’s visit in the summer of 1956 to
Antonio Paes de Carvalho and Walmor de Mello in Rio de Janeiro. The
findings are summarized on slightly more than one page [42]: AV nodal fibers
have a low resting potential and prominent diastolic depolarization; the
upstroke velocity of their action potentials decreases to very low values in the
center part of the node and then increases again as the recording microelec-
trode is moved to locations near the His bundle.

A hundred years ago, in Volume 2 of the Journal of Physiology (1879/80)
Burdon-Sanderson and Page introduced their contribution by stating ‘As
regards the subject now before us (changes of electromotive forces in heart,
S.W.) the labours of Engelmann... leave little to be done.’ Let us hope that
readers of the present texts will not be left with similar impressions.
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2. THE SLOW RESPONSE AND CARDIAC
ARRHYTHMIAS *

PauL F. CRANEFIELD

More than twenty years ago Brian Hoffman and I were deeply impressed by
the fact that total AV block can occur at a time when fibers within the node
are fully excitable. If atrial activity and His bundle activity occur at the right
time, a normal action potential may appear within the node at a site which,
when either atrial or His bundle activity occurs alone, shows only a low
amplitude local response ([1], Figure 6-9F). We thought about this observa-
tion from time to time and wondered whether the action potential thus
elicited could actually propagate. In 1970, working with Klein, we investi-
gated excitation and conduction in strands of Purkinje fibers, the central part
of the strand being exposed to high potassium and epinephrine [2—4]. We
found that conduction through the depressed central portion could become
very slow, could show 2:1 block at high rates of drive, could be unidirection-
al, and in many ways resembled conduction through the AV node. Using a
‘T-shaped’ preparation, in which a branch emerged from the depressed area,
we found that at a time of bidirectional block, if the depressed central area
were invaded by impulses from both ends of the fiber, an action potential
could arise in the central area, just as it can in the AV node, and could
propagate throughout the branch that arose in that area. This mutual rein-
forcement of the action potentials, bringing the depressed fiber to threshold,
we called summation. In some preparations excitation of one end could give
rise to an action potential in the center which might propagate out the branch,
but such excitation could be prevented by excitation of the other end of the
bundle. This we called inhibition.

The family of properties elicited by depression of the excitability of a
segment of a bundle of Purkinje fibers, i.e., slow conduction, rate-dependent
block, summation and inhibition, suggested that a segment with such proper-
ties could easily become the locus of reentrant arrhythmias. Our research then
turned to the effort to prove that such reentry could actually occur. Studying
preparations exposed to high K* and epinephrine, Wit and I evoked circus

* In writing this chapter I have accepted the Editors’ invitation to review the work of my
laboratory and to express my present views. This personal account makes no attempt to provide a
systematic review of the literature. The work of our laboratory is supported in part by USPHS
Grant HL 14899.

D.P. Zipes, J.C. Bailey, V. Elharrar (eds.), The Slow Inward Current and Cardiac Arrhythmias,
11-21. Copyright © 1980 by Martinus Nijhoff Publishers bv, The Hague/Boston/London. All rights
reserved.
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movement of excitation around short loops of Purkinje fibers as well as
‘reflection’ in unbranched bundles of Purkinje fibers[5, 6]. In the course of
those studies, Dr. Wit and I were plagued by the appearance in certain
preparations of the phenomenon we now call triggering, a phenomenon we
regarded as a nuisance since when it was present one could not attribute the
sustained rhythmic activity to reentry, (5], p 21).

The more we studied the electrical activity of fibers exposed to high levels
of K* and epinephrine, the more we became convinced that we were not
dealing with a simple ‘depression’ of the normal action potential. We there-
fore decided to test whether conduction could occur through a segment of
Purkinje fibers exposed to a wide variety of conditions under which normal
fast channel activity should be blocked, and found that it could do so[7].

As Weidmann has pointed out elsewhere in this book, quite a few pieces of
evidence had accumulated in the late 1950’s and in the 1960’s that pointed to
the role of some inward current other than fast channel current in the produc-
tion of at least some propagated action potentials in the heart. As a matter of
fact Hoffman and I, in our monograph, which was completed in July, 1959,
had expressed considerable caution about the evidence in support of a
straightforward ‘Hodgkin—-Huxley’ theory in explaining cardiac action poten-
tials :

reduction of external Na* alters the action potential but it does so to a lesser degree than the
theory predicts. This fact suggests the possibility that some other ion participates in the depolar-
ization. It seems extremely likely that an increase in Py, plays a significant role in the process of
depolarization in most cardiac fibers; it also seems likely that some additional unknown factor is
important ([1], p272)

and we had devoted the closing pages of that monograph to an interpretation
of repolarization in which inward-going rectification was taken as a central
feature. Since Hoffman and Paes de Carvalho had, in the 1960’s, argued
persuasively that the action potential of the AV node might be different in
kind from that of the Purkinje fiber [8] and since our preparations of Purkinje
fibers exposed to high K* and epinephrine had so many properties in com-
mon with the AV node, we were quite prepared to entertain the idea that
there may be situations ‘in which depolarization causes the normal action
potential to be replaced by the slow response’ ([7], p 242). By then, of course,
the articles of Wright and Ogata[9], Hagiwara and Nakajima[10], Niedergerke
and Orkand[11] and Rougier et al.[12] had appeared, as had other studies
suggesting the existence and importance of the slow inward current (see
Weidmann’s chapter in the present volume and [13]).

Aronson and 1[14-16] pursued the question of whether one could obtain
action potentials in Purkinje fibers exposed to Na-free solutions, on the
assumption that obtaining action potentials under those circumstances would
provide persuasive evidence for the existence of the slow channel. Whether it
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did that or not (and I believe that it did), it certainly again directed our
attention to the importance of the resting potential [15] and to the observation
that Purkinje fibers exposed to Na-free, Ca-rich solutions are triggerable, i.e.,
can be thrown into a state of rhythmic activity in which each action potential
emerges from a delayed afterdepolarization that follows the preceding action
potential[16]. The latter observation - subsequently received a good deal
of study in our laboratory [17-19]; its relationship to the slow inward current,
which remains obscure, is discussed further below.

In an attempt to investigate the ionic specificity of the slow channel,
Wiggins and 1[20] added Na* to the perfusate of fibers that were rhythmi-
cally active in Na-free, Ca-rich solutions with the unexpected result that the
addition of very small amounts of Na* caused rather marked hyperpolariza-
tion (an effect which we attributed to electrogenic sodium extrusion but
which might perhaps be reexamined in terms of recent ideas about electro-
genic sodium—calcium exchange). The addition of small amounts of Na™
seemed to inhibit the slow-channel dependent upstroke more than one might
expect from any increase in outward current associated with enhanced sodium
extrusion or Na—Ca exchange, raising the possibility that Na* may reduce the
permeability of the slow channel to Ca** and that Ca** may reduce the
permeability of the slow channel to Na* ([13], p 84-86; [21]). The same study
led to Wiggins noting two stable levels of resting potential in Purkinje fibers
exposed to Na-free solutions[22].

The examination of the important implications of that phenomenon and of
electrogenic sodium extrusion for excitation and conduction subsequently
occupied Gadsby and myself[23-26] and continues to do so. Indeed, a recur-
rent theme in our laboratory has been the appearance of unexpected interac-
tions between studies of slow conduction, studies of the resting potential,
studies of triggered activity and studies of electrogenic sodium extrusion. We
first noticed triggering in calf Purkinje fibers exposed to high K* and epi-
nephrine [6], began to study it in earnest when we saw it in the course of
studying the slow response in Purkinje fibers exposed to Na-free, Ca-rich
solutions [16] and became convinced of its clinical significance when we
demonstrated that it exists in fibers of the coronary sinus[18]. But the more
we studied triggering in the coronary sinus the more we realized that its
appearance and cessation are critically dependent not only on resting potential
but also on the rate of electrogenic sodium extrusion[27] and we eventually
found two levels of resting potential in fibers of the coronary sinus (see
Figure 1). Preliminary observations suggest that fibers at the high level
of resting potential can show spontaneous depolarization and both early
and delayed afterdepolarizations and are triggerable; at the low level of
resting potential the fibers can show delayed afterdepolarizations and are
triggerable.
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Figure 1. Transmembrang action potentials recorded from a fiber of the canine coronary sinus,
showing the presence of two levels of resting potential and the appearance of afterpotentials at
each level. The fiber, perfused with 4 mM K+, Cl ~-free solution, had previously been triggered
into sustained activity during transient exposure to norepinephrine. This record was obtained
while the effect of enhanced electrogenic sodium extrusion, caused by that sustained activity, was
wearing off. The record shows the response to two applied stimuli. The initial action potential is
driven and is followed by a second spike and, subsequently, by a delayed return to the original
resting potential; the second upstroke may be regarded as having arisen in the course of an early
afterdepolarization evoked by the driven action potential. A low amplitude delayed afterdepolar-
ization occurring at the high level of resting potential is seen between the first and second driven
action potentials. The second driven action potential is followed by two non-driven action
potentials which are in turn followed by a large delayed afterdepolarization that occurs at the low
level of resting potential. A further subthreshold oscillation leads into what may be regarded as
either a second level of resting potential or as a prolonged early afterdepolarization evoked by the
driven action potential. The potential is not quite stable, and a slow drift in the direction of
increasing negativity brings the membrane to the level at which it abruptly shifts to the high
level of resting potential. The time marks occur at S sec intervals. The time mark line also marks
+20 mV. The resting potential at the beginning of the record is about —83 mV (previously
unpublished record obtained by Gadsby and Wit).

By 1973 1 became sufficiently convinced of the importance of the slow
inward current to begin an exhaustive review of the literature bearing on it
and to write a monograph [13], which was completed in July, 1974. In the
course of that activity I convinced myself of the reality of the slow channel
and of the kinetically slow inward current, of the existence of propagated
action potentials in fibers in which normal fast channel activity is absent and
of the existence of rhythmic activity in fibers in which normal fast channel
activity is absent.

In the introduction to that monograph ([13], pv) I offered the following
theses:

(1) Fibers of the heart can produce two fundamentally different kinds of action potential, the
fast response and the slow response.
(2) The slow response and the fast response differ profoundly in conduction velocity and in the
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nature of their upstrokes and probably depend upon the flow of current through different
channels.

(3) The fast response can arise only in fibers that have a high resting potential, whereas the
slow response can propagate only in fibers that have a low resting potential.

(4) Most, perhaps all, arrhythmias result either from slow conduction or rhythmic activity in a
discrete and localized area of cells that show only slow response activity.

(5) Some foci, such as the SA node and AV node, show slow response activity under normal
conditions and are thus always potentially arrhythmogenic.

(6) Other foci, that normally produce the fast response, may become arrhythmogenic when loss
of resting potential secondary to injury or disease abolishes their ability to produce a normal
action potential and unmasks slow response activity.

I would modify these statements today only by mentioning the possible role
of the ‘depressed fast response,” by placing more emphasis on the role of
inward-going rectification, and by replacing, in (4), the words ‘most, perhaps
all’ by ‘many.’

I also pointed out ([13], p 100) that ‘channels are defined by the way in
which their permeabilities change as a function of time and voltage and by
their responses to pharmacological agents. In the heart the terms ‘ fast chan-
nel” and “slow channel” are much to be preferred to terms that suggest a
specific ionic permeability. It is particularly desirable to avoid thinking of the
slow channel as a calcium channel since it is almost certainly permeable to
both calcium and sodium and may well carry chiefly sodium under certain
conditions’ and that ([13], p 115, [16]) ‘ the differences between the two sorts
of propagated activity are so great that it is reasonable to regard them as
functionally distinct phenomena even in the absence of a definitive under-
standing of the current—voltage relationships and permeability changes that
cause them; such a definitive understanding presumably must await a reso-
lution of the problems that surround the use of the techniques of vol-
tage—clamping,” and added that ([13], p 348):

One might ask whether the slow channel is a distinct entity or is merely a fast channel that is
profoundly modified when the membrane potential is less than —60 mV. This is an important
and fundamental question from the point of view of membrane biophysics; it is also an
unanswered question. From the point of view of the phenomenology of excitation and conduc-
tion in the heart, however, the question does not appear to be as fundamental. If one grants the
existence of two profoundly different sorts of inward current it might not make much difference,
from the point of view of excitation and conduction, if those currents flow through different sets
of channels or if they flow through a single set of channels that has two profoundly different
sorts of properties, switching more or less discontinuously from one sort to the other as a
function of membrane potential.

Much later, in a talk before the Cardiac Muscle Society in 1978 and in a
subsequent review [28] I said:

Little consideration has been given to the possibility that a fiber at a resting potential low enough
to inactivate the fast channel almost completely might possess a low ggx so that the few
remaining fast channels might sustain regenerative depolarization. Such a regenerative depolari-
zation might give rise to an action potential that could propagate over a fairly long distance (but
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with decrement), and these action potentials could not easily be distinguished from propagating
slow responses. Such action potentials could be blocked by TTX or lidocaine. Alternatively, the
fast channel current, although insufficient to sustain even decremental conduction, might cause a
local response sufficient to depolarize the membrane to the threshold of the slow channel,
thereby evoking a propagated slow response. The appearance of such a response might be
prevented by TTX or lidocaine acting solely on the fast channel dependent local response ; but the
propagated slow response could, of course, be blocked by verapamil. Under such circumstances
relatively small changes in resting potential (for example, of a kind that might be caused by
changes in the rate of electrogenic sodium extrusion) might markedly change the character of the
action potential by causing an increase or decrease in fast channel current. One can even envision
blocking an arrhythmia that arises in such a fiber by use of lidocaine, only to have a subsequent
depolarization (caused, for example, by digitalis toxicity) bring the fiber to the potential at which
lidocaine-insensitive slow responses would appear and become arrhythmogenic....

One of us has suggested [13] that many arrhythmias result from a loss of resting potential that
leads to replacement of the normal action potential by a slow response. To that possibility we
would now add the replacement of a normal action potential by an action potential in which the
upstroke depends on current carried via the largely inactivated fast channel. We would also
emphasize the importance of gyx and again point out that the delayed afterdepolarizations
responsible for triggered activity can arise at membrane potentials well negative to the threshold
of the slow response.

These last remarks draw attention to the questions that have arisen because
of the finding that some of the arrhythmias associated with myocardial
infarction appear to be insensitive to verapamil but sensitive to lidocaine.
Whether that means that activation of slow channel currents plays no role in
those arrhythmias remains, in my opinion, an open question. One of the
difficulties in using pharmacological criteria to analyze arrhythmias is that we
do not have agents that sharply discriminate one cause of arrhythmia from
another. For example, a fiber at the low level of resting potential can be
shifted to the high level by adding lidocaine or TTX [23]. This antiarrhythmic
effect results from a reduction in a steady-state inward current and points to
an action of lidocaine phenomenologically distinct from its ability to block the
much larger currents responsible for normal rapid upstrokes [28-32]. Similarly,
verapamil can enhance certain repolarizing currents[33-35] and the racemic
mixture has a minor but real ability to block fast channel currents by binding
to inactivated fast channels [36]. If we concede that loss of resting potential is
an essential prerequisite for the appearance of slow conduction and reentry or
for the appearance of ‘depolarization-induced rhythmicity,” the variety of
forms of slow conduction and rhythmic activity that can appear in depolarized
fibers, and the multiplicity of effects of antiarrhythmic drugs make it difficult
to decide what causes any particular arrhythmia or how any particular antiarr-
hythmic drug acts on any particular arrhythmia.

A striking paradox appears in connection with triggered activity in the
coronary sinus. Such activity is exquisitely sensitive to verapamil but it is the
delayed afterdepolarization required to sustain the arrhythmia that is sensitive
to verapamil. The upstroke in many such fibers appears to be fairly rapid, and
verapamil-insensitive; the paradox arises because the verapamil-sensitive
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afterdepolarization is seen at voltages well negative to the threshold of the
‘conventional’ slow channel. The ease with which this arrhythmia can be
blocked by verapamil does not show that it is directly caused by slow channel
currents; instead it shows that verapamil sensitivity cannot be taken as proof
that an arrhythmia is directly caused by slow channel currents.

At this stage in the development of our knowledge of the cause of arrhyth-
mias I think that (1) reentry can occur only in a heart that contains depolar-
ized fibers[35] or in the presence of drastically shortened action poten-
tials [37, 38]; (2) that the slow conduction necessary for reentry can result
from slow response activity (and probably does so in supraventricular reen-
trant arrhythmias) but may perhaps arise in fibers in which a significant part
of the excitatory current is fast channel current; (3) that antiarrhythmic drugs
presently assumed to act by blocking the regenerative inward currents that
cause the upstrokes of action potentials may also act by causing hyperpolari-
zation; (4) that triggered arrhythmias, although verapamil-sensitive, depend
on afterdepolarizations the cause of which remains unexplained; and (5) that
most ‘depolarization-induced’ rhythmicity is ‘triggerable’, i.e., is dependent
on afterdepolarizations.

I have several times alluded to the importance of inward-going rectification
in the above discussion. A marked fall in gg is associated with depolarization
in Purkinje fibers; Gadsby’s study of the phenomenon of two stable levels of
resting potential [23] serves to emphasize the fact that fibers brought in certain
ways to a low level of resting potential may have a low overall permeability
and can thus far more readily develop action potentials, the upstrokes of
which result from small and kinetically slow inward currents, than can fibers
depolarized by high K* (see above and [28]). The time when we could look
on the resting potential as being simply a potassium equilibrium potential is
long past and I have no hesitation in repeating the closing sentence of my
monograph [13]: ‘To complete our understanding of the electrophysiology of
the heart we must acquire far deeper insights into the nature of the resting
potential than we now possess; only a few fragmentary clues are now avail-
able to help in that task.’

In general, in the 5 years since I wrote my monograph, we have become
increasingly aware of the complexity and importance of the resting potential
as a determinant of excitability ; of the importance of inward-going rectifica-
tion (for review see [23, 28]); of the ability of slowly- or non-inactivating fast
channel current to contribute to the total inward current in depolarized
fibers[23, 39,40]; of the effect on cable properties of cellular uncou-
pling [41-43]; of the possibility that Na/Ca exchange is electrogenic[44]; of
the fact that depletion and accumulation of K* in extracellular spaces not
only complicates the interpretation of results obtained by voltage-clamping
but also exerts an important influence on the configuration of the action
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potential [45—47]; and of the fact that electrogenic sodium extrusion has a far
greater effect than previously supposed on resting potential, phase 4 depolar-
ization, triggered activity and the time course of repolarization [25, 27].

As I said in my monograph ([13], p 28):

If cardiac fibers can, in fact, produce two distinct kinds of action potential in two distinct ranges
of resting potential, the complexities of analysis of that fact are enormously increased by our
ignorance of the nature of the resting potential. To understand the activity of a given fiber of a
given cardiac tissue at a given resting potential we ought to know the extracellular and intracel-
lular ionic concentrations, the permeabilities to each ion, the dependence of those permeabilities
on membrane potential, the dependence of those permeabilities on the intracellular and extracel-
lular concentrations of each ion, the cable properties (which are largely, but not entirely, defined
by the properties listed above), the time- and voltage-dependent characteristics of any regenera-
tive inward currents and of any outward currents as a function of membrane potential and as a
function of the intracellular and extracellular concentrations of each ion, the existence and degree
of activity of all neutral and electrogenic ion pumps as a function of membrane potential and as a
function of the intracellular and extracellular concentrations, the way in which any of ‘the above
factors are influenced by such agents as catecholamines and acetylcholine, and the way in which
each of the above factors affects the other.

Until fairly recently many investigators believed that the significant events
contributing to the cardiac action potential arose from stable diffusion poten-
tials and from ‘gated’ currents that had been measured and characterized by
voltage-clamp experiments and subsequently reconstructed by mathematical
simulation. It is now widely recognized that ion accumulation and depletion
may explain current changes once confidently attributed to permeability
changes. It is also increasingly obvious that the cardiac action potential is
significantly affected by currents that are not only not gated but are not even
attributable to diffusion potentials; electrogenic sodium extrusion generates
such a current.

Indeed, it seems that we remain very far from being able to make a rational
reconstruction of the cardiac action potential even of normal cells. Neverthe-
less, I think that perhaps we have now identified all of the factors that do
need to be taken into account, in other words that no really startling surprises
lie in wait. If so, 10 years work by many investigators may suffice to
characterize each of those factors and, with luck, another 10 years might tell
us ‘the way in which each of the above factors affects the other.’Once that is
accomplished for each type of cell in the heart, under normal and abnormal
conditions, it may be possible to analyze how various types of cells, under
various kinds of conditions, interact to produce normal and abnormal rhyth-
micity and normal and abnormal conduction. Since the analysis of an arrhyth-
mia requires that we understand the processes of conduction and rhythmicity
in normal and abnormal fibers and in the transitional fibers that connect
normal fibers to arrhythmogenic foci ([13], p 294-304), only by answering the
above questions can we fully understand any arrhythmia. We can now ask
and answer questions of a far more fundamental kind than we could 10 years
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ago, and I believe that the answers to those questions will slowly begin to fit
into place and enable us to understand in full detail the electrical basis of
both normal and abnormal rhythm and conduction in the heart.
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II. BASIC PROPERTIES OF THE
SLOW INWARD CURRENT



3. VOLTAGE CLAMP STUDIES OF THE
SLOW INWARD CURRENT

EpouAarRD CORABOEUF

1. INTRODUCTION

As early as 1911, Eiger[1] distinguished two phases in the ECG, the first
(QRS complex) being considered as an action current, whereas the second (ST
interval and T wave) was interpreted as being the result of biochemical
processes. Other authors [2-5] considered that, if QRS was related to excita-
tion, the T wave was related to contraction. Therefore several previous obser-
vations suggested that two different mechanisms might be responsible for
early and late ECG waves. Moreover the R wave was recognized as being
very stable wheras the lability of the T wave was established in many
experimental conditions (see [6]).

When cellular action potentials were recorded, it became clear that the
spike and the plateau of cardiac action potentials could be separated quite
easily. As the very first transmembrane Purkinje fiber action potentials[7]
were recorded in preparations in rather poor condition, they did not exhibit
spikes. They constituted what is called today ‘slow responses,” whereas later
the same year, in preparations in better condition, the existence of a large and
brief spike preceding the plateau was demonstrated [8]. Therefore, it seems
obvious that two different processes, the spike and the plateau, could develop
independently in cardiac action potentials. This was confirmed by further
observations made independently by Weidmann and myself, of Purkinje fiber
action potentials with initial notches of increasing depth until the plateau
spontaneously disappeared, leaving only isolated spikes as shown in Figure
1A. Later, conditions were found where it was possible to suppress spikes
entirely without affecting the amplitude of the plateau (Figure 1B)[9].

It was shown by Weidmann [10] that the spike of the Purkinje fiber action
potential is related to an increase of the membrane conductance to sodium
(Na*) ions. However other observations showed that in the guinea pig ven-
tricular muscle, the amplitude of the overshoot was rather insensitive to the
external Na* concentration ([Na*],) as no change occurred after 15 min of
superfusion with a Tyrode solution containing only 5% of the normal
[Na*],[11]. It was suggested that: ‘these effects are to be put together with
those described by Fatt and Katz[12] in crab muscle. The behavior of the

D.P. Zipes, J.C. Bailey, V. Elharrar (eds.), The Slow Inward Current and Cardiac Arrhythmias,
25-95. Copyright © 1980 by Martinus Nijhoff Publishers bv, The Hague/Boston/London. All rights
reserved.
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Figure 1. Observations showing the independence of spike and plateau in isolated kid Purkinje
fibers. A: successive action potentials exhibit either a normal shape (a) or a marked notch
between spike and plateau (b) or only a spike (c). Thick horizontal line: 0mV ; between thin lines:
10mV. Weidmann Feb. 2, 1950, unpublished. B: the first two action potentials are triggered by
brief stimulations. The last three are spontaneous action potentials; they no longer show spikes
but the amplitude of the plateau is the same as in the first two responses although its shape is
different. [9, reproduced with permission.]

guinea pig ventricular muscle seems in some way intermediary between that
of most of the tissues studied until now and that of the crustacean muscle
which is very curious and very different. It is not impossible that this
particularity is related to the existence of a long-lasting plateau, normal in
cardiac muscles and easy to trigger in crustacean muscles’[11]. Since it was
shown that the long-lasting crustacean muscle action potential is due to the
entry of divalent cations into the cell [13] it became obvious that the cardiac
action potential plateau could have the same origin. However the situation
remained rather obscure for several years, because of the well-known fact that
in the complete absence of divalent cations or in the presence of a chelating
agent, the cardiac plateau not only persists but is markedly prolonged [14, 15].
Nevertheless the possibility for calcium (Ca**) ions to enter the cell during
the periods of activity became more and more obvious, following two obser-
vations published simultaneously namely (a) in the frog ventricle, periods of
potassium-induced depolarization or of electrical stimulation increased the
uptake of labelled Ca** [16], (b) in turtle ventricle, a very short period of
perfusion with a Ca**-rich solution starting at the beginning of a systole (i.e.
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after the onset of the membrane depolarization), increases the amplitude of
this systole, indicating that Ca*® ions ‘mediate between electrical and
mechanical activity throughout the period of membrane depolarization’[17].
The first clearly expressed indication that the plateau of the cardiac action
potential may be related to an increase in Ca** conductance was given by
Orkand and Niedergerke [18]. At the same time, using artificially shortened
Purkinje fibers, Deck et al.[19] introduced a voltage clamp technique which
allowed direct measurements of membrane ionic currents in cardiac tissues.

2. HODGKIN-HUXLEY CONDUCTANCES

Excitable membranes possess different systems (channels and carriers) allow-
ing ions to enter or leave the cells. In agreement with the Hodgkin-Huxley
theory [20], it is generally accepted that time- and voltage-dependent changes
in ionic conductances are due to the opening and closing of channels that are
controlled by gating mechanisms. Transitory currents which develop when a
membrane is depolarized, such as the rapid Na* inward current (iy,) and as
will be shown later the slow inward current (ii;) are controlled by activation
and inactivation gates, whereas other currents such as some outward potas-
sium (K *) currents (ix) are controlled only by activation gates. The correspon-
ding conductances are labelled gy,, g; and g respectively.

The equation of a given membrane current carried by one ion y crossing
the membrane through a specific channel of maximum conductance g,, con-
trolled by an activation gating system a (or governed by an activation para-
meter or variable a) and an inactivation gating system b, is the following:

iz = gx(Em~Ex) (1)
with

g, = ga’b’ (2)
therefore

i, = 'gxa’b"(Em—El) 3)

where E,, is the membrane potential and E, the equilibrium potential for the
ion x -y and J indicate that g, is proportional to a given power of variables
which obey a first order equation. y and & could be the numbers of indepen-
dent mechanisms controlling activation and inactivation processes. In the case
of the Na™ channel of the squid axon, where the activation and inactivation
variables are labelled m and 4 respectively, ¥ = 3 and 6 = 1. This can mean
that the Na™ channel is controlled by three independent activation gates, all
three having to be open simultaneously for the activation system to conduct
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whereas there is only one inactivation gate. It is possible that activation and
inactivation processes are not entirely independent. At the resting potential
(E), all a gates are generally closed (the steady-state proportion of a gates in
an open state is zero, a., = 0), whilst almost all b gates are open (b, = 1).
When the resting membrane is suddenly submitted to a maintained depolar-
ization, the channel first activates quickly (a gates open, i.e., a rapidly reaches
a new steady-state value, for example a. = 1 with a time constant 7,) then
inactivates more slowly because the b gates close (b reaching a new steady-
state value for example b, = 0, with a time constant 7,). A peak of inward
(negative) current flows as a result of the transient opening of the conduc-
tance g, and the existence of a driving force (E,-E,).

When ions cross an unclamped membrane, they carry charges from one
side to the other and therefore change the membrane potential. Inward
movements of positive charges (inward currents, i) tend to depolarize the
membrane whereas outward currents (i,) tend to repolarize it. For this reason
when a membrane possessing Na rapid channels or slow channels is moder-
ately depolarized so that gy, or g begins to open, the resulting inward current
further depolarizes the membrane giving rise normally to an action potential.
It is therefore impossible to study the development of a given current at a
chosen constant membrane potential (E,), if the membrane is not clamped.

3. EXISTENCE OF THE SLOW INWARD CURRENT: FIRST VOLTAGE CLAMP
EXPERIMENTS

The first attempt to clamp the membrane potential at a constant level in
cardiac tissues was made by Weidmann[10,21]. By means of a feedback
circuit the membrane potential of calf and sheep Purkinje fibers was main-
tained at a chosen level in order to measure the rate of rise of action
potentials starting from the pre-established level. The membrane potential
could be clamped only during slowly evolving phases, i.e., when the mem-
brane was close to equilibrium (diastole and plateau) and transmembrane
currents were not measured. Other voltage or current clamp experiments
allowed the measurement of membrane conductance as a function of mem-
brane potential [22-25]. Accurate voltage clamp experiments, allowing the
direct measurement of transmembrane ionic currents which develop when the
membrane potential is clamped at a control value that is constant, were first
performed in artificially shortened Purkinje fibers[19,26-30].

The rapid inward Na* current and outward K* currents were analyzed by
Deck and Trautwein [28]. In addition to the initial Na* current with its rapid
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inactivation, they described a prolonged Na™ current which declined with a
time constant of around 100 msec. Vassalle[31] and Giebisch and Weid-
mann [32] obtained results which do not exciude a similar slow time-depen-
dent fall in gy, during the plateau. In 1965, Trautwein et al.[33] using both
rectangular clamp pulses (voltage changes of constant amplitude) and ramps
(voltage changes of constant speed), observed current voltage relationships
displaying long-lasting negative conductance. Because regions of net inward
current still occurred when all ions, except 1 mM K* and the buffer, were
removed from the external solution the authors suggested that the long-
lasting inward current was carried neither by Na* nor by Ca** ions flowing
down their concentration gradients, but possibly by some intracellular anion
or that it was due to the operation of an ionic pump. On the other hand,
Reuter[34, 35] using short sheep Purkinje fibers kept in a Na*-free solution
observed that to maintain the membrane at E ,=~0mV, less current was
necessary from an external source when the Ca** concentration was high. He
concluded from such current clamp experiments that a transitory inward
Ca*™™* current was probably triggered by strong depolarizations. McAllister and
Noble [36] observing small spikes in a Na*-free solution, attributed them to
Ca** ions flowing possibly through Na® channels. A definitive conclusion
about the nature of the long-lasting inward current remained however diffi-
cult to reach [37, 38]. It was shown that in Purkinje fibers a positive (outward)
dynamic current was partially superimposed on the long-lasting inward cur-
rent, both currents exhibiting rather similar properties[39,40]. Reuter[41]
using the same preparation bathed in a Na*-free solution observed that when
the membrane was submitted to rectangular depolarizing pulses, membrane
currents were different in the absence and in the presence of Ca**. In a
Ca**-free solution currents were always outward whereas in a Ca**-rich
solution (7.2 mM Ca**), the initial outward current decreased and, 50 to
100 msec after the beginning of the pulse, turned into an inward current. This
slow inward current was not affected by large concentrations of tetrodotoxin
(TTX, 10~° g/ml) whereas it was increased by adrenaline. Extrapolation of the
current-voltage relationship obtained in a Ca**-rich medium, suggested a
reversal potential around +180 mV which could be considered to represent
the Ca** equilibrium potential (Ec,). These results therefore strongly sug-
gested the existence of an inward Ca*™* current participating in the depolari-
zation of the membrane during the plateau of the Purkinje fiber action
potential.

The fact that in cardiac cells a long-lasting plateau develops either in the
presence or in the absence of external divalent cations was explained by
voltage clamp experiments performed on frog atrial fibers using the double
sucrose gap technique [42-44] and by comparing voltage clamp results and
standard electrophysiological analysis[45]. Results confirmed the existence of
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a rapid Na* current inhibited by TTX and responsible for the first part of the
ascending phase of the action potential. The existence of another time- and
voltage-dependent inward current, normally 10 to 20 times slower than the
former and not influenced by TTX but inhibited by manganese (Mn™**) ions
was also demonstrated. As in the Na™ current, the secondary inward current
underwent activation and inactivation. It appeared that in normal conditions
this current was carried by both Na* and Ca*™" ions, whereas in a Na*-free
solution it was carried by Ca** ions only and in a Ca**-free solution by Na*
ions only. The slow current was claimed to be responsible for the second part
of the ascending phase of the cardiac action potential and to play an impor-
tant role during the plateau and the repolarization of the action potential. The
term ‘slow channel’ was proposed for this pathway for slow current [44]. The
existence of a passive slow channel accepting both Ca** and Na™ ions
explains the existence of a plateau even when cardiac fibers were bathed in an
entirely Ca**-free solution[45]. A rapid inward Na* current and a slower
inward Ca** current or Ca**—Na* current were also recorded in ventricular
trabeculae of sheep [46], dog [47-50], rat [S1] and guinea pig[52]. The existence
of the slow inward current was also confirmed in Purkinje fibers and its
characteristics were analyzed [53].

From the above described investigations it may be deduced that the secon-
dary inward current undergoes both activation and inactivation, and therefore
resembles currents obeying Hodgkin—-Huxley kinetics [20]. However the kine-
tics of this current are markedly slower and the level of depolarization
necessary to trigger the current (threshold potential) is higher than that
corresponding to the rapid inward current. Therefore the existence of a slow
inward current, independent of the rapid Na* current, carried by Ca** or by
Ca** and Na™ ions and controlled by activation and inactivation processes
seemed to be quite well established by the beginning of 1971. However,
Johnson and Lieberman[54] in a critical and useful survey of the limitations
of the voltage clamp techniques cast some doubt on the existence of this slow
inward current, suggesting that it might be in fact carried by Na* jons
flowing through the rapid channel. The secondary current might be slower
than the primary Na* current only because of the electrotonic decrement of
the command pulse along the fibers whereas its persistance in a Na*-free
solution could be attributed to imperfect washing of deep-lying cells. Such a
careful analysis stimulated research in order to prove or disprove the exis-
tence of the slow inward channel as a distinct mechanism, independent of the
rapid Na* channel. None of the subsequent papers failed to recognize the
existence of two different ionic mechanisms responsible for the development
of the membrane depolarization during the cardiac action potential [55-57].
For reviews concerning this point and analysis of the slow channel and ionic
currents in cardiac tissues see[58-71].



31
4. VOLTAGE CLAMP TECHNIQUES

The voltage clamp technique allows the membrane potential to be rapidly and
permanently adjusted at a chosen value E,, by using a negative feedback
system which almost instantaneously through the membrane resistance (R,,)
delivers a current i,, just sufficient to attain this purpose, whatever the
variations in R,, may be. In square-pulse experiments, E is modified instan-
taneously when necessary, then maintained at a constant value; in ramp
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Figure 2. A: Principle of voltage clamp. Let us consider a schematic and simplified membrane
with only two conductances gc, and gk (the corresponding resistances being Rc, and Rk so that
the membrane resistance is given by 1/Rp, = 1/R¢a+ 1/Rg) and two equilibrium potentials
Eca = +80mV and Exg = —100 mV. At rest (g¢c, ‘closed’, key k open) the potential of M; is
—100 mV with respect to M,, it is the resting value of E,. For M; to be clamped to —40 mV
(depolarization step of 60 mV) it is necessary that the operational amplifier (OA) delivers through
R, (i.e., through Rg) an outward ‘depolarizing’ current (i, carried through the membrane by
K * ions) which will make M; less negative than before by 60 mV). Let us assume now that the
depolarizing step is large enough to open largely gc, (i.e., to close key k). The potential of M;
would now tend to move towards +80 mV (instead of being equal to —100 mV) because R¢,
and Ry act as a voltage divider and R¢, becomes transiently smaller than Rg (gc, transiently
larger than gg). Therefore, to prevent spontaneous depolarization of the membrane from occur-
ring and to maintain the potential of M; at —40 mV, the operational amplifier must now deliver
through R, (mainly through Rc,) a current in the reverse direction as previously, namely an
inward ¢ repolarizing’ current (i, mainly carried through the membrane by Ca* * ions). It must
be noted that closing and opening of the key k is a poor image of activation and inactivation of
gca- A progressive decrease followed by a progressive increase in Rc, would be the correct
representation. B: Spatial distribution of electrotonic potential V along a fiber when current is
applied to the interior of the fiber at a sealed end (left end). Such a sealed end may be a natural
end (papillary muscle) or a cut end after healing over. In case a, the length (L) of the fiber is
assumed to be infinite; in case b, it is equal to the space constant A, whereas, in case c, it is equal
to A/2. In case c, the voltage drop along the short fiber (i.e., at a distance of A/2) is about 11%
whereas in a long fiber (case a) it reaches about 40% at the same distance of A/2.



32

experiments it increases or decreases linearly as a function of time. According
to Ohm’s law, E,, = i, R,,. The aim of the voltage clamp technique is to
measure the transmembrane current i,,. The apparatus, principally an opera-
tional amplifier permanently measures the membrane potential E, and, when
R, varies, it adjusts i, immediately so that, in square-pulse experiments,
in Ry, (therefore E,) remains constant (Figure 2A). It is necessary for all the
current delivered by the amplifier (i.e., the current measured in voltage clamp
experiments) actually to cross the membrane, in order to be equal to i,,. This
is generally achieved by passing the current either through an intracellular
electrode or through extracellular electrodes across a region of the fiber in
which the extra-and-intercellular spaces have been rendered nonconducting
by superfusion with sucrose or some other equivalent isotonic solution.

One of the main problems encountered in voltage clamp experiments is
that of the nonuniformity of the membrane voltage as a function of space.
For example let us assume that at a given point of a long fiber the resting
membrane is suddenly depolarized by 40 mV, giving rise to an inward cur-
rent. Because of the electrical properties of the membrane, the depolarization
decreases exponentially as a function of distance according to the space
constant A and falls to a very low value (=15 mV) at a distance as short as
2 mm, so that, at this distance, it gives rise to an outward current. It is
therefore impossible to study ionic currents in such a ‘long’ fiber since
currents of different amplitude and even of opposite direction can flow in
different parts of the fiber. Because membrane currents change with mem-
brane voltage, one of the basic requirements of the voltage clamp is that the
voltage be the same in each part of the preparation. A means of fulfilling this
requirement is that the area of membrane in which the current is measured
be made as small as possible. This can be achieved in several ways: (a) by
cutting or ligating small segments of fibers (short fibers), (b) by using long
fibers but artificially limiting the area in which the current crosses the mem-
brane (artificial node), and (c) by using single cardiac cells. It is noteworthy
that the spatial distribution of electrotonic potential is different in long and
short cable-like fibers (see Figure 2B). The situation is however complicated
by the fact that A is not constant since it depends upon the membrane
resistance multiplied by the unit length (r,,, in Q -cm) and upon the resistance
of the core per unit length (r;, in Q/cm). Neglecting the resistance of the
external fluid, A = Vr,,/r,, When the membrane resistance decreases, as at the
peak of the rapid gy,, even short fibers tend to become long compared with A.
If the tissue under study cannot be considered as a cable but rather as a bi- or
tridimentional syncytium, the spatial decrement of voltage from a point
source gives a curve (Bessel function) which is even steeper than an expon-
ential ([72]; see also [73]). Unless it is extremely thin, a bundle of cardiac cells
can exhibit radial voltage nonuniformities, see for example [74—80].
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Several techniques (Figure 3) are used in voltage clamp experiments applied
to cardiac tissues (see for reviews[63, 64, 66, 70, 81)).

— (a) the double microelectrode technique was first applied to short (1 to
2mm long) ligated Purkinje fibers[19,26] then to short cut Purkinje
fibers [27, 31, 36, etc.]. Almost all the results obtained with Purkinje fibers
were carried out by this technique. Recently the same technique was applied
to different preparations, namely small pieces (0.3 mm x 0.3 mm) of sino-atrial
nodes [82], embryonic cardiac cell strands [83] and aggregates [84]. In this tech-
nique, the membrane potential is recorded by one microelectrode and the
current delivered by the other.

— (b) the double sucrose gap technique first applied to cardiac fibers for
nonvoltage clamp experiments by Rougier et al.[85] is a development of

Figure 3. Schematic representation of arrangement for voltage clamp recording using 2 microel-
ectrodes (A), single sucrose gap (B), double sucrose gap (C), 3 microelectrodes (D) and suction
electrode applied to single cell (E). The membrane potential is measured between a and b. The
current delivered by the operational amplifier (OA) flows through ¢ and a and therefore through
the internal resistance (R;) and the membrane resistance R, (membrane current). No appreciable
current flows through b because the OA input resistance is very high. In D the longitudinal
voltage difference between d and b is also a measure of the membrane current. F: multicellular
fiber or preparation; SC: single cell; SE: suction electrode; Tyr: Tyrode’s solution; V: voltage
generator. Partly redrawn from [67], with permission.
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Stampfli’s method [86]. It allows measurement of the membrane potential
across one sucrose gap whereas the current is delivered across the other one.
In a variant of this technique[44,87], all fluid streams are separated by
vaseline seals (the physical properties of which must be carefully selected). In
a second variant introduced by Jullian et al. [88, 89] a liquid partition system
is used without any physical membrane separating the flow of the different
solutions [90-92]. In yet a third variant, sucrose is replaced by isotonic glyce-
rol (because of its better diffusion and slower penetration into the cells) and
fluids are separated by four rubber membranes [93, 94].

— (c) in the monosucrose gap technique[32, 46,47, 49] the muscle cham-
ber with three compartments (first used for nonvoltage clamp experiments by
Heppner et al.,[95]) is a modification of that described by Kavaler[96]. The
fiber is pulled through small holes punched into two rubber partitions. In the
set up described by Mascher and Peper[46] the diameter of the holes is
adjusted by a system of levers and screws. The voltage is measured by means
of a microelectrode impaled in the small free end of the fiber superfused with
a Tyrode solution whereas the current is delivered across the sucrose gap.

— (d) more recently the double microelectrode technique was improved by
impaling Purkinje fibers with three microelectrodes (one to pass the current
and two to record the membrane potential)[97, 98]. This disposition is similar
to that developed by Adrian [99] for long skeletal muscle fibers, but allows, by
using short fibers, simultaneous measurement of the transmembrane current
in two different ways, namely as in the normal, double microelectrode tech-
nique and by recording the potential difference (4 V) between the two
microelectrodes, 4V being proportional to the membrane current. This tech-
nique was also extended to the single sucrose gap technique (by using one
sucrose gap and two microelectrodes, [100]).

— (e) also very recently [101] voltage clamp measurements were applied to
entirely isolated cells of adult rat heart by using a suction pipette method,
similar to that used in snail neurones[102,103]. This allowed very good
measurement of the sodium current.

The limitations of the voltage clamp techniques applied to complex prepara-
tions have been extensively analyzed [49, 54, 64, 66, 77, 80, 91, 104-112]. In
addition to the above mentioned problem of the lack of uniformity of poten-
tial, one of the most serious limitations comes from the existence of an
electrical resistance (Rg) which lies in series with the membrane resistance R,,
(Figures 4 and 5). Ry consists of several components, namely the resistance of
the electrode (R,;), that of the bulk solution (R,,) and that resulting from the
structure of the bundle itself. R,, may be lower than 50 Q[113], but is often
=100Q; R, is generally rather small (74 Q for a test compartment of
100 um width, 7.4 Q for a 1 mm compartment, see [80]) whereas the bundle
series resistance may be rather large. This resistance includes that of the
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endothelial sheath (R,,) which exists around each trabeculum and behaves as
a diffusion barrier[114] as well as the resistance (R.) resulting form the
existence of the narrow clefts which connect the cells situated in the depth of
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Figure 4. Influence of Rg (resistance in series with the membrane) on the capacity current and on
the evolution of the potential immediately across the membrane during a depolarizing pulse. A:
schematic drawing of the membrane similar to that of Figure 2 (Ex = —100mV,
Ec, = +80 mV). At rest the Ca** channel is assumed to be closed (key k open) so that
E, = Ex and R, = Rg. A, B, C: when a rectangular voltage pulse V, is applied to the
membrane from the holding potential Ey (assumed to be equal to E,) to E, the amplifier (OA)
generates a current which must first charge Cp, (capacity current, ic). In the absence of Rg the
capacity current is initially ‘infinitely’ large because it flows in a resistance which is infinitely
small (Rg = 0); it decreases with a time constant (Rg Cp,) which is, for the same reason, infinitely
short, i.e., the charge of the capacity is instantaneous (B). In the presence of Rg, the initial value,
iy, of the capacity current is limited by R, because i, = V,/Rs. Since for a given value of V,,, i,
is inversely proportional to Rg, the amplitude of i, may be used as an index of Rg, a large i,
corresponding to a low Rg and vice versa. Moreover the charging of the capacity is now far from
being instantaneous and the capacity current decreases exponentially with time (C). A, D, E: the
capacity current can interfere with the measurement of the time-dependent ionic current, so that
the resulting current, i, is not a correct representation of ijonic (D). Moreover, in the presence of
Rg, the potential across the membrane (b or c) is different from that, a, corresponding to the
clamp pulse (E). Because the electrode in the solution is not situated in M, but in Mg, V, is not
applied between M, and M; but between My and M;. Therefore, if gc, is not activated (key k
open), V= 1K(RK+RS) The potential across the membrane is only Vp, =ig-Rg. If
Rg =02 RK and V, is a 60 mV depolarizing pulse, Vpy, = 50 mV and Ep, is brought to =50 mV
instead of —40 mV (the voltage clamp error is —10 mV). If g¢, is markedly activated by the
depolarizing pulse (key k closed) so that gc, reaches Sgi (i.e., Rc, = 0.2 Rg), E, tends now to
become close to Ec,. In order to maintain E,, at the same value as before, the amplifier will now
deliver a current in the reverse direction (inward current) through Rg, Rc, and to a small extent
Rg. If we neglect the current crossing Ry, ic, will produce across R+ Rc, a potential drop from
+80 to —40mV (—120 mV). However since Rc, = Rg, the potential drop across Rc,, ie.,
across the membrane, will reach only half this value (—60 mV) so that at the top of gc,
activation E, is only +20 mV instead of the chosen value of —40 mV (the voltage clamp error
is +60 mV) After inactivation of gc,, Ep, will reach again —50 mV. F: The existence of Rg
induces typical alterations of the current- voltage (i-V) relationship. (Redrawn from [111], with
permission.)
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Figure 5. Localization of electrical resistances (Rg;, Rgy) in series with the membrane resistance
in a multicellular preparation and their influence on the capacity current. A: schematic cross
section through a bundle of fibers showing two cells, 1 and 2, electrically coupled via a low
resistance pathway (nexus). Each cell has a membrane resistance (R,;, Ry;) and a membrane
capacitance (Cp,;, Cpz). Rgy is in series with cell 1 and Rg; +Rg, in series with cell 2. Mg and
M; are as in Figure 4. Rg; = Rys+Res; Rgy is a part of Re (see text). Circuits B and C are
equivalent to that shown in A, but in C, R,; and R, have been neglected. At the beginning of
a voltage pulse, V,,, the resulting current, i,, crosses Rg; and Cy, . Initially the resistance of Cy,,
is zero so that Rg; is short-circuited (D). Since initially no current crosses Rg;, the amplitude of
io, which is therefore equal to V,/Rg;, does not reflect the existence of Rg,. Because of the
existence of two components of series resistance and membrane capacitance, the decay of the
current is not monoexponential but exhibits also two components (E).

a cardiac bundle of fibers, with the periphery. It is clear that such
clefts[74, 115, 116] are narrow enough to restrict diffusion markedly, since, in
most cases, they allow ionic accumulation and depletion to develop in the
course of the cyclic activity (see for example[117]). R, has been estimated by
Attwell and Cohen[80] to be 400 Q or more for a ventricular bundle in a
1 mm test compartment, such as that used by Beeler and Reuter [49], whereas
the Rc corresponding to the outer part of the bundle (cells occupying the
region between radii r/2 and r) was estimated by the same authors at 1.6 kQ
in series with a membrane resistance of about 4 kQ in the resting state and
only 0.8 kQ during the Na* upstroke.

The existence of Rg causes the amplitude and the time course of pulses
immediately through the membrane, to be very different from that recorded
by the electrode, mainly when a conductance allowing a strong current to
enter the cell is activated. In this case, true transmembrane pulses are no
longer rectangular (Figure 4E,c) but exhibit an initial hump which may be
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fairly large and follows the kinetics of the conductance. In fact the oversim-
plified situation described in this figure is worse than that generally occurring
when studying gc,, because Rs is generally much smaller than R¢,. Such a
bad situation more frequently tends to occur when the rapid Na* channel is
under study becase gy, is generally much greater than g.,. Figure 4E,c
shows that depolarizing pulses of moderate amplitude (60 mV) can in fact
behave as transiently large pulses (120 mV). This explains the phenomenon
illustrated in Figure 4F that the maximum of the current-voltage relationship
is shifted towards negative potentials when Rg is present (the current is more
fully activated than it should be for moderate depolarizations). According to
Figure 4F the reversal potential of the inward current is not altered by the
presence of Rg. However this is true only if the conductance of the membrane
for other ions is very small [80]. To a certain extent the value of Rg may be
deduced from the size and the time course of the capacity current which
develops when a rectangular voltage pulse is applied to the membrane (Figure
4B and C). When no Ry is present the charge of the membrane capacity is
instantaneous (i.e., the capacity current is infinitely large but infinitely short).
When Ry is present the capacity current is no longer infinitely large and, as a
rule, decreases exponentially with a time constant 8 = C_,(R,,- Rg)/(R,, +Rs).
If 6 is large, the capacity current can alter the time course of the ionic
membrane current (Figure 4D). However when two membrane circuits with
two different Rg exist as in Figure 5, the decay of the capacity current is no
longer monoexponential but exhibits two components (Figure 5E). In this case
the initial amplitude of the current depends only on the value of the series
resistance Rg, (Figure 5B, C and D). It may be seen in Figure SA that Ry, is
in series with the most peripheral cells. Therefore the initial amplitude of
the capacity current does not reflect distributed cleft access resistances, such
as Rg;,.

Since Ry is distributed and has a different value for each cell, it is difficult
to compensate. However several attempts have been made to minimize arti-
facts by electronic compensation of Rg[113, 118, 119]. Maintenance of a vir-
tual ground at the very surface of the preparation has been used to remove
from the measurements the voltage gradient across the resistance of the bath
and electrodes [56]. Another system to eliminate Rg is that using a chopped
clamp[120-125]. In this technique, the applied current is turned on and off at
a high frequency (0.5 to 10 kHz) and the membrane potential, sampled during
each zero current phase, is fed back through the clamp loop. The voltage
clamp error (i,, - R,) disappears because E,, is measured when i,, = 0. However the
cleft resistance is not compensated [80].

Among the many other sources of errors which can alter the results
obtained by voltage clamp technique, it may be useful to indicate the follow-
ing:
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— (a) when polarizing with a microelectrode, all the current is delivered
through one cell which is probably more or less altered and whose nexuses
are possibly partially blocked. In addition, problems resulting from point
polarization are encountered, namely the rapid spatial decay of potential
around the electrode [126, 127].

— (b) when passing a current through a sucrose gap, a part of the current
crosses the sucrose either when some calcium is added to prevent the
uncoupling of cells (107> M Ca**,[56]) or even in the absence of any added
ions, because of imperfect diffusion of sucrose in the intercellular clefts. For
this reason a short circuit (or isolation) factor must be taken into account,
which is generally higher than 0.8 [87] or 0.9 [110]. From a pratical point of
view it may be remembered that the ratio of the action potential amplitude
when recorded with a microelectrode (AP;) to that recorded across a sucrose
gap (AP,) allows the determination of the ratio of inside longitudinal resis-
tance per unit length (r;) to outside longitudinal resistance per unit length (r,)
in the sucrose gap (see 105, 128, 129) according to the equation AP,/
AP, = 1+(r;/r,). The isolation due to sucrose is generally considered as
acceptable when r, is about 7 to 10 times larger than r;, i.e., when an action
potential recorded across a gap is about 105-110 mV, assuming the maximal
amplitude of an intracellular action potential to be around 120 mV. In order
to eliminate the extracellular component of the applied current (shunt current)
a ‘guard gap’ has been used as a slightly conducting sucrose gap maintained
at earth potential between the normal sucrose gap and the test chamber [125].
In spite of incomplete washing of external ions, cells progressively discon-
nect[130] and partially uncouple. This is demonstrated by the observation
that in a pure sucrose solution, the internal longitudinal resistance increases
10 times during 4 hours of sucrose perfusion[105]. Another point concerns
the distribution of sucrose through the bundle: sucrose diffuses along the
core of the bundle towards the test compartment, thus diluting ions, whereas
the physiological solution diffuses similarly in the reverse direction, making
the sucrose more conducting in the core of the bundle. The thicker the
bundle the larger this phenomenon is. This situation has been theoretically
analyzed by Attwell and Cohen[80]. Moreover, sucrose isolation can induce
hyperpolarization [88] as a consequence of liquid junction potential occurring
between the sucrose and physiological solutions. This potential generates loop
currents which cross the membranes[131]; it can be largely eliminated by the
interposition of a vaseline seal[132] or a rubber membrane between the
sucrose and the saline. The sucrose gap also induces a shortening of the
action potentials elicited in the saline compartment [109]. This effect is due to
the electrotonic influence of the area of membrane in the sucrose Na™-free,
Ca**-free medium which remains at the resting potential and therefore acts
as a repolarizing anode[133].
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In spite of the above mentioned limitations, it may be considered that the
voltage clamp technique applied to cardiac tissues allows rather correct and
reliable analysis of ionic currents, mainly those with a slow kinetics as the
slow inward current is. In fact, even the rapid Na* inward current may be
fairly well controlled, either in thin frog atrial fibers by using the double
sucrose gap technique [44, 87, etc.] or, as more recently demonstrated in mam-
malian Purkinje fibers, by using the double microelectrode technique provided
that thin and structurally convenient fibers are used and provided that the
maximum amplitude of the current is not too large[134]. In the latter case,
the temperature was also lowered (13-23°C) to improve temporal resolution
of iy, (see also [135]). Transmembrane microelectrode recordings during voltage
clamp experiments using the double sucrose gap method have recently
yielded direct evidence of the fairly good quality of voltage control during the
flow of the peak of rapid Na* current in frog atrial fibers[136—139]. Clearly,
this control becomes quite satisfactory during the flow of the slow inward
current (see for example[136, 137], etc.). Other indications of good voltage
control have also been given recently [140, 141].

5. METHODS OF ANALYSIS OF THE SLOW INWARD CURRENT

As already stated, initial voltage clamp experiments which demonstrated the
existence of the slow channel suggested that, like the rapid Na* channel [20],
the slow channel was controlled by activation and inactivation processes. In a
resting membrane, the channel is closed but when the membrane is suddenly
depolarized, it opens (activates) then closes (inactivates) more slowly. When a
resting cardiac fiber, for example a frog atrial fiber (Figure 6), is submitted to
depolarizing pulses of increasing amplitude, large and brief peaks of inward
current develop. The amplitude of the current which is reached at the top of
these peaks depends on the membrane potential during the pulses and the
corresponding current-voltage relationship (i-V curve) is shown in Figure
6D.a. This rapid inward current is the Na* current (iy,). It results from the
brief opening of the rapid Na* channel. After suppression of this current by
TTX, a slower and smaller peak of inward current (slow inward current, i)
can be observed but only for rather large depolarizing pulses (the threshold of
iz being higher than that of iy,). i is suppressed either by adding Mn™**
(2-4 mM) to the Ringer solution or by removing both Ca** and Na* ions.
After its suppression only outward current remains. The i—V curves correspon-
ding to iy and to the outward current measured at two different times (t, and
t,) are shown in Figure 6D b.c and d.

Let us consider a ‘statistical’ channel (Figure 7A) in which the degree of
opening or closing of the channel is indicated by gates a and » which are
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Figure 6. lonic currents (A, B, C, lower traces) measured in a frog atrial fiber submitted to
rectangular voltage pulses of different amplitudes (A, B, C, upper traces). Semischematic repre-
sentation. Voltage clamp experiment using double sucrose gap technique. NR: normal Ringer
solution; R, TTX: tetrodotoxin added to Ringer solution; R, TTX, Mn: manganese and TTX
added to Ringer solution. t.c.: transient capacity current. In A and B the fiber is submitted to
depolarizing pulses only; in C it is submitted to depolarizing and hyperpolarizing pulses. D:
current-voltage (i-V) relationships plotted at times corresponding to the peak of iy, (curve a),
peak of ig; (curve b) and at times indicated in C, t; (curve c) and t, (curve d). Pure iy is
approximately given by b—c. I,: outward current; I;: inward current. Reproduced with permission
from [67].

open to varying degrees so that more or fewer ions can cross the membrane
(see [67]). The upper gate a, which is supposed to be closed at rest, is the
activation gate and the lower one b, which is open at rest, is the inactivation
gate. We shall also assume that the degree of opening of each gate, a or b,
may be quantitated from zero (gate closed) to 1.0 (gate open). Such a statisti-
cal channel corresponds in fact to the sum of individual channels of the
membrane, so that the degree of opening of the gates actually corresponds to
the proportion of individual channels with an open gate (or to the amount of
time spent by each gate in the open state). The fact that the channel is
controlled by only one gate a and one gate b corresponds to the assumption
that y = 1 and § = 1 (equation 2). We shall see later that such an assumption
has been made in the case of the slow channel. According to equation 3, the
current passing through the channel is proportional to the product of axb,
i.e., if gate a is opened by 30% and gate b by 60%,

i, =8, -0.3x0.6(E,~E,) = 0.188, (E,~E,).

The schematic picture shown in Figure 7 may be of some help in visualizing
activation and deactivation (opening and closing of the activation gate) and
also inactivation and removal of inactivation (closing and re-opening of the
inactivation gate). The term reactivation is sometimes used in place of remov-
al of inactivation although it does not concern the activation gate. The terms
repriming and recovery from inactivation are also used to describe the way in
which the current recovers after inactivation.
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Figure 7. A: schematic picture representing a statistical ionic channel assumed to be controlled by
independent voltage sensitive (positively charged) activation (a) and inactivation (b) gates. a and b
also represent the degree of opening (from 0 to 1) of the corresponding statistical gates. It must
be noticed that the current crossing the channel is proportional to the product a x b, a point
which cannot be deduced from the figure. B: schematic representation of steady-state values,
from 0 to 1, of a 8a_) and b(b_) as functions of E., (upper curves) and time constants of
activation (7,) and inactivation (1) as functions of E., (lower curves). C, D and E: development
of inward current, i;, and simultaneous displacement of statistical gates a and b (steps 1, 2, 3,
etc.) when the resting membrane (E;: resting potential) is submitted to depolarizing pulses
bringing Ep, to E; or E; (see B). C: complete activation of the inward current, followed by its
complete inactivation when the membrane is depolarized to E;. D: incomplete activation and
inactivation of the inward current when the membrane is depolarized to E;. In this case a
steady-state inward current persists during the depolarizing pulse due to the overlap of a_ —-En
and b, —E, curves. E: deactivation and removal of inactivation of the inward current. When a
new depolarization occurs at a time when the removal of inactivation is still incomplete (steps 4
and 5), the inward current resulting from this premature activation is smaller than normal
(compare with C).

In order to determine parameters of the activation and inactivation pro-
cesses it may be sufficient to analyse the amplitude and kinetics of currents
triggered by voltage steps of different amplitudes. For example from the
inward current shown in Figure 7C, the time constant of activation at
E, = E, can be determined by plotting on a semi-logarithmic graph the
values of the current as a function of time. Measurements should be limited
to periods of time when inactivation remains negligible (step 2 and possibly 3
in Figure 7C). Similarly, the time constant of inactivation is obtained by
plotting the current after the channel is fully activated (@ = 1), i.e., between
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steps 3 and 6 in Figure 7C. However this is not always easy to do, because
the recorded current is generally not a pure current. For example the initial
phase of an inward current may be altered by the capacitive transient (see
Figure 4D) whereas its inactivation phase may be superimposed on progres-
sively increasing outward currents (Figure 8A). In such a case it is very
difficult to determine, for example, the time at which the inward current is
totally inactivated, and therefore the time course and also the true amplitude
of the inward current As a consequence, the determination of the conduc-
tance giving rise to the inward current becomes also highly speculative.
Different means of measuring inward currents are reported in Figure 8B. The
total current resulting from the simultaneous occurrence of inward and out-
ward currents can be measured at the peak of the slow inward current
(maximum net inward current) (Figure 8B, a) or at the minimum of the
outward current (a). This cannot however allow the determination of the true
or pure inward current. The i—V relationship obtained in this way (Figure 9, it
curve) is different from that corresponding to pure inward current and the
value of E,, at which the i-V curve crosses the voltage axis (E;) is necessarily
different from the reversal potential (E,.,) of the inward current. Determina-
tion of pure inward current may be done either after elimination of this
current (by removal of the external ion which is thought to carry the current,
or after blocking the channel by a selective inhibitor) or by graphical methods.
When the delayed outward current is small, the inward current may be
measured as in Figure 8B,b. When the delayed outward current is rather
large it may be eliminated by assuming its change to be either linear (Figure
8B, ¢) or exponential (Figure 8B, d or d’). Although exponential extrapolation
is in most cases valid, it must be remembered that in some tissues outward
currents with a nonexponential time course have been described [142, 143]. In
frog atrial septal trabeculae, such a current seems to be rapid enough [143] to
possibly interfere with i; measurements. Graphical methods of measuring
pure inward currents give acceptable results when the inward current is
thought to be totally inactivated. If the current is not totally inactivated or if
outward currents of complex kinetics are superimposed on i (as in Purkinje
fibers, see[53]), the determination of its amplitude by graphical methods as,
in Figure 8B,b,c or d, is impossible and so is that of the corresponding
conductance.

A way of overcoming some of these difficulties is to terminate depolarizing
pulses at different times during the decay of the current and to measure the
amplitude of the current tail which develops at the time of repolarization.
Because g; is time-dependent and therefore cannot vary instantaneously,
immediately after repolarization the conductance should still be the same as
that which was present just before repolarization. The peak amplitude of the
current tail is therefore proportional to g; at the moment of repolarization
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Figure 8. A: schematic drawing of slow inward currents occurring in a frog atrial fiber after
inhibition of the rapid sodium channel in response to depolarizing pulses of amplitudes 40 (1),
60 (2), 80(3) and 140 (4) mV. Dotted lines are corresponding outward currents as they may be
obtained after suppression of the inward current by removal of the ion carrying this current or
selective inhibition of the channel. True or pure inward currents are therefore given by the area
comprised between each continuous trace and the corresponding dotted line. In 5 (150 mV pulse)
the inward current becomes zero (reversal potential, E,) and in 6 (160 mV pulse) it reverses into
an outward current. Ey: holding potential; E, value of E,, during the pulses. B: Different ways
of measuring the slow inward current. Total current measured at the maximum of inward
current, a, or minimum of outward current, a’, (see [44, 50, 56, 189]). Pure slow inward current
measured after graphical subtraction of outward current, when the delayed rectification is small,
b, [56] or large, c, [161] and d [165]. C: analysis by current tails of kinetic parameters of a
conductance governed by activation and inactivation processes. I: determination of steady-state
values of the activation parameter as a function of E.. The fiber is submitted to the same
sequence of depolarizing pulses as in A, but pulses are interrupted and the fiber is repolarized to
Ejj (in this example Eyy = Ey) when the activation gate has reached its new steady-state value
and the inactivation gate is still fully open. Because the driving force (Ey—E,.,) is the same for
all tails of inward current, the initial amplitude of the tails is proportional to the steady-state
degree of opening of the activation gate. Tails are used to plot steady-state activation curve
(inset). II: determination of the time course of inactivation. Pulses of a given amplitude (80 mV
in this example) are interrupted at different times (b—f). The decrease in the corresponding tail
amplitudes (3'b-3'f) indicates the progressive closing of the inactivation gate. The time constant
of inactivation may easily be calculated from the dashed curve. In this example, the slow inward
current is assumed to undergo complete inactivation. Current tails following pulses shorter than a
may be used to analyze the kinetics of activation of the inward current. The dotted line indicates
the time course of the current for a long lasting pulse. Decays indicated by dotted and dashed
lines are similar because the time course of ix is not as complex as it is in Purkinje fibers
(compare with Figure 3 from [53]).
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Figure 9. Schematic current-voltage (i-V) relationship of inward current. Curve labelled it: i-V
relationship of the total current measured at the peak of inward current, i; (between E, and E;),
or at the minimum of outward current, i, (beyond E3), as in the left part of Figure 8B. Curve
labelled is: iV relationship of the outward current measured (at the same time as for the it
curve) either after graphical substraction (see Figure 8A and right part of Figure 8B) or after
specific inhibition of the inward current. Curve labelled ig: pure inward current measured as in
the right part of Figure 8B or obtained after subtraction of the two upper curves, ig = it —is - E,
is the threshold of the ig inward current. In the absence of conduction (short fiber), E, would be
the threshold and Ej; the top of a response induced by the inward current. E_,, : reversal potential
of the ig current. ig current as measured between E, and E, is sometimes referred as net
inward current. However it is preferable to restrict this term to it current as measured between
E, and E;.

provided that the contribution of outward currents {mainly K* currents) to
the total current is small at the holding potential. Since K* conductance is
high in the potential range corresponding to the resting potential, this can
generally be achieved only by repolarizing the membrane at a holding poten-
tial (Ey) close to Eg, so that the driving force for K* ions is as small as
possible. In such a case, and assuming that other currents do not complicate
the situation, the envelope enclosing the current tails which follow pulses of a
given amplitude and different durations (dashed curve in Figure 8C, for
pulses labelled 3) gives a good indication of the time course of the conduc-
tance change responsible for i (see [50, 53, 57, 144]). This envelope can there-
fore be used to determine the time constants of activation and inactivation of
i at a given potential E;, corresponding to that of the depolarizing pulses.
When the membrane is repolarized at a potential appreciably less negative
than Ey, tails of inward current, which develop at the end of short-lasting
depolarizing pulses, change progressively from being inward to being outward,
when the pulse duration increases because of the time-dependent activation
of K* conductances. It is however possible to separate graphically iy from iy
in the current tail method (see [129]).

It may be worth noting that the decay of each individual inward current tail
corresponds to the rapid closing of the activation gate (deactivation) at a
moment when the inactivation gate remains almost completely or partially
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open. Since activation and deactivation have in theory the same time constant
(when measured at the same potential) such tails may be used to calculate the
time constant of activation of iy at Ey (Figure 8C; in the case of the figure
E; = Ey). It may also be noted that because the time constant of activation is
generally much shorter than that of inactivation (compare any of the current
tails with the dashed line in Figure 8C), brief depolarizing pulses interrupted
at the time of maximum inward current, are sometimes used as an index of a
good clamp. A tail much briefer than the time course of inactivation indicates
that the membrane has in fact been suddenly repolarized, i.e., has obeyed the
command pulse at a time (maximum inward current) when the probability of
loss of membrane potential control is the greatest. On the other hand the
observation of a tail decaying slowly or with a complex kinetics may suggest
that repolarization was not immediately imposed on the membrane.

Another interest of measuring current tails is to allow determination of the
steady-state value of the activation parameter of the conductance giving rise
to an inward current, as a function of the membrane potential (a_-E,, rela-
tionship; Figure 8C, inset). This can be done by depolarizing the membrane
at different levels from E, by brief pulses as shown in Figure 8C (pulses
interrupted at time t = a, i.e., when the activation gate is supposed to have
reached its new steady-state degree of opening and the inactivation gate is
still completely open or almost (step 3 in Figure 7C or D). Even when no
current crosses the channel during the pulse because the pulse has reached
the reversal potential of the current (E,-E,., = 0, pulse n° 5 in Figure 8A
and C), the large subsequent tail due to the sudden establishment of a large
driving force after the pulse (in the case of tail n°® 5’, the driving force,
E.-E., = 150 mV), indicates that the activation gate of the channel is fully
open. As noted by Gibbons and Fozzard [144] some uncertainties can occur in
the current tail analysis, because of the existence of capacitive transients (not
shown in Figure 8); the end of the capacity current merges with the tail
current so that it is sometimes difficult to judge the points which should be
considered as being the maximum tail current. Accumulation—depletion phe-
nomena can also interfere with the time course of currents measured during
voltage clamp pulses.

Determination of the relationship giving the steady-state value of the inac-
tivation parameter as a function of membrane potential (Figure 10) is per-
formed in the following way : the membrane is depolarized at different levels
by conditioning prepulses, long enough for the inactivation gate to reach its
new steady-rate degree of opening, then is submitted to a second depolarizing
test pulse reaching a constant membrane potential (for example +10 mV, i.e.,
a value sufficient to open the activation gate completely or almost and
subsequently close the inactivation gate), thus allowing an inward current to
cross the membrane (i;, Figure 10). The amplitude of this inward current is
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Figure 10. A: steady-state value of the inactivation parameter, b, of inward current as a
function of the membrane potential, E,-B: clamp procedure used to obtained 4., . Ey: holding
potential; E ,: membrane potential during conditioning prepulse; E,: membrane potential dur-
ing test pulse; E,.,: reversal potential of the current under study; df, df’: driving force. The
inward current (C) and the schematic channels (D) have been drawn to correspond approximately
to the upper conditioning pulse (B, solid line). If the conditioning pulse is long enough, the
amplitude of the inward current during the test pulse, i;, is proportional to the steady-state value,
b.., of the inactivation process at Ep, = E.,. When different values are given to E,, the curve
b..~Eq can be drawn. For sake of clarity outward currents have been ignored. The curve b.-Ep,
may also be obtained by using another clamp procedure, similar to that shown here, except that
EH = E(p‘

proportional to the degree of opening reached by the inactivation gate at the
end of the prepulse. Removal of inactivation is an important functional
parameter because it conditions the amplitude of the inward current during a
premature extrasystole. If the extrasystole occurs too early, so that the remov-
al of inactivation is incomplete, the inward current is smaller than normal.
Removal of inactivation is generally measured by submitting the fiber to two
depolarizing pulses (Figure 7E) separated by periods of repolarization of vary-
ing duration (d,) and by measuring the current i, triggered by the second
depolarizing pulse. Plotting i; as a function of d, for a given membrane
potential between the two pulses, allows the determination of the time con-
stant (t,) of the removal of inactivation at this membrane potential which is,
in this particular case, the time constant of recovery of the inward current
from inactivation. A more direct means of measuring the removal of inacti-
vation may be used in the potential range where a., and b are both different
from zero, i.e., in the potential range where the curves a.—E_ and b.—E,
overlap as shown in Figure 10. If a membrane is repolarized in this potential
range after having been strongly depolarized, the kinetics of the resulting
inward current corresponds mainly to removal of inactivation. In theory,
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if first order kinetics is assumed, inactivation (closing of b gate) and removal
from inactivation (re-opening of b gate) should have the same kinetics when
measured at the same E_. This however is not always the case as we shall
see later.

6. CHARACTERISTICS OF THE SLOW INWARD CURRENT

In order to analyse the slow inward current it must be separated from iy,.
This may be performed in several ways: (a) removal of extracellular Na* [41];
(b) addition of TTX[44] — TTX is a well-known inhibitor of iy, in many
tissues (see[145]) including heart[146]; (c) use of conditioning pulses large
enough to inactivate the Na* channel without activating the slow chan-
nel [48].
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Figure 11. Current-voltage relationships of rapid inward current (iy,) and slow inward current
(igj). Currents are measured as in Figure 9 (curve it). Frog atrial fiber. Double sucrose gap
technique. Redrawn from [44), with permission.

The slow inward current is generally smaller than iy, (Figure 11). In cardiac
tissues exhibiting action potentials with a rapid ascending phase, iy, lasts only
a few milliseconds and is apparently similar to that in nerves and skeletal
muscles. In frog atrial fibers, the maximal value of iy, ranges most often
between 1.0 and 5.5 uA and that of i; between 0.1 and 2.5 uA [44, 55, 147].
In mammalian cardiac muscles, values as large as 25-30 uA have been
reported for iy, whereas in the same type of preparation i; was =3 uA [56].
Peak amplitudes of i ranging between 1 and 5 #A have been reported [61]. In
Purkinje fibers rather low values (0.05 to 0.35 uA) are generally re-
ported [98, 148]. Such differences reflect, besides possible differences in mem-
brane structure, a difference in size of the preparations and other individual
variations such as the degree of steady-state liberation of mediators by nerve
terminals existing in the bundle and the level of metabolic activity of the
tissue. In entirely isolated adult heart cells, the i; peak was reported to be
about 0.15nA[149] but more recently values as high as 3nA were
obtained [150]. It is difficult to determine with accuracy the value of the peak
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current density because of the uncertainties in the estimation of the mem-
brane surface of the preparations. Another uncertainty comes from the fact
that whether or not the current density is markedly different in the different
parts of the cell membrane (outer surface, intercellular clefts, transverse
tubules, sarcolemmal-terminal cisternae appositions) remains unknown up to
the present. From the determination of the area enclosed by iy in voltage
clamp measurements, it is possible to estimate the Ca** flow into the
intracellular volume of the bundle during depolarization. For
[Ca**], = 1.8 mM and depolarizing steps eliciting maximum inward current,
values ranging from 5x 107 to 5x 10 ¢ mole of Ca**/litre fibre and impulse
were reported for the cat ventricle[57]. Somewhat higher values (net gain
>10° mole/litre) were calculated for the dog ventricle[151,152], and Reut-
er[60] estimated the increase in Ca™" influx between 0.3 and 1.3 pmole/
cm?- impulse.

The slow inward current is clearly controlled by activation and inactivation
processes. This may be observed for example when having been triggered by
a depolarizing step, this current is then suppressed by an inhibitor of the slow
channel such as Mn** or D-600 (Figure 12). ig; can be described according to
the Hodgkin—Huxley theory [44, 50, 56, 57,100, 151, 153-159]. Activation and
inactivation variables of iy have been labelled either m' and A'[153, 160] or d
and f [59] respectively. As the latter term has been more widely used in the
literature, we shall therefore use it in this paper. The problem of deciding

-40
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Figure 12. Some examples of slow inward current recorded in cardiac tissues. A: frog atrial fiber;
current measured in Na T -free medium before (a) and after addition of 2 mM Mn * * (b), [44]. B:
Purkinje fiber; current measured in the absence (a) and presence (b) of Sx 10 ~®g/ml D-600
[148]. C: cat ventricular muscle; simultaneous record of iy and contraction [156]. D: isolated
bovine heart cell; current measured in the absence (a) and presence (b) of 2uM D-600 (By
courtesy of Dr. G. Isenberg.).
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whether or not d has to be raised to a power greater than 1 has not yet been
clearly solved. However, it is generally admitted that the power of both 4 and
S may be 1[59,71,157, 158] although some authors[153, 160] have extended
to the activation parameter of g, the power 3 determined in the case of the
rapid Na™ channel of the squid axon[20].

Table 1 gives a certain number of values of 7, and 7, reported in the
literature. In fact information concerning 7, remains limited. For example
rather large values (=40 msec at E,=0mV, [100]) have recently been
reported for deactivation time constants in mammalian cardiac muscles (cow
ventricular muscle) whereas smaller values have been reported for activation
time constants in frog atrial fibers, i.e., =3 msec[153] and 5 msec[147] at
E,, = 0 mV. Both activation and deactivation time constants should have the
same value at a given membrane potential, if they really correspond to the
same mechanism operating in one direction and in the reverse. Marked
differences could mean that the d gate is in fact composed of two kinetically
different systems. Such differences might also result from species or experi-
mental differences. Interestingly recent observations on isolated single bovine
heart cells show a very short activation time course, 7,= 0.6 msec at E, =0
(Isenberg, personal communication).

Inactivation time constants have been more frequently determined. Results
fall roughly into three categories, those showing a large and regular increase
in 7., as E, becomes more and more positive (for example Beeler and Reuter,
in the dog ventricular muscle [50]), those showing a moderate increase (for
example Trautwein et al., in the cat ventricular muscle[156]) and those
showing a decrease (for example Horackova and Vassort, in frog atrial
fibers [161]). Large values of 7, observed in the potential range corresponding
to iy threshold [56, 155] have been attributed to a distortion of the inactivation
process by a rather slow activation process in this potential range [156]. Most
authors now agree that 7, increases when the membrane is depolarized from
the i threshold to =0 mV. More surprising is the difference observed for
depolarizations beyond 0 mV. In the mammalian ventricular muscle, it seems
clear that 7, continues to increase when the membrane is depolarized at
positive potentials [49, 56, 129, 155, 156), a phenomenon which has been
introduced in reconstruction of action potentials of ventricular myocardial
fibers by Beeler and Reuter[158]. On the other hand, in frog atrial
fibers[153, 161, 162], 7, is clearly smaller at positive than at negative mem-
brane potentials, a fact which has been observed both by direct analysis of
ionic currents and indirect analysis of the phasic tension[161]. Unpublished
data by Christé et al. have shown that in both the dog atrium and the human
atrium 7, also decreases for depolarizations beyond 0 mV. It is difficult, in the
present state of our knowledge, to give the reasons for such a different
behavior.
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The gradual development with increasing depolarizations of time-dependent
ionic currents, which differ from i; (specially K* currents) may certainly be a
source of difficulty for the accurate determination of 7, in spite of the efforts
made to substract i; from other currents. Among currents which are able to
interfere with i, the most obvious are delayed currents labelled i, i,,
([163-165] but see [143]), I,, 1,[166], ik, i, [129]. Another characteristic exam-
ple of interference is given by the transient outward current[39] mainly
attributed previously to chloride (Cl17) ions (for references see[167]) and
which is known today to be carried to a large extent by K* ions[168]. This
current (Figure 13) which may be called i, [169] is responsible for the early

a
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Figure 13. Apparent alteration of the time course of the slow inward current in a calf Purkinje
fiber due to the development of the transient outward current (positive dynamic current) labelled
ig-a: current measured before (1) and 30 min after (2) addition of 5x 10=6 g/ml D-600-b: i
obtained by subtracting trace 2 from trace 1. [169, reproduced, with permission, from Nature.]

repolarization in cardiac Purkinje fibers and has apparently not been observed
in other cardiac tissues. It can distort entirely the apparent kinetics of the
slow inward current by superimposing on i; a surge of outward current of
variable amplitude and duration. Because this surge of outward current is
reduced or suppressed after blocking the slow channel with verapamil or
D-600[169], or when Ca** is replaced by strontium (Sr**) or barium (Ba*™),
or after ionophoretic injections into the fiber of the Ca** chelator
EGTA *[170], it has been suggested that i, is largely controlled by

* EGTA: Ethyleneglycol-bis-(8-aminoethyl ether) N, N'-tetra-acetic acid.
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[Ca**];[170]. If this is true, i,, would directly result from the increase in
subsarcolemmal Ca* " concentration produced by the flow of ig;. It cannot be
excluded that in most cases the time course of i inactivation results partly
from the development of a transient outward current superimposed on ig;.
Another problem concerns the comparison between the kinetics of inactiva-
tion (7,) and the removal of inactivation (z,) of i;;. Contradictory results have
appeared in the literature on this point. Gettes and Reuter [171] have reported
experiments where 7, and 7, were very similar, i.e., about 100 msec at
=—35mV and 200-250 msec between —15 and —10mV for both time
constants. On the other hand, on a different species, Kohlhardt et al.[155]
found very different time constants for both processes when measured at the
same membrane potential, for example 39 and 300 msec at =~ —10 mV for ¢,
and 7, respectively (Figure 14). Considering that in Kohlhardt et al.’s experi-
ments the temperature was lower than in those of Gettes and Reuter (32°C
instead of 37°C), values for 7, are not contradictory since Trautwein et
al. [156] have shown that when the temperature is decreased from 37 to 32°C
7, increases by 65% at E, = —40mV. The discrepancy comes from 7,
measurements. The validity of direct measurements has been discussed by
Reuter and Scholz[100]. They consider that the method which consists of
analyzing the exponential decay of the current (semi-logarithmic plot of the
current vs. time) may be subject to considerable error, as it depends on the
accuracy by which the steady-state value to which iy declines can be esti-
mated. Using this method, Reuter and Scholz[100] found 7, which is clearly
smaller than 7, by at least a factor of two. Although such a difference may be
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Figure 14. Experiment showing that the time constants of inactivation (r¢) and removal of
inactivation () of i;; may have different values at the same membrane potential (= —10 mV).
Semi-logarithmic plot of the inactivation of i elicited by a test pulse from —40 to —10 mV (left)
and the recovery from inactivation when the interval between pulses from —10 to +20 mV is
progressively shortened (right). Cat ventricular muscle. Modified from [155], with permission.
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attributed to the inaccuracies of the method, it is more difficult to accept the
assumption that differences by a factor of almost 8[155] may be due to
similar errors. Kohlhardt et al.[155] measured both the activation of the i
elicited when the membrane was depolarized from —40 mV to —20 mV and
the removal of inactivation at the same potential, when the f gate partially
re-opened by repolarizing the membrane from 0 to —20 mV. In this case a
progressively increasing current developed. Time constants were 75 and
290 msec respectively, suggesting that 7, measured directly from the change
in i; really is the same as 7, measured indirectly from the recovery of inward
currents elicited at varying intervals, after a conditioning depolarizing pulse. It
may be argued that the progressively increasing inward current observed by
Kohlhardt et al.[155] when repolarizing the membrane from 0 to —20 mV
may be strongly contaminated by a progressively decreasing outward current
of the i, type, since this current deactivates in the +20 to —50 mV potential
range with a time constant of a few hundred milliseconds[129,172). Nev-
ertheless it seems difficult to escape the conclusion that 7, and 7, may have
different values at a given potential.

In order to explain that 7, is greater than 7, it has been proposed [155] that
inactivation is controlled, not by one first order variable f, but by two first
order variables f and /, / being similar to but slower than f. In this case
i = 8-d-f-1(E,-E). If it is assumed that f and / correspond to two inacti-
vation gates located in series in the slow channel[155], the inactivation of the
channel will be mainly controlled by the closing of the rapid gate (the channel
being inactivated as soon as the rapid gate is closed), whereas the removal of
inactivation will be mainly controlled by the re-opening of the slower gate
(the channel not being fully available until the slow gate is completely
opened). The fact that 7, and 7, differ is not really a surprising phenomenon,
since a similar situation has been described in the case of the rapid Na™
channel in frog atrial fibers[173], where recovery from inactivation was found
to be 50 times slower than inactivation at E_ between —50 and —30 mV. In
mammalian cardiac tissues, Gettes and Reuter[171] reported values for 7, of
ixa Which increase markedly with depolarization (from less than 25 msec at
membrane potentials between —80 and —70 mV to about 100 msec at
E., = —65 mV) making it clear that in the case of the rapid channel, inacti-
vation and recovery from inactivation may be quite different, although both
apparently follow a single exponential time course. By contrast, other
authors [147,174-177] found two different time constants in the process of
recovery from inactivation of iy,.

Two different time constants (7,, = 80 to 90 msec; 7,, = 300 to 350 msec)
have been described by some authors in the process of recovery from inacti-
vation of i;; in frog atrial fibers[147,174, 175]. More surprisingly, in the dog
ventricle, Hiraoka and Sano [178] observed a fast (7,; <100 msec) and a slow
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(t,, =500 to 700 msec) inactivation process but, in addition, they described a
transient increase in ig; for an interval of about 200 msec between the depo-
larizing pulses so that the curve corresponding to the recovery from inactiva-
tion of i; is no longer smooth but exhibits a hump. Such a process can
explain the paradoxical but well-known increase of the plateau amplitude and
duration observed by several authors, when premature action potentials are
triggered in cardiac tissues of different species (for references and further
analysis of this phenomenon, see[179, 180]). A similar transient increase in
i;j[181] and in [Ca™*],[182] has also been observed in some neurones of
invertebrates for certain intervals between stimulations. Interestingly, oscilla-
tory repriming of i (and twitch contraction) has also been observed to occur
in calf Purkinje fibers when they are treated with low concentrations of
strophantidin [183]. Such a development of oscillatory restitution precedes and
may therefore be separated from toxic effects, such as transient depolariza-
tions (TD,[184]) and transient inward currents (TI,[185]). The existence of
two inactivation processes is not limited to cardiac tissues but seems rather to
be a general property of voltage-dependent channels. A slow inactivation
process has been repeatedly demonstrated during the last ten years in the case
of the Na* channel of nerve fibers ([186]; for details and references,
see[187,188]). Time constants ranging from a few seconds to 100-200
seconds have been observed depending on the preparation and on the exper-
imental conditions.

Several observations show that the slow channel may not inactivate com-
pletely during prolonged depolarization. This may be easily seen either by
comparing recordings of i, before and after suppression of the inward current
by an inhibitor supposed to be reasonably specific (see Figure 12B) or by
using the current tail method. In frog atrial fibers the residual part of i;; which
does not inactivate is generally small at membrane potentials around
—10 mV or more positive, at least in the case of a pure Ca** current (see for
example Figure 4d,ii in [189]). In the Purkinje fibers[190] a quite large
residual inward current was observed upon repolarization from =10 mV to
the resting potential. This inward current did not disappear completely even
after a 10 sec depolarization. However, because this tail of inward current
could not be recorded in a Na*-free solution and because these results were
interpreted by Reuter[190] as suggesting a rather slow time-dependent
decrease of gy, at the plateau level of the action potential of Purkinje fibers, it
was difficult at that time, to decide whether i really undergoes incomplete
inactivation. In the cat ventricular muscle [57], a sizeable fraction of i seems
to remain after 300 msec when the membrane is depolarized at
E, = —25mV. However a more global estimation which confirmed results
obtained by Ochi[52] in the guinea pig myocardium, indicated that after a
depolarizing step longer than 200 msec, the inward tail after repolarization
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was in fact rather small: if a part of i;; was not inactivated, this portion would
be smaller than 1/10 of the peak of the tail (61]. Similar conclusions were
reached by McDonald and Trautwein [129]. However in sheep Purkinje fibers,
Gibbons and Fozzard [144] noticed that about 18% of g triggered by a
depolarizing pulse to —32 mV was still observed after 500 msec.

Whether or not such a persistent i is due to the existence of the overlap
betweend_ —E,_, and f. —E,, relationships deserves some comments. The range
of overlap of these relationships extends from about —50 mV to about 0 or
+10 mV (Figure 15). This means that under steady-state conditions, the f
gate does not reach complete closure and therefore that the steady-state i
may flow until the membrane is depolarized to about +10 mV. Such steady-
state currents should however decrease with increasing depolarizations and
entirely disappear for depolarizing pulses beyond + 10 mV. Observations by
Kass et al.[148] in Purkinje fibers and by Reuter[71] in cow ventricular
muscle show that very probably this is not the case. In the observation of
Kass et al., the residual inward current measured after 500 msec pulses,
(Figure 12) reaches a maximum between —15 and 0 mV, instead of disap-
pearing around the latter value. In Reuter’s observation (Figure 16), the i-V
curves measured 10-20 msec and 500 msec after the beginning of the depo-
larizing pulses, cross each other at +40 mV and the latter demonstrates a net
inward current at least up to +20 mV. These observations strongly suggest
that a part of the residual i is due to the fact that there is a population of
slow channels, which does not possess inactivation gates. This assumption

05+
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Figure 15. Steady-state activation (d,, — E, relationships) and inactivation (f,, — E, relationships) of
slow inward current in different preparations. Frog atrial fibers: a [160]; d [161]; g [203]; h [217].
Dog atrial muscle: i (Christé, Ojeda and Rougier unpublished). Cat ventricular muscle: ¢ [156];
e[195]. Sheep and pig ventricular muscle: b [59). Cow ventricular muscle: f[100]. In a, g and i,
E;, was assumed to be —75 mV.
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Figure 16. Current-voltage relationships plotted at the peak of ig; (crosses) and 500 msec after the
beginning of voltage—clamp pulses (filled circles) in a cow ventricular preparation, showing that a
large fraction of ig; does not inactivate or inactivates very slowly. E, = —75mV;Ey = —45mV.
[71, reproduced, with permission, from the Annual Review of Physiology.]

has been introduced in McAllister et al.’s reconstruction of the electrical
activity of cardiac Purkinje fibers and expressed by the following equa-
tions [157]:
i = gid-f(E,—Eg) + g;i'd"(Em—Esi)

The population of ‘abnormal’ channels was assumed to be rather small since
g, was taken as 5% of g,;. In Beeler and Reuter’s reconstruction of the action
potential of ventricular myocardial fibers[158], the existence of slow channels
with no inactivation process was not introduced in the equations. It is worth
noting that if a fraction of the slow channels had their £ -E_, relationship (or
their d..-E,, and f_-E,, relationships) shifted towards positive potentials, most
of the experimental results could be explained just as well as by the above
mentioned hypothesis. Such a shift was recently observed in Purkinje fibers
in the case of the rapid Na* channel [191].

The threshold of i; is determined by the position of the d_-E,, relationship
on the voltage axis (Figure 15). Most reports indicate that i begins to develop
and therefore that the d gate begins to open at membrane potentials around
—50 mV. In the mammalian ventricular muscle superfused with a standard
Tyrode solution, early measurements indicated a rather high threshold, i.e.,
—25mV[48], —35mV[50,57], —40 mV [52]. In the rat ventricle[51, 192] i
was observed only for depolarizations larger than 50 mV, ie., for
E,=—-30mV assuming E,= —80 mV. In frog atrial fibers, threshold values
between —55 and —45 mV were reported [44, 165, 193], assuming a resting
potential close to —75 mV [194]. Similar or somewhat more negaiive values
were also reported (—58 mV) in the bullfrog ventricle [94], whereas in Pur-
kinje fibers i; had a threshold in the voltage range of —60 to
—40 mV [41].

Recent reports confirmed that more often than not, the threshold of i lies
between —50 and —35mV. This has been observed in the cat ventricular
muscle [129, 156, 195, 196], rat ventricular muscle [197-199], guinea pig ven-
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tricular muscle[199], rabbit sino-atrial node cells[200-202], Purkinje fi-
bers[148] embryonic heart cell aggregates[84] and single bovine heart
cells [149]. On some occasions however somewhat lower or higher values have
been reported for iy threshold. Low values (—50 to —60 mV) were mainly
observed in the case of frog atrial fibers (see[147,203]) and frog sinus veno-
sus [204], whereas high values (—25 mV) were reported in rabbit sino-atrial
node cells [82). Whatever the precise value of the i threshold it seems clear
that i, activates in a potential range where the rapid iy, is already largely or
almost completely inactivated. This is apparent from results obtained in
different tissues: sheep and pig ventricular trabeculae [60], frog atrial fibers
(compare Figure 5[160]) and Figure 5[205]; see also[147]), Purkinje fibers
(compare Figure 1[148] and Figure 4[134]).

Consequently, when a partially depolarized cardiac fiber no longer shows
action potentials with a rapid upstroke, because its rapid channel is partially
or totally inactivated, it can still develop full size propagated slow responses
(see[206] and Carmeliet, this book), because at its diastolic potential 4.
remains close to zero and f. close to one. It must be noticed that the
threshold for i (the membrane potential at which i begins to occur) and the
threshold for slow responses (the potential at which the membrane must be
brought by a stimulus to trigger a response) are not the same. In the case
when the membrane potential is identical at each point of a fiber (conditions
of ‘membrane response’ or ‘membrane action potential’), the threshold for
the slow response is the membrane potential at which the slow inward current
becomes greater than the outward current (see Figure 9). If the outward
current is increased, it will be more difficult for a given inward current to
trigger a response. As already stated, the overlap of the steady-state activation
and inactivation curves appears to be very large in the case of the slow
channel, since the f_.-E, curve begins to become smaller than one when
E, = —70 to —40 mV and reaches zero when E, = —20 to +15mV [56,
59, 60, 71, 100, 156, 160, 161, 203, 205]). One exception to this was reported
by Besseau[153] who found that the f_—E, curve shifted towards negative
potentials by 35-40 mV and the d_-E,, curve by about 20 mV as compared
with the majority of other results.

7. IONIC SELECTIVITY OF THE SLOW CHANNEL

7.1. Reversal potential of the slow inward current

Knowing the membrane potential at which a current reverses (E.,, see
Figure 9) is an important clue to the determination of the ion (or ions)
carrying the current.

If a current is carried by only one ion, E,., is equal to the equilibrium po-
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tential for this ion as given by the Nernst equation E, = RT/nF-L([x*],/[x *],).
In this equation, R is the gas constant, T the absolute temperature, F the
Faraday and n the ion charge. Therefore at 35°C (in mV)
En. = 61 log,o([Na*],/[Na*]) and Ec, = 30.5 log,o([Ca**],/[Ca* *],). Values
for [Na®]; may be obtained from recent estimations using selective elec-
trodes [207, 208]. It must be noticed that activities must be considered instead
of concentrations. In sheep Purkinje fibers, the intracellular Na™* activity has
been found to be 7.2+2.0 mM, a value which corresponds to an internal
concentration of 9.6 mM if an activity coefficient of 0.75 is used for the
intracellular solution. In this case the value obtained for Ey, is +71 mV [208],
a value higher than that generally chosen for the E., of iy, (+40 mV,[157]).
The discrepancy could be explained by an imperfect selectivity of the rapid
channel for Na™ ions, or by a rather large permeability for K* ions at the top
of the Na™* spike of the action potential [208]. Direct measurements of the
level of ionized intracellular Ca*™ " using either the photoprotein aequorin, or
other Ca™"-indicators, show that the resting ionized [Ca* "], in axons is
between 0.3 and 1x10°"M (see[209,210]). Although precise values of
[Ca™~]; are not known in cardiac tissues there is no reason to suppose that in
the absence of rhythmical activity [Ca* "], should be noticeably different from
that in other resting excitable tissues. The observations that rat cardiac myo-
fibrils begin to exert a detectable tension when [Ca® '], is greater than
1.8x10""M[211] is in quite good agreement with the assumption that the
diastolic [Ca* "), is around 10" M. It is therefore reasonable to assume that
[Ca**],/[Ca”™ "], =10%, a ratio which leads to a high positive value for
Ec.(=+120 mV). Assuming an activity coefficient yc, of 0.33 for Ca**
concentration in the external solution (calculated according to Blaustein [212];
for the determination of Ca** activity in physiological solutions, see
also[213]), a value for E, of +115 mV has been recently proposed[100]. If a
current is carried by several ions with different equilibrium potentials, the
individual components of the ionic current and E,., may be calculated by
using the constant field equations[13, 100,213-215]. It can easily be under-
stood that if a current is carried for example by both Na* and Ca** ions, its
reversal potential will be between Ey, and E,; if in addition some K* ions
cross the channel, E ., will be slightly attracted towards Ey, i.e., towards a
strongly negative potential.

Original constant field equations have been modified by Frankenhaeus-
er[216] to account for the fact that in the squid axon kept in normal [Na*],
the iy,—V curve is linear at large depolarizations whereas in some other tissues
it is not. It has been assumed that in the squid axon fixed charges on the
membrane created a potential step E’ which modified locally the Na* con-
centration and the potential gradient in the membrane thus suppressing
Goldman rectification [214] when E’ = Ey,. In this case [Na*], and [Na*],
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become equal in the close vicinity of the membrane. Equations including a
voltage step of large value (80 mV) corresponding to fixed negative charges at
the inside of the membrane, were also used by Reuter and Scholz[100] in the
case of the slow channel of the mammalian cardiac muscle.

In the case of i, several methods have been used to estimate E.,: (a)
Measurement of the peak current, and plotting of the i-V relationships before
and after the action of a substance supposed to be a specific inhibitor of i;. In
such a case E,,, may be considered as being given by the intersection of the
two i-V curves (see Figure 9). (b) Depolarization of the membrane by succes-
sive steps of increasing amplitude and direct determination of the exact
depolarizing step at which i disappears (i.e., is no longer inward and not yet
outward). The determination of this value may be influenced by the method
chosen to estimate ig. If for example we consider the current traces shown in
Figure 8A, it is not certain that an outwardly directed ii; would be recognized
in trace 6 unless the delayed outward current was correctly extrapolated by
means of the dashed line. Concerning similar uncertainties about E,, (and
i-V curves) see also McDonald and Trautwein[129]. (c) Determination of
instantaneous i-V relationships. Starting from a very negative E_, so that
h. =1, the fiber is submitted to a depolarizing prepulse (+10 to +20 mV)
which fully activates the channel (¢ = 1) and is brief enough (15-30 msec) for
the inactivation parameter to remain close to one at the end of the pulse.
Therefore, the conductance opened by the pulse corresponds to g, i.e., to the
complete opening of the slow channel. At the end of the pulse, the membrane is
suddenlyd brought to another potential by a second pulse (200-500 msec) and
the amplitude of the current tail triggered by this pulse is plotted as a
function of E, during the second pulse. If the channel does not undergo
instantaneous rectification, the curve is linear; its intersection with the vol-
tage axis corresponds to E.,. Linear instantaneous current-voltage relation-
ships have been obtained in sheep[59] and cow [100] ventricular trabeculae
and in frog atrial fibers[217] whereas in other cases[50, 53] the relationship
was linear in a restricted range of potentials.

Determination of E,., is far from being simple for several reasons. Inhibi-
tors of the slow channel suffer from lack of specificity. Measurement of i in
the positive range of membrane potentials (i.e., for strong depolarizations) is
sometimes made difficult by the development of increasingly large outward
currents so that errors of measurements more or less proportional to the
amplitudes of the depolarizing pulses may alter the slopes of the i-V relation-
ships. It has been recently suggested that among outward currents able to
alter the measurement of E.,, a component resulting from the electrogenic
operation of the Na*—Ca** exchange mechanism may play a large role [218].
Moreover, the existence of series resistance may also cause error in E.,
measurements if the membrane, in this potential range, is noticeably perme-
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able to ions other than those giving rise to ig; [80]. Finally it has recently been
demonstrated [219] that when currents are measured by means of the double
sucrose gap technique, E,., appears to be underestimated and the conductance
overestimated. This phenomenon increases with the ratio: width of the cen-
tral compartment/space constant. An increase in g; induces an artifactual
increase of E., and viceversa.

Rather different values have been found for the reversal potential of the
slow inward current (Table 2). In frog atrial fibers bathed in normal physio-
logical solutions, initial measurements of E,., gave values which were inter-
mediate between that attributed to Ey, and E.,. This was interpreted as
indicating that i;; was normally carried by both Na* and Ca** ions[44, etc.].
On the other hand, in mammalian cardiac fibers, only Ca** ions were
assumed to cross the slow channel [50, 59]. Therefore, the rather low value of
E,., measured in a normal Tyrode’s solution was considered as resulting from
an intracellular Ca®" concentration higher than that generally assumed
(=10""M) in the bulk intracellular solution [50,59]. It was suggested that
instead of flowing into the intracellular bulk solution, i-, flows into a small
subsarcolemmal space in which the Ca** concentration become very rapidly
much higher than in the cytosol. The assumption that such a restricted space
exists was strengthened by the observation made by Bassingthwaighte and
Reuter [59] that E,,, changed with time as a function of the duration of the
depolarizing pulse, i.e., as a function of the quantity of Ca** crossing the
membrane. They observed that E ., became less and less positive when the
amplitude of the pulse was below the initial value of E..,, i.e., when iy was
inward, a situation in which Ca** was supposed to accumulate in the
restricted space. On the other hand, E,, became more and more positive
when the amplitude of the pulse was beyond the initial value of E.,, i.e.,
when ig; was outward (depletion of Ca*™" in the restricted space). From the
integral of i and the change in E,, the volume of the restricted space was
estimated at about 1% of that of the bundle in which i; was mea-
sured [59, 60]. It was suggested that this space is the one separating the
subsarcolemmal cisternae of the sarcoplasmic reticulum from the sarcolemma.
This hypothesis is not in contradiction with the fact that marked changes in
E.. with prepulse duration have not been observed in the frog heart, since
cardiac sarcoplasmic reticulum is poorly developed in this species. Because of
the measured low value of E., (an E., of +42 mV requires [Ca**]; to be
7.5x107° M with 1.8 mM[Ca* *], [60]), this hypothesis implies that the Ca**
concentration in the sarcolemma—cisternae interspace ‘is normally higher by
more than two orders of magnitude than the free calcium ion concentration in
the myoplasm of the unstimulated muscle’ [60]. Such a high local diastolic
[Ca* "], would mean that the threshold for the release of Ca** induced by
Ca** from the sarcoplasmic reticulum[220,221] may be, in some species,
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higher than assumed, unless the sarcoplasmic reticulum can largely adapt to
high Ca™* concentrations when they develop progressively[222]. In fact,
shifts of E,.,, similar to those previously described, are not observed in all
mammalian cardiac tissues. For example they apparently do not occur in cow
trabeculae [100]. Nevertheless, the value of E., in this tissue is very low.
Therefore, Reuter and Scholz[100] assumed that the low value of E,., is
mainly attributable to the fact that ions other than Ca**, can cross the slow
channel, namely Na* and K*.

7.2. lons carrying the slow inward current and inhibitors of the slow channel

The fact that in frog atrial fibers E,., is consistently more positive in the
absence than in the presence of extracellular Na* ions has been considered by
Rougier et al.[44] as a clear indication that i is normally carried by both
Ca™" and Na* ions which justified the term ‘slow Ca**—Na* current’
(ica_Na OT i(ca_na) @and ‘slow Ca—Na channel’ frequently used in the litera-
ture. This does not mean that i is not principally a Ca** current. It must be
remembered that in frog atrial fibers superfused with a normal Ringer solu-
tion, the amplitude of the slow response decreases by about 20 mv for a
tenfold decrease of [Ca* *],, a value much closer to the theoretical values for a
system using Ca** (29 mV) rather than Na™* (58 mV)[44]. In the mammalian
heart, the observation that E., is much lower than E., was also attributed by
Ochi[52] to the fact that Ca** and Na* ions flow during the slow inward
current. In Purkinje fibers, tail experiments (not E,., measurements) favored
the conclusion that both Ca** and Na™® ions seem to carry the inward tail
current, each of them roughly one half of the total current[53]. The situation
however was not really so clear, since in the cat myocardium[57] the exis-
tence of a Ca®*—Na* channel although suggested by some experiments was
excluded by the observation that iy, frequently disappeared in a nominally
‘zero’ Ca*" solution. Assuming that Ca®*, Na* and K* ions are the only
charge carriers of i; and using the constant field equations for ic,, iy, and ig
(which allowed the estimation of E.,) Reuter and Scholz[100] found that the
permeability ratios (Pc,/Px, = Pc,/Px = 100) fitted well their experimental
data on E,.,. They also observed that changes in [Ca* "], from 0.2 to 5.4 mM,
induced a shift in E., (from +10 to +53 mV) which corresponded to the
theoretical expectations. The existence of P means that while Ca** and Na*
ions carry the slow inward current, K* ions are responsible for a far from
negligible outward current which flows through the slow channel at the same
time as the inward Ca®“-Na” current and contributes in the shift of E,.,
towards less positive values of E,,.

The fact that Py, is low compared with P, may seem surprising in view of
the obviously noticeable participation of Na™ ions in i;. However it must be
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remembered that for a given ionic permeability, the intensity of the current
carried by one ion changes not only with the transmembrane gradient of
concentrations (more precisely, activities) but also with the absolute value of
activities. For example, if the permeability for one ion is constant the current
carried by this ion decreases to 1% of its initial values when both internal and
external activities for this ion are divided by 100. For this reason, in spite of
the small permeability of the slow channel for Na* ions, compared with its
permeability for Ca** ions, the percentage of i carried by Na* may be very
large, simply because Na* is much more concentrated than Ca** in biologi-
cal fluids. On the other hand, because Ca** activities are so low, the partici-
pation of Ca*" in i (i.e., its electrophysiological role), would remain negligi-
ble if the slow channel were not so highly selective for Ca. Reuter and
Scholz [100] calculated that when [Ca**], = 1.8 mM, about one third of i at
E,, = 0 mV, is carried by Na* ions. This proportion increases to 2/3 and 4/5
when [Ca**], is reduced to 0.45 mM and 0.2 mM respectively.

The ratio Pc,/Py, is probably not fixed but may differ somewhat according
to the tissue under study and the experimental conditions. Using the same
theoretical approach as Reuter and Scholz[100], but a different technique
(action potential recording) and assuming that the overshoot of the slow
action potential of the atrio—ventricular (AV) node is a quasi-steady state in
which inward and outward ionic currents are equal, Akiyama and Foz-
zard [223] found that P.,/Py,=70 and Py/Py,=1. Relative contributions of
these ions to ig; were estimated to be: ic, =17%, in, =33% (inward currents)
and ix =50% (outward current). It is likely that in the sinus node, the
Pc./Py, ratio is normally smaller than in the AV node, since in the former
tissue i is extremely sensitive to Na, removal and decreases by 68% when
[Na*], is reduced to 30% of the normal control [202]. In many other tissues,
mainly in the mammalian ventricular muscle, i;; is probably mainly carried by
Ca*™ " ions since it is very sensitive to removal of external calcium, Ca; *, in
the presence of a normal concentration of Naj [50, 57, 100, 224, 225].
According to New and Trautwein [57] in the cat ventricle i; is not affected by
lowering Nay to 10% of the normal concentration. A similar observation was
made in guinea pig ventricle by Ochi[52] who in fact observed a small
increase of i; in a Na*-free solution. In frog atrial fibers, i is also markedly
depressed by a Ca,”* reduction in the presence of a normal [Na*] [55, 136,
160, 226]. Reducing Na; by half was reported to alter ig; only slightly [136],
whereas in the bullfrog ventricle a similar reduction produced a marked
increase of ig;, a phenomenon that was attributed to Ca**-Na* antagonism in
the slow channel [227]. The fact reported by Benninger et al.[136], that i is
almost insensitive to changes in [Na*],, was not observed by Lenfant et
al.[160]. These authors show that either in Na*-free (Figure 17B) or in
Ca**-free media, i is strongly depressed in comparison with its value in a



Figure 17. Effect of removal of [Ca* *], in the presence of EGTA on i in a frog atrial fiber and
development of the slow inward Na* current, ig(na)- Upper traces: currents; lower traces:
voltage pulses. 1: TTX, Mg* *-free Ringer solution. 2 and 3: TTX, Ca* *-free, Mg * *free
Ringer solution (EGTA, 1 mM). 10 sec after Ca* * removal (2) i; decreases from a to b, then 20
sec later (3), a large isj(n,) develops at E;; = 0mV and —45mV (Chesnais, Coraboeuf, and
Sauviat unpublished). B: effect of Na* removal on i-V relationship of ig; (frog atrial fiber bathed
in TTX, Mg+ *-free Ringer solution). Filled circles: control; open circles: Na*-free (choline)
medium. C: effect of increasing [Ca* *], on i~V relationship. Same conditions as in B. Filled
circles: control; open circles: Ca* * x 2. Redrawn from [160]. D: the substitution of Li* for Na*
does not allow the development of ig; in the absence of Ca," *. Frog atrial fiber in the presence
of TTX. Filled circles: Na™*-Ringer solution; open circles: Li*-Ringer solution. Redrawn
from [189], with permission, from Academic Press.

normal Ringer solution. Increasing either Na, or Ca; * (Figure 17C) also
increases ii;. Such differences may very well be due to differences in the type
of atrial fibers used by the different authors, since it has been clearly observed
that fibers with different electrophysiological characteristics exist in the frog
atrium[143, 166] and since fibers of the pacemaker type are very likely more
permeable to Na* than true contractile fibers. Strengthening this conclusion
is the observation by Tarr [55] that in most of the fibers of the frog atrium i
was only moderately sensitive to Na,” removal, whereas in other preparations,
i was clearly carried mainly by Na* ions, since it was abolished by Na/
removal and persisted in Ca**-free solution.

The question of knowing whether or not the current i, which develops
in the complete absence of divalent cations[44, 45, 189, 228, etc.] is of the
same origin as the Na* component of the normal i; may deserve some
comments. In frog atrial fibers bathed in a Mg* *-free Ringer solution, the
complete removal of Ca; * in the presence of TTX produces a biphasic effect,
i.e., a shortening of the action potential followed by a lengthening. This
lengthening does not occur when small amounts of Ca** remain in the
nominally free Ca** solution, but addition of 0.05-0.2 mM EDTA or EGTA
always induces the development of action potentials lasting from 1 to several
seconds [45, 189]. Similar results have been described in the perfused rat
heart [45] where long-lasting plateaus are generally obtained easily without the
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addition of a chelating agent. In the frog atrial fibers, the evolution of i after
removal of divalent cations is also biphasic, i.e., i; undergoes a transient
decrease followed by a secondary increase (Figure 17A) then it stabilizes. This
current which is carried by Na™ ions but not by lithium (Li*) ions (Fig-
ure 17D) is suppressed after Na* removal or the addition of divalent ions
such as Mn** and magnesium (Mg*™*), whereas Mg** exerts only small
inhibitory effect on i ¢, [189]. It is rather surprising that Li*, which is known
to pass easily through the rapid Na* channel, since P;;/Py, = 0.93 in the frog
myelinated fiber{229] and 1.1 in the squid axon[230], cannot carry any
appreciable current through the slow channel[189] as it is confirmed by the
observation that Li* cannot generate action potentials in cultured heart cells
of chick embryo (see[231]). The fact that i, apparently does not develop
immediately in the absence of Mg** and Ca*" may suggest that this current
occurs only when the membrane is altered by divalent cation deprivation and
therefore that it does not exist in normal conditions. If this were the case, the
Na* current normally crossing the slow channel would be different from the
Na* current measured in Mg* *-free, Ca**-free solutions. Two arguments
seem to strengthen this hypothesis: (a) the part of the i~V curve which
exhibits a negative slope is generally (but not always) negatively shifted by
10-25 mV in the case of i, as compared with i, na- This could mean
that two systems exist which do not activate in the same potential range.
However, the shift may simply result from the suppression of Ca/*, ie.,
from a decrease of the binding-screening process (see §.8). (b) the value of 7,
of ii(na i much larger than that of i, (by 3—4 times, according to Rougier
et al.[44]) and sometimes even more. However, because 7, decreases with
[Ca**], as will be discussed later, the difference may also result from the
Ca**-removal. Interestingly, very large iy, have been recently observed in
the absence of divalent cations in mollusk neurones when EDTA or EGTA
was applied either intra- or extra-cellularly [232]. The authors did not attribute
the development of this current to the simple removal of Ca** but to the
binding of the chelating molecule to the channel, a binding which was
assumed to induce a deep rearrangement in the channel kinetics and selectiv-
ity. This special role of chelating agents may be discarded in cardiac tissues
since ign, frequently occurs in the absence of EDTA or EGTA.

In frog atrial fibers bathed in a normal (Mg* *-free) Ringer solution con-
taining TTX (no rapid iy,), the removal of NaS (Na* being replaced by
choline) depresses i in a potential range which is more negative than that
corresponding to i, [160] (Figure 17B). The same result is obtained when
Na* is replaced by Li*, or when the Na™ component of i is inhibited by
Mg**. If in the case of the addition of Mg™**, the result may be partly, but
not entirely explained by a positive shift of the d_-E, curve due to a
screening effect, this interpretation can hardly be retained when Na* is
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replaced by Li*, if one eliminates the effect of a possible increase in i,
mediated by Ca;" . Therefore it seems that a Na* component of i, activat-
ing in a potential range more negative than ig., can exist even in the
presence of Cay . If this is true, channels corresponding to igc, and iga
could in fact correspond to somewhat different membrane structures[189].
Some indication that two different types of slow channels may coexist in the
same cell has recently been obtained in snail neurons[233]. It is also worth
noting that some drugs act more efficiently on iy, than on ig,, some of
them increasing (tryptamine [234]) whereas some others decrease (ervatam-
ine [139]) the Na* component of i.

Several ions other than those previously indicated, can pass through the
slow channel. This is the case for divalent cations such as strontium (Sr* )
and barium (Ba* ") which resemble Ca** in many respects. In the frog atrial
fiber superfused with a Ca* *-free or Ca**- and Na*-free Ringer solution the
addition of Sr** allows the development of an i; of the same amplitude as or
somewhat larger than the normal one and gives rise to long-lasting action
potentials [58, 235-238]. A similar result has been obtained in the cat ventri-
cular muscle[224]. Ba** ions are also able to carry i; in both spe-
cies[224,237). Sr** and Ba** increase the membrane resistance and at the
same time Ba** decreases E, [237,239]. The capacity of Sr** and Ba*"* to
cross the slow channel explains their efficiency in triggering action potentials
in several other tissues, for example in cultured chick heart cells[231, 240] or
cow Purkinje fibers[241]. When both Ca** and Sr* ™ are present, Ca™* acts
as a competitive inhibitor of the Sr** current in Purkinje fibers[242]. A
similar competition between Ca** and other divalent cations has also been
described [224, 243, 244].

Other ions carry a sizable current through the slow channel only in rare
cases, whereas in other conditions, tissues or species, they exert essentially an
inhibitory effect. Several divalent or trivalent cations are frequently used as g
blockers, in spite of additional effects which prevent them from being really
specific for the slow channel. The capacity of Mg** ions to carry i is much
more limited than that of Sr™* and Ba**. In sheep and calf Purkinje
fibers[41] and frog atrial fibers[189,238] Mg** does not pass through the
slow channel, whereas in the cat ventricular muscle a clear contribution of
Mg*™ ™ to i5 has been described [224]. By contrast, in frog atrial fibers, Mg™**
exerts a moderate inhibitory effect on i, and a strong inhibitory effect on
Isina) [189]. A somewhat similar situation exists with Mn** ions: Mn** acts
in many cases as a strong inhibitor of the slow channel, since in the frog
heart it suppresses both i, and ign,[44] and consequently the global
slow inward current [44, 55]. Such an effect on i has also been observed in
other species, such as rat ventricles[S1, 245], sheep Purkinje fibers[53], cat
papillary muscles[246], calf Purkinje fibers[247] and rabbit sino-atrial
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cells[202]. However Mn** may also pass through the slow channel, and
generates ig; in the guinea pig ventricular muscle [52, 248, 249] a phenomenon
which is apparently not limited to cardiac tissues[250]. Other divalent cations
such as cobalt (Co* *)[58,246], nickel (Ni**)[244,246] or trivalent cations
such as lanthanum (La***)[251, 252] inhibit the slow channel and have not
been reported as being able to carry some i;. Mn** and La*** ions have
also been reported to exert some inhibitory effect on the delayed outward
current i, whereas they increase the net outward time-independent current in
the plateau range [247]. It is unclear whether a part of the latter effect might
result from the inhibition of the incompletely inactivated i; component
described by Kass et al.[148]. Vitek and Trauwein[53] did not observe
any alteration of the outward current—voltage relation under the effect of
Mn** ions.

Organic compounds such as verapamil or D-600 have also been found
capable of blocking i [253] and are commonly used as tools for pharmacolog-
ical dissection of cardiac currents. However because the inhibitory effect of
both drugs is very small when responses or currents are elicited at a very low
frequency [254-256), it may be assumed that the action of these drugs consists
mainly in a marked slowing down of the time course of reactivation of i;. In
the rat ventricle driven at a frequency of 6/min the maximum inhibitory
effect of D-600 or verapamil on g, does not exceed 70-80% [245]. In the rat,
concentrations of drug inducing a 50% inhibition of i are 1.4x10-*M for
verapamil and 3.6 x10°®M for D—600, i.e., values much lower than that of
Mn** giving a similar inhibition (0.6 x 10> M [245]). In the guinea pig heart,
the affinity of verapamil to its membrane receptor has been reported to be 10*
times larger than the affinity of Ni** ions[243]. It has been reported that
verapamil blocks slow responses induced by i s [257, 258] although an oppo-
site effect was observed with D—600[259]. The activation of i is markedly
slowed down by D-600 whereas 7, remains almost unchanged [260]. Another
organic compound, nifedipine, reduces ig; without altering the time course of
reactivation of ii; [196]. Clearly, organic compounds are not specific blockers of
the slow channel. In Purkinje fibers, D-600 exerts an inhibitory effect on i,
whereas it increases the time-independent outward current at the plateau
level [247]. A reduction of the delayed outward current was also observed in
the cat papillary muscle [260].

8. STRUCTURAL CHARACTERISTICS OF IONIC CHANNELS
As other ionic channels, the slow channel is probably a protein macromole-

cule inserted in the membrane and forming a pore through which from one to
as much as several thousand ions can pass in one millisecond, jumping from
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site to site across a series of energy barriers. The concept of pores as ionic
channels was reinforced, in the case of the Na® or K* channels, by measure-
ment of the density of channels in the membrane. Three different methods,
namely titration of channels with a specific blocker (for example tritiated
saxitoxin in the case of the Na® channel, see[261]), measurement of the
charge displacement of gating currents (see[262]) and analysis of current
fluctuations [263], allowed the determination of the density of the channels
(=300 Na* channels/um? in the squid axon) and of the conductance of one
individual channel. Values of 4 pS (1 pico Siemens = 10~'* mho) and 12 pS
have been found for the Na™ and K* channels respectively [263]. The result-
ing number of ions crossing each channel per millisecond (several thousand)
is higher by several orders of magnitude than the turnover rates for carriers
and constitutes the strongest argument that Na® or K* channels are pores
instead of mobile carriers [264]. Although such arguments cannot at present
be extended with certainty to the slow channel, similarities between the
kinetics properties of the rapid and the slow channels strongly suggest that
the latter is also a pore.

Ionic channels are generally considered as being composed of a selective
filter and of a gating mechanism. In the model of Na* channel proposed by
Hille [265] the selectivity filter has been assumed to be a short narrowing of
the pore (the dimensions of the hole being =3 x5 A) with atoms of oxygen of
a carboxylic acid group constituting the binding site. In this system ions,
which are normally fully hydrated in the bulk solution, first begin to lose
water molecules when approching the carboxylic acid oxygen, then have to
shed more water molecules in order to enter the narrow pore (high energy
barrier) then jump to the second oxygen on the other side of the filter, while
regaining some water molecules and finally jump into the bulk solution as
fully hydrated ions[266, see 267]. The fact that several ions probably cannot
enter the filter abreast, suggests the existence of single file transport (2 or
more ions being simultaneously present in the channel, one after the other)
first assumed by Hodgkin and Keynes[268] to explain that [K*], influences
the outflux of radiolabelled K*. In the simplest model of a single file pore,
the conductance of the pore strongly increases (until it reaches a maximum,
then decreases) with the concentration of the permeant ions on both sides of
the membrane. This is because each ion which is in the pore exerts a strong
repulsion on the others, slowing down their entrance and speeding their exit.
Therefore at low concentrations (i.e., in singly occupied channels), the exit
rate is much lower than at high concentrations (i.e., in doubly occupied
channels), whereas at very high concentration there are no vacancies left, so
that the conductance decreases[269]. In such a system, ionic movements
through the channel no longer fit with the classical concept of free diffusion
and the independence principle, since complex interactions between ions
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clearly exist. In the independence principle [270] the probability that one ion
of a given type crosses the membrane, must be independent of the presence
of other ions of the same type and of all other types of ions[271]. Therefore
no saturation of the channel can exist. In fact, even in the Na* channel, a
small systematic deviation from independence was observed which is indica-
tive of saturation[271]. It is worth noting that the flow of ionic current
through a pore can induce by itself changes in ion concentration near the
mouth of the pore, increasing the concentration at the exit side of the
membrane and decreasing it at the entrance side. If such a discrete accumu-
lation—depletion effect likely remains negligible in the case of channels work-
ing with large ionic concentrations (Na® or K* channels) it may become
significant in the case of Ca** channels, thus inducing fairly large and rapid
changes in ‘transchannel’ Eg,, so that this effect could contribute to the
observed inactivation of i, [272]. This effect is different from the accumu-
lation-depletion effect resulting from the restriction of the diffusion between
the membrane and the bulk solution as a consequence of the existence of
narrow clefts between cardiac cells[117,273-275].

The gating mechanisms responsible for the activation and inactivation of
the channels are not clearly understood from a molecular point of view. From
experiments showing for example that in the Myxicola giant axon the density
of fixed negative charges appears much greater near the gating machinery
than near the ionic pores[276], it may be concluded that the charged structure
(voltage sensor) which triggers gates is not in the immediate vicinity of the
pore but may be immersed in a fluid region of the lipid bilayer[277]. Gates
may correspond to mobile fragments of a macromolecular structure of the
channel. For example, Armstrong et al.[278] described the selective destruc-
tion of the Na* inactivation mechanism after internal perfusion of squid
axons with pronase, whereas the subsequent addition of tetraethylammonium
derivative reinstates inactivation-like behavior [279]. It has been proposed that
the inactivation process results from the plugging of open Na* channels by
an internally located mobile protein[280, 281] which may bear a positive
charge on an aminoacid residue of arginine or lysine[279], whereas other
results have suggested that a tyrosine residue is essential for Na™ inactiva-
tion [282, 283]. Among other possible systems, the one proposed by Mul-
lins [284] consists of several successive variable-size rings forming the pore,
each of them having to adjust themselves to the ion diameter in order for the
channel to be conducting. Much recent information concerning the Na*
channel, came from the measurement of very small ‘gating’ currents[285]
which are assumed to result from the movement of charged gating structures
(corresponding mainly to the most rapid gate, i.e., to the activation gate) in
response to a change of membrane potential. Gating currents are also known
as asymmetry or displacement currents. Several observations, for example
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that of the immediate rise of charge displacement compared with the delayed
increase of the opening of the Na* channels during a depolarizing pulse
(meaning that the gating particles are already displaced before the opening of
the channel, see[264] suggest a multistate model for the activation mecha-
nism [264, 281, 286]. It has also been observed in nerves that no component
of gating currents has the time course of inactivation, therefore apparently
little charge movement is associated with this step although inactivation
affects gating currents. This suggests that inactivation is not necessarily a
process independent of activation but rather that it may be coupled in some
way to activation and may derive much of its voltage dependence from the
activation process [287]. Although most of the gating current measurements in
excitable tissues concern the Na* channel, two types of gating currents
associated with Na® and Ca* " currents respectively have been described in
an Aplysia neuron[288, 289]. The observation of two distinct gating currents
in a neuron which is known to have separate rapid Na* and slow Ca™"
currents, confirms that the slow channel is controlled by mechanisms similar
to those controlling the rapid Na* channel. A gating current associated with
gc. has been also described in snail neurones [290].

Like any structure bearing electrical charges, gating systems are directly
sensitive to the electrical field around them, i.e., to the potential profile across
the membrane. However an important point is that this electrical field does
not result only from the existence of E_, as it is measured between the
external and internal bulk solutions, but also from the local influence of fixed
(essentially negative) charges on both sides of the membrane[291, see also
292,293]. Fixed negative charges may have several origins, for example
glycoproteins with sialic acid residues (see[294]), lipids of the bilayer with
charged polar head groups (see[295]) or exposed free carboxyls of glutamic
and aspartic acids of proteins such as those forming the channel itself. For
this reason, the bulk and the actual transmembrane potentials differ (Fig-
ure 18). Very likely fixed charges are not distributed uniformly along the
membrane, but rather they are discretely localized [293]. Their density in the
vicinity of a given membrane structure, for example a given type of ionic
channel, is characteristic of this structure. As a consequence, for a given E,,
the actual transmembrane potential in the vicinity of Na* channels is very
probably different from that in the vicinity of slow channels, or of K*
channels. If one assumes that a gate opens or closes when the electrical field
within the membrane in the vicinity of the gate, changes its direction and if
we call ‘threshold’ the change in E,, (from E,) necessary for this situation to
be reached (Figure 18), it is clear that the thresholds of, for example, the rapid
and slow channels, will not be identical. For the same reason the correspon-
ding activation and inactivation curves will be situated differently on the
voltage axis. Another important point is that cations are able to alter consid-



73

Figure 18. Left: potential profile in the resting membrane in the absence of fixed negative
charges. The local membrane potential, E, (i.e., the potential just across the membrane), is the
same as that, E,, measured in the bulk solution. Middle: if in the vicinity of a channel the
membrane bears fixed negative charges at its external (ext) and internal (int) surface the potential
profile near the membrane is modified, for example from A to C and from B to D depending on
the charge density, so that at rest E;;; may become much smaller than E_,. Therefore a moderate
depolarization (from A to A’) is sufficient to reverse the electric field within the membrane in the
vicinity of the channel, a situation which may induce gate movements and activation—inactiva-
tion process. Right: Ca* *-rich media, by screening the surface charge or binding to individual
fixed charges, increase the depolarization (AA” instead of AA’) necessary to reverse the electric
field within the membrane (see [292, 296, 340, 341]).

erably the influence of fixed negative charges either by simply screening them
or by binding to them (Gouy—Chapman-Stern theory, see[292, 296]). As a
result, the increase of cations at the outside of the membrane shifts activation
and inactivation curves towards positive potentials (positive shift) whereas the
increase of cations at the inside of the membrane shifts curves towards
negative potentials (negative shift). Anions probably exert opposite ef-
fects[297]. It has been shown by Hille et al.[296] in the case of the Na*
channel of myelinated nerve fibers, that a tenfold increase in concentration of
divalent cations above =1 mM causes a positive shift of 20 to 25 mV of the
Na* activation curve, either with cations that bind (Zn**>Nit*
>Mn** =Co**>Ca*") and cations that do not Mg™* *). The difference is
that binding reduces the concentration of divalent ions needed to reach a
given surface potential (or produce a given shift). In the absence of Ca*™,
monovalent ions are also very efficient in shifting activation curves, whereas
in the presence of Ca* ™, their influence is much smaller. The increase of the
external concentration of H* ions (i.e. the decrease in pH of the solution),
also produces a positive shift[296], in addition to other more specific
effects.

It must be remembered that at the level of individual channels, a given
channel opens and closes very rapidly (in microseconds). It also opens and
closes on a random basis. Because of collisions between the gates and sur-
rounding molecules, ‘it is as if each channel repeatedly flipped a coin to
decide whether or not to remain open’[298]. According to this probabilistic
concept, saying that the degree of opening of a channel increases with depo-
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larization, does in fact mean that the average amount of time each individual
channel spends in the open state, increases with depolarization. Saying that a
time-dependent conductance is fast or slow means that the time required to
force a large number of these channels to modify the average open time is
either short or long[299]. Such random opening and closing give rise to very
small potential and current fluctuations known as ‘membrane noise.’ Several
reviews have summarized the principles and results of membrane noise anal-
ysis applied to excitable tissues (see [300-302]).

The slow channel so far described in cardiac membranes, closely resembles
that existing in other tissues such as invertebrate muscles, where Ca**-
dependent action potentials are observed either when K* currents are reduced
by quaternary ammonium [12, 13] or when Ca;** is lowered by Ca** chelat-
ing agents[303], or in the absence of any treatment ([304], for details and
other references see[305, 306]). As previously stated, the selectivity of the cardiac
slow channel is rather modest, since Ca**, Sr**, Ba**, Na* and K~ ions
(and in some rare cases, Mg** and Mn™* ") can cross the channel. However,
it must be remembered that in other tissues, for example in the barnacle
muscle fiber[307], the slow channel is also permeable to Ca*", Sr** and
Ba** and possibly to some other ions, whereas even the most selective
channels, such as the Na® and the K* channels, are permeable to several
ions (more than 10 different ions for the Na* channel in nerves and at least 4
ions for the K* channel, see [271]). The moderate selectivity of ionic channels
has been attributed by Mullins[284] to the fact that ions probably do not
enter the channel as totally unhydrated ions, but rather as partially hydrated
ions. For example the fact that the Na® channels are about 10 times more
permeable to Li* and Na® than to K*, may conveniently be explained by
assuming that these ions enter the channel with a single hydration shell.
Proposing a model of ionic channels somewhat different from that of
Hille [265], Mullins[284] assumed that because of thermal fluctuations, the
size of a given type of channels may vary around a mean value. For example,
at a given instant, the distribution of pore sizes is such that most of the
individual Na* channels have a radius of 3.6 to 3.7 A (equal to the singly
hydrated radius of Na™ and Li* ions), whereas the remaining Na™ channels
have somewhat smaller or larger pores. According to this distribution, only a
small number of individual Na* channels have pores with radius of 4.0 A
(equal to the singly hydrated radius of K* ions) and are therefore, at this
instant, permeable to K* and not to Na*. Another point which may be worth
noting is that in barnacle muscle fibers, the selectivity of the slow channel
may vary greatly after partial inhibition of g, for example by Co™* ions.
Normally, the Ba** and the Sr** currents are greater than the Ca** current
(ia/ig,/ic, = 1.3/1.05/1.0) whereas in the presence of Co* " ions, the reverse
situation occurs; ic, is much less inhibited than ig, and ig, so that for 20 mM
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Co, ig,/is/ic, becomes 0.3/0.5/1.0[306]. This is interpreted by saying that
Ba** ions, which are more mobile than Ca** ions through the channel, have
a lower affinity for the site, thus making the Ba** current more sensitive to
the blocking agent than the Ca** current is.

According to Mullin’s concept [284] a moderately selective channel such as
the slow channel, cannot distinguish between ions when their singly hydrated
sizes are almost identical. Because singly hydrated Na* and Li* ions have
very similar sizes, the slow channel should be approximately equally perme-
able to Na* and Li* as the rapid channel is. However this is not the case
since in the frog atrial fibers replacing Na* by Li* ions readily supresses ig
measured in the absence of divalent cations. In Mullin’s concept [284] this
suggests that g, is @ much more selective system than g, and therefore
that g, and ggna), although being similarly inhibited by several drugs or
agents, may be in fact different mechanisms. The observation of a strict
selectivity for Na®™ might indicate that the mechanism which is directly or
indirectly responsible for the Na® component of ii; is much more like that of
a carrier than that of a channel. For example it is well known that the sodium
pump extrudes Li* much more slowly than Na* [308]. Similarly Li* ions
cannot replace Na* ions in the functionning of the Na*—-Ca** exchange
mechanism in cardiac tissues[309].

The origin of Ca** ions entering the cell through the slow channel
deserves some comments. Langer and his group have repeatedly drawn atten-
tion during the last few years to the important role that may be played by the
cell coat or glycocalyx as an extracellular store for Ca** ions[310-312]). The
glycocalyx may be divided into two parts, the external lamina and the surface
coat, both containing large quantities of sialic acid, i.e., of negative charges.
The surface coat, which is close to the sarcolemma,is an integral part of it
because it contains oligosaccharide chains attached to proteins embedded in
the plasma membrane (see[312]). The ability of glycocalyx to bind cations,
particularly Ca** and La™, has been clearly established [313] and it has been
shown that the removal of sialic acid residues by neuraminidase increases
markedly the sarcolemmal Ca*™* permeability without increasing the permea-
bility to K* ions[314]. For these reasons it may be assumed that the Ca**
contained in the external bulk solution or in the blood, has to bind to the
glycocalyx before reaching the plasma membrane and before entering the slow
channel. It is therefore possible that the intensity of ig, in addition to being
dependent on other previously studied parameters, is partly controlled by the
binding capacity of the glycocalyx. However, very recently, Isenberg and
Klockner[150] observed that iy, is quite normal in entirely isolated cardiac
cells in which the glycocalyx has been destroyed by isolation procedures.
Langer[312] suggests that the glycocalyx, with its binding sites for Ca**, may
also play a role in the prevention of Ca** overloading. It is possible that,
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when a cell is submitted to progressively increasing Ca** concentrations, the
influx of Ca*™ is prevented from rising in a linear fashion when the negative
binding (and presumably transfer) sites for Ca** become saturated. Saturation
seems to be a characteristic of the slow channel. In the barnacle muscle fiber
in which artifacts resulting from fixed charges have been suppressed by
100 mM Mg, *, the maximum rate of rise of the Ca**-dependent action
potential increases steeply as Ca, * increases in the 0-15 mM range, then
saturates [315]. It is therefore possible that this effect is due partly to the
above mentioned protective effect of the glycocalyx. If this is true, saturation
should decrease or disappear after disruption of the glycocalyx, for example by
Ca** removal. Some indication that such an effect can indeed occur is given
by the observation that when a frog atrial fiber is submitted to a Na™-free,
Ca**-rich solution (18 mM Ca*™) after having been washed for 10 min in
low-Ca** then Ca* *-free media, the slope of the i—V curve indicates a large
increase in both g, and [Ca* *]; (g, increases fivefold as compared to its value
in 1.8 mM Ca** [58]), i.e. the opposite of saturation. Such an increase in g
as [Ca*™*], increases is not a priori surprising. It has been observed to a
limited extent (in agreement with calculations based on the constant field
theory) in the mammalian ventricular muscle [100]. In Purkinje fibers bathed
in a Ca*"-free solution, Vereecke and Carmeliet [242] observed that g,
increases about threefold when [Sr**], is increased from 2 to 15 mM. Such a
behavior, as well as saturation phenomena, can result, to a certain extent,
from ionic interactions inside the pore giving rise either to increases or
decreases of conductance according to the concentrations, as already men-
tioned [269].

9. EFFECT OF IONS AND SOME PHYSICAL FACTORS ON THE
SLOW INWARD CURRENT

The effects of several monovalent and divalent ions on the cardiac slow
channel, have been reported in the literature. Information about the effect of
Ca*™ on the activation of i; may be deduced from the analysis of -V
relationships. The observation that Ca*™* shifts the curve towards positive
potentials, could be in line with the assumption that negative charges exist in
the vicinity of the slow channel and could result from screening and binding
phenomena. Surprisingly, in many cases, the threshold of i; seems to be
shifted negatively instead of positively [48, 50, 57, 61, 100, 316], whereas the
value of E at which i reaches its maximal amplitude (E ; max), does not
seem to be significantly altered. However in other cases[58,160,224]
E. g max) 18 clearly shifted towards positive potentials when [Ca**] increases.
Shifts are however of different values: +18 mV for an increase from 1.8 to
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18 mM and —12 mV for a decrease from 1.8 to 0.18 mM in Na*-free Ringer
solution [58], about +10 mV for an increase from 1.8 to 3.6 mM[160], —5 to
—7mV for a decrease from 2.2 to 0.55 mM [224] and about —20 mV for a
decrease from 1.8 to 0.13 mM[317]. In spite of these differences such shifts
indicate that negative charges very likely are present in the vicinity of the
slow channel at the external surface of cardiac membranes. Although Reuter
and Scholtz[100] did not observe any shift in the activation curve of i when
[Ca**], was reduced from 1.8 to 0.45 and then to 0.2 mM, however, in two
experiments in which [Ca**], was increased from 1.8 to 5.4 and then
7.2 mM, they saw shifts of 4 and 7 mV towards more positive potentials. The
reason for discrepancies observed is not clear. They may result partly from
the presence or the absence of Mg* * ions. It has been observed in the Helix
neuron [318] that i~V curves corresponding to i, are shifted in the foreseen
direction by [Ca**], when [Mg**], is zero but are little affected in the
presence of Mg**. All the above mentioned authors who have observed
significant shifts in the i~V curves of the cardiac iy, used Mg* *-free normal
solutions [58, 160, 224,317]. Among other explanations, one might result
from the existence of fixed charges at the inside of the membrane. If [Ca* *],
is not strictly independent of [Ca**], but increases more or less in a Ca*™ -
rich solution (as observed in frog atrial fibers submitted to Na™-free
media[58]), the resulting decrease of the negative internal surface potential
should shift the I-V curves towards negative potentials, thus partially mask-
ing the positive shift induced by the increase in [Ca**],. It has indeed been
observed by Akaike et al.[318] that in Helix neurons, increasing the intracel-
lular Ca** activity (from 1.2x107*M to 10~° M) shifts E . ms by about
35mV and the threshold of i; by 15-20 mV towards negative potentials.

The effect of Ca** is not limited to the above-mentioned parameters. In
the cat ventricular muscle an increase of [Ca**], from 2.2 to 8.8 mM pro-
duces a decrease of 7, from 35 to 24 msec[155], whereas in the rat ventricular
muscle, 7, decreases from =30 to =7 msec when [Ca**], increases from 0.5
to 7mM|[319] 7, has also been reported to decrease in sheep Purkinje fibers
during Ca** injections, whereas the amplitude of iy increases [320]. The latter
result, which may seem surprising, has been attributed by Isenberg to an
accelerated extrusion of Ca** and therefore to a larger concentration of Ca*™*
in the intercellular clefts. For this reason, the decrease in 7, may also be due
to an increase in [Ca™"],. In the same way as 7, 7, is also modified by
changes in [Ca*™*],, since in the cat ventricular muscle it decreases from 250
to 140 msec, at E, =—30mV, when [Ca*"], is increased from 2.2 to
8.8 mM[155].

Divalent cations other than Ca*™ ™" also influence the functioning of the slow
channel, in addition to their already described ability to act, for some of them
as charge carriers and for others as channel blockers. For example, in the
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presence of 5mM Mn™* ", the i-V curve of iy is shifted by about 20 mV
towards positive potentials, either in the absence or in the presence of 1.8 mM
Ca*™* [52]. This observation was made possible because the guinea pig ventri-
cular muscle was used. Indeed in this species the slow channel is permeable
to Mn** whereas in other species i is entirely suppressed by S mM Mn™**.
This result shows that like Ca**, Mn* " acts at the level of membrane fixed
charges. Mg** ions seem also to produce a positive shift of the i-V curve of
ii; [224]. In frog atrial fibers, the positive shift of the i-V curve produced by an
increase of [Mg**], from 0 to 1.8 mM is of 5 to 7mV in a Na*-free
medium [189]. The shift becomes much greater (=15 mV) in the presence of a
normal [Na*],, a phenomenon which seems related to the blocking of a part
of i rather than to a screening effect. No significant shift occurs with Co™*
2 mM [246], and Ni** 1 mM [244] whereas Sr* " ions apparently do not shift
the i-V curves of i; to the same extent as Ca** ions do[224,236,237]
Another difference between Ca** and other divalent cations is that the time
course of iy differs when the current is carried either by Ca** ions or by
other divalent ions. The time course of the rise and the decay of i is slower
when the current is carried by Mn** than by Ca™* [52]. The decay of i is
also slowed down in frog atrial fibers when Sr** or Ba** are subtituted for
Ca**[237] whereas in the cat ventricular muscle, kinetics of the current
(activation and inactivation) are not markedly altered [224]. In Purkinje fibers
the substitution of Ca** by Sr** or Ba** strongly reduces the transient
outward current, revealing a long lasting ig[170], but it remains unclear
whether or not iy inactivation is altered by Sr** (or Ba™ ™) substitution.
Among monovalent ions, H* ions are well known to give a positive shift
of Na™ activation and inactivation curves in nerves by screening and binding
and, in addition they reversibly block the Na* channel by a different mech-
anism: they are supposed to bind to a single negative charge which is
assumed to control the permeability of each Na* channel; if the group
bearing the charge is no longer ionized, the channel ceases to func-
tion [296, 321]. Shifts of activation have also been described in cardiac tissues
for in, [322] and iy, [322-324]. However a shift of activation or inactivation is
not clearly detectable in the case of the slow channel of cardiac tissues, either
in frog atrial fibers (the i-V curve is not shifted along the voltage axis by
lowering pH from 7.8 to 5.6[189]) or in the mammalian heart (possibly the
i-V curve is shifted towards positive E,, by a few mV when the pH is
decreased from 7.4 to 5.5 but the f_—E, curve is not[195]). On the other
hand the amplitude of i; is reduced at low pH[189, 195, 325] in agreement
with the observation that in embryonic chick ventricle slow responses are
blocked at pH 6[326]. Moreover both 7, and 7, seem to be appreciably
increased [195]. When the pH is lowered from 7.8 to 5.6, ig;c,-n, measured in
a normal Ringer solution is reduced by about 50%, i, mesured in Na™-free
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solution is reduced by =20% whereas i, measured in Ca**-free solution
is entirely suppressed [189].

K™* ions seem to exert a strong influence on i, since it has been shown in
the rabbit sinus node that ig; is depressed by excess K* (an eightfold increase
in [K*], reduces i; by 30% when depolarization and Na* reduction are
compensated for[200]), whereas in the atrial fibers i; undergoes a transient
increase in low-K* media[162, 327]. In addition the rising time of i ; appears
to be shortened and the decay time lengthened after K* depletions[162].

The influence of Na* ions on i is rather complex. The idea that Na* and
Ca** ions can compete for some site at the level of the cardiac slow channel
has been put forward [44,226,227] in order to explain the effect of varying
[Na*], on the mechanical tension, as well as some aspects of the Ca**—Na*
antagonism described by Liittgau and Niedergerke [328]. It was observed that
when [Ca* "], was increased or decreased, i; was correspondingly modified,
whereas when [Ca* *]; was altered, keeping constant the ratio [Ca* ] /[Na*]?,
i;; appeared unchanged [226]. However, more recent results[317] show that in
low [Ca**], and low [Na*], with a ratio [Ca**],/[Na*]? constant, i in fact
decreases. Because there is a simultaneous shift towards negative potentials of
the i-V relationship, this decrease is small (and may be undetectable) for
depolarizing pulses of moderate amplitude.

The effect on i; of modifying [Cl~], has not been extensively studied.
However, in frog atrial fibers, it has been shown that the replacement of Cl~
by an impermeant anion, methylsulphate, leaves the amplitude of ii; almost
unchanged as well as i~V and f,, —E,, relationships [205]. This is at variance
with the suggestion that in the guinea pig ventricle, i; may be increased by
Cl, removal, because the amplitude and duration of the slow response and
accompanying contraction are enhanced in Cl~-free media[329]. It is worth
noting that the replacement of Cl; by an impermeant anion may alter the
density of internal charges by decreasing [Cl~]; and therefore changes the
availability of several ionic systems[297].

Besides above mentioned ionic factors, many other factors influence ig;.
This is the case of physical and metabolic factors. Because other contributors
(Mirro, Bailey and Watanabe, this book) will analyze the mechanisms
involved in the intracellular regulation of i;, we shall not consider here
relations between i; and metabolism. Moreover a review concerning this
problem appeared recently [330]. Among the physical factors influencing i,
frequency is an important one because of its influence on contractility and
action potential configuration. The influence of changes in frequency on
repolarization in cardiac cells was analyzed in a recent review [331]. When
depolarizing pulses are suddenly applied to dog ventricular fibers at a frequen-
cy of 0.3 Hz, i; is fully activated during the first pulse, then does not change
during the following repetitive depolarizations[48,151]. A similar phenome-
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non occurs in the cat[57] and the rat ventricular muscle[197] when the
interval between pulses is sufficiently long (2.5 and 10 sec respectively). On
the other hand, in sheep Purkinje fibers submitted to depolarizing pulses at a
frequency of 1 Hz, i is larger for the first clamp than it is for succeeding
clamps[144]. This difference may be due to the fact than in the first three
cases, enough time is allowed for i to fully recover, whereas in the last case
the time of recovery from inactivation is longer than the interval between
pulses. However in the cat papillary muscle driven at a rate of 30/min it has
been observed that iy gradually diminishes in amplitude and is more slowly
activated and inactivated during trains of identical depolarizing pulses[332].
These progressive changes cannot be attributed to an incomplete recovery,
since a 20 sec rest period after the last pulse does not allow the current to
recover its initial characteristics. The region of the i-V curve corresponding to
positive membrane potentials appears to be shifted in the upper direction and
towards less positive potentials, so that E,, decreases, suggesting a progres-
sive increase in [Ca* "], [332]. Opposite results have been observed: (a) in frog
atrial fibers, where a continuous stimulation at frequencies of 0.3 to 1 Hz,
given after a rest period, leads to an increase in ig mainly when Ca*™" is
subtituted by Sr**[333]; (b) in the rat ventricular muscle, in which an
increase in stimulation frequency produces an increase in the amplitude of i
and a marked reduction of 7,[245] Opposite results may be attributed to
differences in species but, possibly also, to the fact that iy can increase at
certain stimulus intervals[178].

The effect of temperature on i does not seem to have been extensively
studied. In the cat ventricular muscle[155] both 7, and 7, increase with the
same Q,o (2.3) when the temperature is decreased from 32 to 22°C, whereas
the amplitude of i; does not react so sensitively (Q,, = 1.56, whether i
increases or decreases is not indicated). In the same preparation, an increase
of 7, (by about 90% at E,, = —80 mV and by about 65% at E,, = —40 mV)
was also observed upon lowering the temperature from 37 to 32°C[156]. In
the bullfrog atrial fiber, both iy, N, measured in a Ringer solution contain-
ing TTX and i, measured in a Na*-free solution, appear enhanced at low
temperature (9 °C) when the i—V curves are compared with the control curves
(17°C); by contrast, i, measured in a Ca* " -free solution containing EDTA
and TTX is depressed at low temperature [334]. On the other hand, Brown
and DiFrancesco observed in the rabbit sinus node cell that i increases with
temperature. This increase is linearly correlated with an increase in ix, which
suggests that a part of iy may be controlled by [Ca™ "],[335].
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10. SUMMARY

In spite of its limitations, the voltage clamp technique has allowed a clear
demonstration of the existence in cardiac tissues of a slow channel separate
from those carrying the rapid inward sodium current and outward potassium
currents. The slow channel which gives rise to a slow inward current, i, has
been analyzed in terms of Hodgkin-Huxley conductances. It is controlled by
activation and inactivation mechanisms. Steady-state activation increases
from O to 1 and steady-state inactivation decreases from 1 to 0 when the
membrane is depolarized from =50 mV to =0 mV. Information about the
kinetics of ii; remain rather contradictory and may reflect both technique and
species or tissue differences. iy overlaps with and may be partially obscured
by several outward currents, some of them being partly dependent on the
entry of Ca** into the cell through the slow channel. As in many other cases,
fixed charges probably exist on both sides of the membrane in the vicinity of
the slow channel and therefore influence gating mechanisms controlling i;.
The slow channel is moderately selective since it is permeable to Ca**, Sr* ™,
Ba** Na*, K" and in some rare cases Mg** and Mn** ions. In myocardial
fibers i;; is mainly carried by Ca** ions whereas in other tissues (sinus node
cells, some types of frog atrial fibers, etc.) the participation of Na™* to i; may
be very large. In the absence of divalent ions, a large and long-lasting slow
inward Na* current develops. The amplitude and Kinetics of iy is modulated
by many ionic, physical and metabolic agents as well as by transmitters of the
autonomic nervous systems and many substances. Only the first two types of
agents have been considered in the present chapter.
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4. THE SLOW INWARD CURRENT:
NON-VOLTAGE-CLAMP STUDIES

EpwARD CARMELIET

1. INTRODUCTION

Although Na* is the -primary ion carrier responsible for the greatest part of
the upstroke in myocardial fibers, it has become clear that Ca** ions play an
important role in the depolarization process, especially in determining the late
part of the upstroke and the total height of the action potential. As early as
1956, Coraboeuf and Otsuka[l] made an observation that was difficult to
reconcile with the simple Na* hypothesis. In the guinea-pig ventricle, they
found that, although V,,,, of the upstroke was reduced in low Na* media, the
amplitude and the plateau height were not. In the frog myocardium the
amplitude of the action potential also did not behave as a Na* electrode
when the external Na* concentration was lowered [2, 3].

Other observations also suggest that the depolarization phase is of complex
nature. In contrast to the smooth upstroke in cardiac Purkinje fibers, the
depolarization in myocardial fibers was found to consist of two successive
components [4, 5]. Sometimes the two components were separated by a dip [6].
During the first phase the membrane is depolarized at a high rate, but, during
the second phase, the rate of depolarization falls to one-tenth or one-
hundredth of the initial value. Both phases are differently affected by changes
in membrane potential, ions and drugs: Vmax and amplitude of the first phase,
for instance, are sensitive to small deviations from the resting potential,
whereas the second phase is not[7]; the first phase is inhibited by Na*
removal or addition of TTX, the second phase by Ca** removal or addition
of Mn** ions|[8, 9].

2. Ca**-MEDIATED ACTION POTENTIALS. SENSITIVITY To K{
AND REFRACTORINESS

Following the original observation of Fatt and Ginsborg[10] in crayfish mus-
cle fibers that an inflow of Ca** ions was responsible for the upstroke of the
action potential, information has been accumulating to support the existence
of an inward current system, distinct from the fast Na* current. This inward

D.P. Zipes. J.C. Bailey. V. Elharrar (eds.). The Slow Inward Current and Cardiac Arrhythmias.
97-110. Copyright © 1980 by Martinus Nijhoff Publishers bv. The Hague/Boston/London. All rights
reserved.



98




99

current is mainly responsible for the amplitude and the plateau height of the
atrial and ventricular action potential; it is also the main current responsible
for the upstroke of the action potential in the sinoatrial and auriculoventricu-
lar node[11, 12]. The importance of this current is easily demonstrated by the
existence of regenerative depolarizations and conducted action potentials in
conditions in which the fast inward current is blocked or absent. Such condi-
tions are: elevated external K* concentration, passage of a depolarizing cur-
rent, presence of TTX, or absence of Na* in the external medium [13-15].
The regenerative depolarizations and conducted action potentials are favored
by measures that[1] increase the inward current, such as elevation of extra-
cellular Ca**, stimulation of the slow channel conductance by addition of
catecholamines, histamine, xanthine derivatives, fluoride[16-20] and (2)
decrease outward current, such as addition of tetraethylammonium chloride
(TEA) [21] or use of Cl ™ -free media[22, 23].

Compared to the fast Na* inward current, the slow inward current is
characterized by a distinct ion transfer mechanism and specific kinetic behavior.
The channel is not very selective with respect to ion species; it is permeable
to bivalent ions (Ca**, Sr**, Ba**) as well as to monovalent ions (Na* and
K*) and can be blocked by Ni**, Co**, La** and Mn™**[9,24-31]
Although the channel is quite permeable to K™ and can carry an appreciable
proportion of the current (one-fifth at zero membrane potential;[31]) the
amplitude as well as the duration of Ca**-mediated action potentials are
insensitive to changes in K; between wide limits. This insensitivity is in
contrast to the marked shortening of the plateau phase which can occur in the
normal action potential. In cow Purkinje fibers for instance, an increase in K
elicits a shortening of the normal action potential but has no effect on the
epinephrine induced plateau-like depolarization[17] (Figure 1A-D). This
remarkable difference is related to the effect of K; on the steady-state
current—voltage relation and the level of the plateau. In the normal Purkinje
fiber the plateau occurs at a level at which K strongly modifies and
increases ig, ; in the presence of epinephrine the inward current is increased,
and the plateau is moved to a positive level. At this level large changes in Ky
do not affect the current—voltage relation and therefore the action potential

-

Figure 1 A-D Increase of Kgt in the presence of adrenaline (5.5 10 =6 M) in successive steps:
2.7,5.4,10.8 and 16.2 mM K. Plateau height and duration are practically unchanged by a 6-fold
increase in Ky. Cow Purkinje fiber. E: Stimulation at a frequency of 1/sec elicits a decrease in
amplitude of the fast depolarization with no change in amplitude of the secondary depolarization.
Cow Purkinje fiber; K4t was 16.2 mM, Cag" * 15 mM, adrenaline (5.5x10-6M). F: Sponta-
neous alternation of two types of action potentials, without and with fast depolarization phase.
Cow Purkinje fiber; Ky 10.8 mM, adrenaline 5.5x 106 M. Vertical bars: 50 mV; horizontal
bars: 1 sec. (Modified from 17.)
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Figure 2. Change in Vg, of Ca**-mediated action potentials when Kg" is increased from
10.8 mM to 54 mM. Cow Purkinje fiber. Isoproterenol 0.4 mg/liter. Examples of action potentials
at different levels of membrane potential, indicated by arrows in the graph. Vmax as a function of
membrane potential does not show a plateau but increases for potentials between —60 and
—40 mV (Carmeliet, unpublished).

duration becomes insensitive to external K*. The Purkinje fiber behaves
under those conditions similar to muscle; in many mammalian cardiac mus-
cle preparations the shortening at elevated K* concentrations is small or
absent [32-34]. Under special conditions (i.e., Cl™-free media) the action
potential may even become prolonged at elevated K* concentrations [22, 23]
(see next section and Figure 3).
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The slow channel is further characterized by its kinetic behavior. In com-
parison with the Na* channel, the steady-state inactivation and activation are
displaced to less negative potentials[11]; the time constants for both processes
are in general longer, which justifies the name of ‘slow’ channel. Except for
the frog, time constants for inactivation increase between —40 mV and
+40 mV, with extreme values of 50 msec near threshold to 300400 msec at
potentials more positive than the zero level (for a comparison between differ-
ent species see[12, 22]. It is not yet clear whether time constants for recovery
from inactivation are identical to those for inactivation; differences seem to
exist among species. In general, however, the time constants for recovery
increase at less negative potentials. Comparing the time constants for removal
of inactivation for the ‘fast’ Na* and ‘slow’ Na*-Ca** channel, it is clear
that recovery is faster for the Na™ system at high levels of membrane
potentials; at reduced levels of membrane potentials (— 50 mV), however, the
reverse situation may occur. Such a comparison predicts that frequency effects
on both systems will depend on the level of membrane potential; at reduced
levels of membrane potential an increase in frequency should have greater
effects on the first phase of the action potential. An illustration of such
behavior is shown in Figure 1E. Stimulation at 1/sec of a cow Purkinje fiber
bathed in a solution of 16 mM K;, 15mM Ca/* and epinephrine
(5.107°M) reveals a gradual decline in the amplitude of the first phase,
without change of the amplitude or configuration of the secondary depolari-
zation. At first glance this result may appear to contrast with the general
finding that full recovery of excitability in fibers that show the slow response
takes a long time following full repolarization and that such preparations do
not remain in a steady-state when driven at any but a low rate. In this respect
the following remarks should be made: (1) The above given example only
illustrates that at depolarized levels the ‘fast’ Na* system shows a slower
recovery than the ‘slow’ response; recovery in both systems however remains
slow. (2) Recovery of slow responses is very dependent, not only on the
membrane potential level, but also on the presence or absence of other ions.
It is clear that recovery of Sr**-action potentials in Na*-free media is very
slow; rates of stimulation as low as 1/min are required to remain in a
steady-state [28]. This aspect may be specific for Sr** or related to the
absence of Na™* [22].

3. EXISTENCE OF AN OPTIMUM MEMBRANE POTENTIAL FOR THE
GENERATION OF Ca**-MEDIATED ACTION POTENTIALS

It is generally known that a cardiac Purkinje or muscle fiber becomes inex-
citable when the external K is raised above 15 mM. This phenomenon is
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due to a gradual inactivation of the fast Na* current when the membrane is
depolarized from —80 mV to —50 mV [35]. In conditions in which the gene-
sis of Ca**-mediated action potentials is favored (addition of isoproterenol
0.4 mg/liter or Cl~-free medium) the preparation remains excitable for K
concentrations up to 54 mM. This can be explained by the fact that inactiva-
tion of the Ca** conductance occurs at more depolarized levels compared to
the inactivation of the Na* conductance. During an increase in K, and
gradual depolarization from —80 mV to —20 mV it is thus expected that V,,,
of the Ca**-mediated action potentials, after full inactivation of the Na®*
conductance, stays constant between certain limits of membrane potentials
(—60 to —40 mV) before decreasing towards zero. Figure 2, which shows the
results obtained in a cow Purkinje fiber, demonstrates however that V,,, for
the Ca**-mediated action potentials does not show a plateau but increases for
potentials between —60 and —40 mV. At more depolarized levels V,,,
decreases again and reaches half-maximum value at —33 mV. The increase in
V.., between —60 and —40 mV is accompanied by an increase in overshoot,
while the action potential duration stays constant or may even lengthen above
control values. In the potential range where V,,, is minimal, excitability is
reduced and strong currents are needed to excite the preparation; for more
positive potentials excitability increases and less current is required to reach
threshold.

Similar results can be obtained in a cat papillary muscle preparation. Fig-
ure 3 shows an example of the results obtained when a cat ventricular prepa-
ration is bathed in a Cl~-free solution with 10 mg/liter TTX added to block
the Na*-mediated activity [23]. V,,, is very low for negative potentials, but
increases about 4-fold between —60 and —40 mV. In muscle preparations
this rise in Vm,,x is accompanied by a clearcut lengthening of the action
potential duration.

In the case of propagated action potentials, one could argue that the dip
between the two ‘inactivation’ curves is due to electrotonic interaction
between excited and non-excited regions of the preparation. At potentials far
from the threshold of the slow channel more current is needed to depolarize
the membrane to a critical level at which regenerative conductance changes

~—

Figure 3. Upper part: Changes in action potential and Vmax of a cat papillary muscle when Kg' is
increased from 2.7 to 54 mM in the presence of tetrodotoxin (10 mg/liter). Cl-free, acetylglycinate
solution. Lower part: Graphical representation of the evolution of Vmax and action potential
duration as a function of membrane potential. At a membrane potential of about —40 mV, V.,
and duration are maximal; both variables are decreased at more negative or more positive
membrane potentials (from [23]).
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occur. This current drain may be responsible for the lower Vmax and action
potential amplitude, and also for the shorter duration. For potentials closer to
the threshold the current drain will be smaller and V,,,, amplitude and
duration will increase.

Electrotonic interaction, however, cannot provide the full explanation, since
the same phenomena are still observed for ‘membrane action potentials’ in a
single sucrose-gap set-up (muscle preparation) or in a short Purkinje fiber,
where requirements for conduction are absent. Other explanations can also be
proposed : (1) The existence of a optimum membrane potential for V., could
be due to a specific effect of K* ions (the membrane was depolarized by
varying K;). The same changes in V,,, however can be obtained when, in
the presence of a fixed K, , the membrane potential is changed by application
of a transmembrane current (Figure 4A—C) or when the membrane sponta-
neously depolarizes during a transient afterdepolarization (Figure 4F). (2) The
observed phenomena could further be due to an interaction between the fast
Na™* and slow Ca**-Na* channel. This explanation is ruled out by experi-
ments performed in the presence of TTX in a concentration sufficient to
block the Na*-mediated activity. Figure 3 [23] shows that under those condi-
tions an increase in K¢ still elicits an increase in V,,,, overshoot and duration
for membrane potentials between —90 mV and —40 mV. Other results also
confirm the independence of Ca**-mediated activity on the presence or
absence of a preceding Na*-spike. In cow Purkinje fibers (high K*, high
Ca** perfusion) we have occasionally observed spontaneous alternation of
action potentials with or without a fast Na™*-spike (Figure 1F); the height of
the plateau phase was identical in both cases[17].

Although the existence of an optimum membrane potential in the genera-
tion of the slow response remains thus unexplained, the phenomenon may be
of practical importance, and should be taken into account when comparing
results obtained in different K* concentrations or when studying the effect of
ions and drugs on the slow response.

-

Figure 44-C. Effect of a preceding hyperpolarization (B) and depolarization (C) by transmembrane
current on Vp,, of the Ca-mediated action potential. Vy,, is increased by previous depolariza-
tion. Cow Purkinje fiber; K4t 10.8 mM, isoproterenol 0.4 mg/liter. D-F: Ca* *-mediated action
potentials in 27 (D) and 10.8 mM Kg' (E, F). In 10.8 mM Kg" (higher negative membrane
potential) Vmax is smaller; the action potential is followed by a transient depolarization, which
eventually attains threshold and results in a conducted action potential with a higher Vy,,,. Cow
Purkinje fiber (Carmeliet, unpublished).
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4. THE SLOW RESPONSE AND PACEMAKER ACTIVITY

Activation of the slow response plays an essential role in the normal as well
as abnormal pacemaker activity of the heart. In the case of the sinoatrial
pacemaker evidence has been presented that it is due to the simultaneous
activation of the slow inward current and an outward K* current[36, 37].

The flow of Ca** through the slow channel is also involved, directly or
indirectly, in the genesis of pacemaker activity in depolarized Purkinje or
cardiac muscle preparations. The depolarization can be brought about by
different procedures, of which some are relevant to clinical situations: appli-
cation of external current [38—41], metabolic inhibition or blocking of the Na*
electrogenic pump [42, 43], perfusion with low external K™ [44,45] or low
pH [46, 47], addition of Ba[48), TEA [21] or Cs[49). The induced pacemaker
activity can be modified by different experimental manipulations that affect
either the slow diastolic depolarization or the regenerative upstrokes. Oscilla-
tions or action potentials at low levels of membrane potential are well main-
tained in TTX[38, 39], are enhanced in elevated Cag * [38,40] and in the
presence of catecholamines[50-52] and are blocked by verapamil[53] and
Mn** [38]. In comparison with the pacemaker activity at high levels of
membrane potential in Purkinje fibers, which undergoes overdrive suppres-
sion [54], stimulation at high frequency had no effect on the poststimulatory
spontaneous activity at reduced levels (Figure 5).

The mechanism underlying the depolarization-induced pacemaker activity
has been studied with the voltage clamp technique [39, 52, 55-57]. In all cases
the depolarization following the repolarization can be explained by deactiva-
tion of an outward current and simultaneous activation of the slow inward
current; how far activation of the inward current determines the speed of
diastolic depolarization however is less clear (see 55). In Purkinje fibers the
increase in frequency of oscillations is due to an enhanced activation of both
inward and outward currents [52].

During recent years it has become apparent that Ca** ions play an impor-
tant role in the genesis of afterdepolarizations. These afterdepolarizations may
reach threshold and result in pacemaker activity. The amplitude of the after-
depolarizations and the probability to reach threshold is dependent on the

~—
Figure 5. Spontaneous activity in 20 mM cesium, K *-free solution in a sheep Purkinje fiber.
Electrical stimulation during 1 min at frequencies of 180/min (B) and 300/min (E) did not affect
the inherent frequency (compare C with A and F with D). A and D: controls before electrical
stimulation; in B and E only the final part of the electrical stimulation periods is shown. Time
scale: 1 sec. Voltage scale: one large division: 10 mV (Carmeliet, unpublished).
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frequency of stimulation (poststimulatory enhancement; overdrive excita-
tion) [S8-60]. The involvement of Ca** is indirect: the current responsible for
the transient depolarizations seems to be carried mostly by Na* ions, but the
conductance of the channel is modulated by intracellular Ca** [61, 62].

Triggered pacemaker has been recorded in Purkinje fibers in the presence of
toxic doses of glycosides, but is also seen without addition of ouabain in atrial
muscle fibers[63] and fibers of the sinus coronarius and mitral valve [64].
Catecholamines exert a stimulatory effect on the transient depolarizations and
spontaneous activity may be seen even in the presence of elevated 10.8 mM
Ky concentrations (Figure 4E and F; see also [17]). Since extracellular K* as
well as catecholamines are increased in myocardial infarction, this observation
may have some clinical relevance.
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5. THE ROLE OF CYCLIC AMP IN REGULATION OF THE
SLOW INWARD CURRENT *

MicHAEL J. MIRRO, JoHN C. BAILEY and AUuGUST M. WATANABE

1. INTRODUCTION

Two distinct inward ‘'membrane currents underly the electrical excitation of
atrial and ventricular myocardium. When a stimulus is applied to quiescent
cardiac muscle or specialized conducting tissues regenerative membrane depo-
larization occurs which, when recorded by means of an intracellular electrode,
produces characteristic time-dependent changes in transmembrane voltage.
The initial rapid phase of this membrane depolarization is due to a sudden
passive increase in membrane permeability to Na* ions[1-10]. This initial
inward current can be abolished by removal of Na' ions or addition of
appropriate concentrations of tetrodotoxin [1-10]. Because of its rapid activa-
tion and inactivation kinetics this current has been designated the fast inward
current and appears to be due to the flow of Na* ions through specific
membrane channels (fast Na® channels)[2-10]. This fast inward current is
responsible for the rapid upstroke velocity of the transmembrane action
potential and influences the rate of propagation of electrical impulses through
specialized cardiac conducting tissues [6-10]. Autonomic neurotransmitters do
not appear to modify the magnitude or kinetics of this fast inward current in
normal fibers[11, 12].

In addition to the fast Na* current, atrial myocardium and ventricular
myocardium possess a second distinct inward current which is quantitatively
smaller than the fast Na® current and is carried primarily but not exclu-
sively by Ca*™" ions. This secondary inward current has slow activation and
inactivation kinetics and therefore has been termed the slow inward cur-
rent [2-10]. The magnitude of this slow inward current is modified by altera-
tions in extracellular Ca** concentration and the current is thought to flow
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through specific membrane ionic channels (slow Ca** channels)[2-10]. Cer-
tain pharmacologic compounds (verapamil, D-600, nifedipine) and cations
(La***, Mn™**) have been identified which attenuate the slow inward current
presumably by blocking slow Ca** channels[7,9, 10].

The slow Ca** current appears to be responsible for the plateau phase of
the cardiac action potential and its inactivation facilitates the repolarization
process [3]. The slow Ca** current is believed to be involved in the process of
excitation-contraction coupling both directly by increasing Ca** entry into
the cell and indirectly by inducing Ca** release from intracellular
stores[13-16]. In the SA and AV nodal regions, the slow Ca** current
appears to be the primary depolarizing current. This accounts for the relatively
slow upstroke velocity of the membrane potentials recorded from these
cells[10-17]. In contrast to the fast Na* current, the magnitude of the slow
Ca* ™ current is regulated importantly by the autonomic nervous system. A
variety of studies have documented that one effect of the interaction of
sympathetic neurotransmitters with beta-adrenergic receptors is an increase in
the magnitude of the slow Ca** current[18, 19]. Analysis of the effects of
beta-adrenergic receptor activation on transmembrane Ca** conductance indi-
cates that whereas the activation/inactivation kinetics and the ion selectivity
are unaffected, the density (or number) of functional slow Ca** channels is
increased [20-22].

Current theory suggests that the effects of beta-adrenergic receptor stimu-
lation on the slow inward current are mediated through the adenylate
cyclase—cyclic AMP system. This hypothesis has been supported by experi-
ments in which lipid soluble derivatives of cyclic AMP or iontophoretically
applied cyclic AMP have been shown to increase the slow Ca** cur-
rent [23-25] and studies with calcium-dependent action potentials (‘slow
responses’) in which pharmacologic agents (e.g., catecholamines, histamine,
theophylline) known to increase cyclic AMP content also increase the slow
inward current (measured indirectly)[26-29]. It has been postulated that the
availability of functional slow Ca** channels is regulated by cyclic AMP by
means of cyclic AMP-dependent protein kinase-directed phosphorylation of
membrane proteins[7, 10, 16, 30, 31]. This scheme proposes the following
sequence of events for catecholamine regulation of the slow inward current:
(1) catecholamines stimulate beta-adrenergic receptors; (2) this stimulation of
beta-adrenergic receptors leads to activation of adenylate cyclase; (3) adenylate
cyclase activation increases intracellular cyclic AMP levels; (4) the elevation
of intracellular cyclic AMP levels leads to activation of cyclic AMP-dependent
protein kinase; and (5) activated cyclic AMP-dependent protein kinases phos-
phorylate protein constituents of the membrane-bound slow Ca** channels,
thereby making these Ca** channels available for voltage activation during
subsequent membrane depolarizations. Following activation, the slow Ca*™*
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channels may be inactivated by dephosphorylation which is mediated by the
action of intracellular phosphatases. Although this postulated sequence of
events appears plausible, much experimental work still must be completed to
establish the detailed biochemical mechanisms responsible for catecholamine
regulation of the slow Ca*™* current.

Recent data suggest that stimulation of muscarinic cholinergic receptors is
associated with a reduction in the magnitude of the slow Ca*™* current.
Voltage clamp studies performed in atrial tissues have demonstrated that
acetylcholine directly reduces the inward Ca*™* current[32, 33). In ventricular
myocardium, muscarinic receptor stimulation does not directly affect the slow
Ca** current[34]. However, when the slow Ca'* current has been aug-
mented, presumably by elevation of intracellular cyclic AMP levels, muscar-
inic agonists appear to produce a reduction in the number of slow Ca*™*
channels[31, 34, 36]. Thus, cholinergic regulation of the slow Ca** current
may be different in atria and ventricles. This notion is consistent with the
well recognized fact that muscarinic receptor activation produces direct nega-
tive inotropic effects in atria but requires the co-existence of increased sym-
pathetic stimulation to produce these effects in ventricles (‘accentuated anta-
gonism’) [37-39].

The purpose of this paper is to review the known relationships between
autonomic control of the slow Ca** current and cyclic nucleotides. Specifi-
cially, the role of cyclic AMP in regulating the slow inward current will be
reviewed as it pertains to sympathetic and parasympathetic control of trans-
membrane Ca** flux.

2. ROLE OF CYCLIC AMP IN MEDIATING THE EFFECTS OF BETA-
ADRENERGIC RECEPTOR STIMULATION ON THE SLOW INWARD CURRENT

Numerous investigators have explored the relationship between stimulation of
beta-adrenergic receptors, cyclic AMP levels and changes in the functional
properties of cardiac tissues[16, 40, 41, 44,56, 74]. It is well established that
the metabolic effects (activation of glycogen phosphorylase) of beta-adrenergic
receptor stimulation are mediated by increases in myocardial cyclic AMP
content[41-44]. A large body of data have linked also the contractile and
electrophysiologic effects of beta-adrenergic agonists to changes in intra-
cellular cyclic AMP content [16], although the causal role of this nucleotide in
mediating these physiological effects of catecholamines is less well established
than its role in the metabolic effects[56, 74]). These physiological effects of
beta-adrenergic receptor activation are associated with increases in the slow
Ca** current. Thus, it has been suggested that the contractile and electrophy-
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siologic effects of catecholamines are, in part, related to increases in trans-
membrane calcium flux through slow calcium channels and that the alteration
in calcium flux is regulated by cyclic AMP.

Evidence that beta-adrenergic receptor stimulation increases the slow Ca*™*
current was first provided by Engstfeld et al.[45]. This early study demon-
strated that catecholamines restored excitability in potassium depolarized car-
diac tissues and that this alteration in membrane excitability was related to
increased calcium flux. Grossman and Furchgott [46] demonstrated by cal-
cium tracer studies that epinephrine increased transmembrane calcium flux in
isolated atrial tissues. In 1967, Reuter[18] first demonstrated directly with
voltage clamp studies that beta-adrenergic receptor stimulation increased the
magnitude of the slow inward current. These studies were soon verified by
several other laboratories [22-25, 47]. Carmeliet and Vereecke suggested that
the increase in the plateau phase of the cardiac action potential was due to the
enhancement of the slow calcium current produced by catecholamines[47].
This latter study also demonstrated that the effects of catecholamines on the
slow Ca** current could be mimicked by caffeine which, among other things,
acts as a phosphodiesterase inhibitor. Since it was generally accepted that both
stimulation of beta-adrenergic receptors and inhibition of phosphodiesterase
are associated with increases in cyclic AMP content in cardiac tissues, these
data suggested that cyclic AMP might mediate the beta-receptor induced
increase in the magnitude of the slow Ca** current.

Tsien et al. first demonstrated directly that cyclic AMP per se could
increase the slow Ca** current[23, 24]. These investigators showed that expo-
sure of calf Purkinje fibers to lipid soluble derivatives of cyclic AMP increased
the magnitude of the slow Ca** current. In a separate study, these same
investigators demonstrated that direct iontophoretic application of cyclic AMP
into cardiac cells mimicked the effects of catecholamines on the plateau phase
of the action potential. These observations were supported by the work of
Meinertz et al. who demonstrated that dibutyryl cyclic AMP increased “*Ca*+*
uptake which was associated with increases in contractile force[48]. Under
voltage clamp conditions, Reuter subsequently demonstrated that the
increases in the slow Ca** current induced by both catecholamines and
dibutyryl cyclic AMP were due to an increase in the number of functional
slow Ca** channels rather than an alteration of the ion selectivity or kinetics
of the slow Ca*™* channels [20].

The notion that the enhancement of the slow Ca** current produced by
beta-adrenergic receptor stimulation was related to increases in cyclic AMP
content was further supported by studies with potassium depolarized tissues
in which the action potentials were primarily dependent upon calcium influx.
Pappano[26] and Thyrum [49] demonstrated that beta-adrenergic receptor sti-
mulation increased excitability in potassium depolarized atria, similar to the
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observations of Engstfeld et al. [45]. This effect was postulated to be related to
an increase in the number of functional slow Ca*™* channels. Shigenobu and
Sperelakis [27] confirmed the observations of Pappano [26] and demonstrated
further that phosphodiesterase inhibition and dibutyryl cyclic AMP adminis-
tration produced calcium-dependent action potentials in chick hearts. Using
this same model, Watanabe and Besch further established the relationship
between beta-receptor stimulation, cyclic AMP levels and the slow Ca*™
current by directly measuring cyclic AMP content in tissues exposed to
catecholamines following inactivation of fast Na* channels[28]. In these
studies, increases in the slow Ca*™* current produced by isoproterenol, his-
tamine, theophylline and papaverine were accompanied by increases in cyclic
AMP content. Positive inotropic agents, such as ouabain and glucagon, which
did not increase cyclic AMP levels, did not restore excitability to these
depolarized (22 mM K *) or tetrodotoxin-blocked hearts.

3. AUGMENTATION OF THE SLOW INWARD CURRENT DUE TO INCREASES IN
INTRACELLULAR CYCLIC AMP INDEPENDENT OF BETA-ADRENERGIC
RECEPTOR ACTIVATION

As alluded to previously, the evidence for a role of cyclic AMP in mediating
the effects of catecholamines on the slow inward current includes many
studies which demonstrated that a variety of methods of increasing intracel-
lular cyclic AMP levels, independent of stimulating beta-receptors, increased
the slow inward current. These methods, which will be discussed in more
detail in this section, included: (1) increasing cyclic AMP content by ionto-
phoretic injection or by applying lipid soluble derivatives of cyclic AMP to
isolated cardiac tissues; (2) activating adenylate cyclase independent of beta-
adrenergic receptor stimulation; and (3) inhibiting phosphodiesterases.
Voltage clamp studies performed by Tsien et al.[25] in calf Purkinje fibers
demonstrated that bathing these tissues in buffer containing lipid soluble
analogues of cyclic AMP increased Ig; and Iy,. These studies were supported
by the observation that lipid soluble derivatives of cyclic AMP restored
excitability in potassium depolarized tissues[27, 28, 50]. Shigenobu and Spere-
lakis demonstrated that dibutyryl cyclic AMP (2 mM) restored excitability in
tetrodotoxin-blocked cultured embryonic chick hearts[27]. Watanabe and
Besch showed that dibutyryl cyclic AMP (3 mM) restored excitability in iso-
lated perfused guinea pig ventricles depolarized with 22 mM K * [28]. In addi-
tion, Tsien demonstrated that iontophoretic injection of cyclic AMP increased
the plateau phase of the cardiac action potential thus suggesting an enhance-
ment of the slow Ca** current[23]. Thus, these studies provided evidence
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that cyclic AMP may mediate the effects of catecholamines on the slow Ca**
current by satisfying one of Sutherland’s original criteria for establishing the
role of cyclic AMP as a ‘second messenger’ for hormones|[41]. The results
must, however, be interpreted with caution. The assumption must be made
that iontophoretic application or administration of lipid soluble derivatives of
cyclic AMP to cardiac tissues exerts the same intracellular effects as endoge-
nously generated cyclic AMP. Reasons for concern with this assumption
include the fact that relatively large concentrations of the exogenous nucleo-
tide are required to mimick the effects of catecholamines and that the time
course of the effects of the nucleotide is quite different from that of catecho-
lamines.

Another method employed to study the effects of cyclic AMP on the slow
Ca** current has been to activate the enzyme adenylate cyclase without
stimulating beta-adrenergic receptors. Histamine receptor stimulation has long
been known to activate adenylate cyclase, increase cyclic AMP levels and
produce positive inotropic effects in cardiac tissues. Watanabe and Besch
demonstrated that histamine produced concentration-dependent increases in
the slow Ca** current which were paralleled by increases in intracellular
cyclic AMP content[28]. Inui and Imamura subsequently demonstrated that
the increases in the slow Ca*™* current produced by histamine receptor stimu-
lation were augmented by simultaneous phosphodiesterase inhibition (papav-
erine) and attenuated by phosphodiesterase stimulation (N-methylimida-
zole)[29]. Another method of hormonally activating adenylate cyclase via a
non-beta-receptor mechanism is with glucagon. Glucagon has been shown to
activate adenylate cyclase and to elicit positive inotropic effects in cardiac
tissues [41, 53-56]. However, Watanabe and Besch were unable to detect any
increase in cyclic AMP content or the slow Ca** current following adminis-
tration of glucagon to guinea pig hearts[28]. This observation is consistent
with the fact that glucagon does not activate adenylate cyclase in guinea pig
myocardium [57].

In addition to hormonal activation of adenylate cyclase, direct activation of
the enzyme by a variety of agents has provided another approach to elevating
intracellular cyclic AMP levels while bypassing beta-adrenergic receptors. It is
well known that the enzyme adenylate cyclase requires guanine nucleotides
(GTP) for maximal enzyme activity in vitro [58)]. Based on the knowledge that
the non-hydrolyzable analogue of GTP, Gpp(NH)p, can produce sustained and
marked activation of adenylate cyclase in cardiac membrane preparations [59],
Josephson and Sperelakis have recently examined the effects of Gpp(NH)p on
the slow Ca** current[60]. These investigators observed that Gpp(NH)p
increased the maximum rate of depolarization and overshoot of calcium-
dependent action potentials recorded from cultured embryonic chick myocar-
dial cells. Presumably, these effects were due to direct activation of adenylate



117

cyclase, leading to increased levels of intracellular cyclic AMP and augmen-
tation of the slow Ca** current through cyclic AMP directed membrane
protein phosphorylation. However, in these experiments cyclic AMP content
was not determined and therefore these results can only be interpreted in a
speculative fashion.

A second method of directly stimulating adenylate cyclase is with cholera
toxin. The mechanism by which cholera toxin activates adenylate cyclase is
presumably by inhibition of adenylate cyclase-associated GTPases which
thereby leads to increased amounts of endogenous GTP available for interac-
tion with the regulatory site of adenylate cyclase[61]. Cholera toxin has been
shown to produce positive inotropic effects in cultured embryonic heart cells;
however, its effects on the slow Ca** current have not been explored yet [62].
This method of increasing intracellular cyclic AMP levels possibly could be
used as an additional tool to study the relationships between cyclic AMP and
the slow Ca*™* current.

Another widely employed method of increasing intracellular cyclic AMP
levels, independent of beta-adrenergic receptor activation, has been to inhibit
the breakdown of cyclic AMP to 5'-AMP. Phosphodiesterase inhibitors have
been used by numerous investigators to study the relationship between cyclic
AMP and the slow Ca** current[25,27-30, 47, 50]. Methylxanthines were
the first group of phosphodiesterase inhibitors to be used for this purpose.
Carmeliet and Vereecke [47] demonstrated in isolated Purkinje fibers that
caffeine increased the plateau phase of the cardiac action potential similar to
the effects of catecholamines. These investigators postulated that the electro-
physiologic effects of phosphodiesterase inhibition could be due to an increase
in the slow Ca** current mediated by cyclic AMP. Tsien et al.[25] demon-
strated directly with voltage clamp studies in calf Purkinje fibers that theo-
phylline produced an augmentation of the slow inward current similar to that
observed with catecholamines and N°-mono-butyryl-cyclic AMP. Since these
early observations, numerous investigators have demonstrated directly (vol-
tage clamp) or indirectly (calcium-dependent action potentials) that phospho-
diesterase inhibition with methylxanthines could augment the slow Ca**
current [25, 27-30, 47, 50]. Watanabe and Besch showed that phosphodiester-
ase inhibition (theophylline) produced concentration related increases in cyclic
AMP levels which were paralleled by increases in the slow Ca** current
(developed tension of Ca**-dependent action potentials). The methylxan-
thines, unfortunately, also produce a number of nonspecific contractile effects
on cardiac tissues and therefore their usefulness as tools for studying the
relationship between cyclic AMP and the slow Ca** current is limit-
ed[63, 64].

Another type of phosphodiesterase inhibitor that has been used to elevate
intracellular cyclic AMP levels in order to study the slow Ca*™* current is
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papaverine. This isoquinoline derivative is a potent phosphodiesterase inhibi-
tor which markedly elevates intracellular cyclic AMP levels[27, 28, 65-67].
Watanabe and Besch demonstrated that papaverine produced concentration-
dependent increases in the slow Ca** current (measured indirectly) and cyclic
AMP content of guinea pig ventricles[28]. Inui and Imamura demonstrated
that papaverine augmented histamine-induced increase in the slow Ca‘**
current. At high concentrations, however, papaverine produces negative ino-
tropic effects which have been attributed to blockade of slow Ca*™* chan-
nels [67]. This latter pharmacologic effect of papaverine limits the usefulness
of this compound as a tool for studying te relationship between cyclic AMP
and the slow Ca*™* current.

A third type of phosphodiesterase inhibitor that has been used to study the
relationship between cyclic AMP and the slow Ca** current is RO 7-2956.
This compound does not appear to produce many of the cyclic AMP-
independent pharmacologic effects in cardiac tissues associated with methyl-
xanthines or papaverine[25, 50, 68, 69]. This drug closely mimicks the elec-
trical and mechanical effects of catecholamines on isolated cardiac tissues.
Tsien et al. demonstrated that this compound elevated the plateau phase of
the cardiac action potential and augmented the slow inward current[25].
Tritthart et al. demonstrated that RO 7-2956 increased the slow Ca** current
and simultaneously increased cyclic AMP content [S0]. Of the phosphodiester-
ase inhibitors available, RO 7-2956 appears to possess the fewest disadvan-
tages due to nonspecific effects and provides the most reliable tool to study
the effects of phosphodiesterase inhibition on cyclic AMP levels and the slow
Ca** current.

The studies reviewed in this and the preceding section provide evidence
that cyclic AMP plays a role in regulating slow Ca** channels. When cyclic
AMP levels are increased by a variety of different means, slow Ca** current
is also increased. The various approaches of increasing cyclic AMP levels
include hormonal activation of the enzyme adenylate cyclase, direct activation
of the enzyme (by-passing hormone receptors), administration of cyclic AMP
analogues, iontophoretic injection of cyclic AMP into cardiac cells and inhibi-
tion of phosphodiesterase. Although in many cases the evidence is correlative
and a causal relationship between total tissue cyclic AMP levels and the slow
current has not yet been unequivocally established, the evidence strongly
suggests that cyclic AMP is involved in regulating the magnitude of the slow
current. The detailed biochemical mechanism by which increases in cyclic
AMP levels augment the slow current is considerably less well defined.
However, it is reasonable to assume that the mechanism involves phosphory-
lation of specific membrane proteins by cyclic AMP dependent protein
kinases.
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4. AUGMENTATION OF THE SLOW INWARD CURRENT INDEPENDENT
OF CYCLIC AMP

Evidence that the slow Ca** current is influenced importantly by alterations
in intracellular cyclic AMP levels has been reviewed in the preceding sections.
It is well recognized that transsarcolemmal Ca** flux through slow Ca**
channels also can be modified experimentally, independent of the adenylate
cyclase—cyclic AMP system. The most straightforward method employed to
augment the slow inward current was to elevate extracellular calcium concen-
tration and thus increase the chemical gradient for Ca** across the mem-
brane[18)]. This experimental approach provided important evidence in voltage
clamped preparations that the slow inward current was carried primarily by
calcium ions.

Reuter, in 1967, first explored the relationship between the slow inward
current and calcium in cardiac tissues[18]. This early work demonstrated that
the magnitude of the slow inward current was very sensitive to variations in
the external calcium concentration. Subsequently, a number of laboratories
confirmed and extended these observations[2,9,21-30]. Systematic ion-sub-
stitution experiments have shown that the slow inward current is carried
primarily, but not exclusively, by calcium ions. Studies performed by Reuter
and Scholz indicated that the membrane channels carrying the slow inward
current are at least 100 times more selective for calcium than for sodium or
potassium [20]. However, at very low extracellular calcium concentrations,
sodium does appear to become the predominant charge carrier for the slow
inward current. The slow Ca** current possesses additional unique features
compared to other membrane currents in that the Ca** channels appear to
saturate at high extracellular calcium concentrations[10]. Thus, transmem-
brane Ca** conductance through slow Ca** channels appears to deviate from
the independence principal (typical for other membrane ionic currents) and at
high extracellular Ca** concentrations this inward current reaches a plateau.
At this point further increases in extracellular Ca** do not increase the slow
inward current. Recent data provided by Lee et al. suggest that this effect
may be due to accumulation of intracellular Ca** which limits Ca** conduc-
tance through slow Ca** channels[70].

Studies performed with calcium-dependent action potentials (‘slow re-
sponses’) have also demonstrated the dependence of the slow inward current
on extracellular Ca**. Pappano showed that restoration of excitability in
potassium (22 mM) depolarized atrial tissues was dependent on extracellular
Ca** ions[26). This study documented that the overshoot of the calcium-
dependent action potential varied directly with extracellular calcium, thus the
membrane behaved as a calcium electrode. This early study also demon-
strated that other divalent cations could substitute for calcium and restore
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electrical excitability. The relative ability of these divalent cations to restore
excitability was inversely related to the size of the hydrated radii of each
divalent cation studied (Ba**>Sr**>Ca** > >Mg**). These early studies
were later confirmed by Shigenobu and Sperelakis [27]. Studies performed by
Watanabe and Besch demonstrated that restoration of excitability in potas-
sium depolarized tissues by elevation of extracellular Ca** was not associated
with any change in intracellular cyclic AMP content [28]. Thus, these studies
as well as the voltage clamp work indicate that the magnitude of the slow
Ca** current can be directly increased by elevating extracellular Ca* *. Ele-
vation of extracellular Ca** directly increases the driving force for Ca*™™
across the membrane. The increase in slow Ca*™* current that occurs under
this circumstance appears to be independent of changes in cyclic AMP lev-
els.

It has recently been shown that stimulation of alpha-adrenergic receptors
could increase the slow Ca** current independent of changing cyclic AMP
levels. Miura demonstrated that phenylephrine could restore excitability to
potassium-depolarized rabbit papillary muscles [71]. This effect was blocked by
phentolamine. The production of calcium-dependent action potentials with
phenylephrine (<10 ~° M) was not associated with cyclic AMP accumulation.
These observations are consistent with work of other investigators who have
shown that alpha-adrenergic receptor stimulation produces positive inotropic
effects but do not increase cyclic AMP content of cardiac tissues [72-74]. The
mechanism by which this occurs remains to be elucidated.

Recently, the polypeptide angiotensin II has been shown to restore electrical
excitability in cardiac tissues in which fast Na* channels were inactivated
(tetrodotoxin or 22 mM K *)[75]. This study demonstrated that these effects
of angiotensin II were mediated through specific angiotensin II receptors (the
effects were blocked with angiotensin II receptor antagonists). Although cyclic
AMP levels were not reported in this study, Sperelakis and co-workers sub-
sequently reported that cyclic AMP levels are not elevated by angiotensin 11
receptor stimulation [30]. Presumably, the positive inotropic effects of angio-
tensin II on cardiac muscle could be explained by an enhancement of the
slow Ca*™* current. The mechanism by which angiotensin II receptor stimu-
lation augments the slow Ca** current is also unclear.

Vogel and coworkers [76] have reported recently another method of directly
increasing the slow Ca** current independent of cyclic AMP. Their study
demonstrated that NaF restored excitability in embryonic chick hearts in
which fast Na* channels had been blocked. NaF is known to activate adeny-
late cyclase in broken cell preparations[77, 78]. However, this compound did
not elevate cyclic AMP levels in this study. The authors speculated that since
NaF is known to be a phosphatase inhibitor [79], the slow Ca** current could
have been increased by inhibition of dephosphorylation of slow Ca** chan-
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nels by NaF. Thus, the density of slow Ca** channels would have been
increased since the usual inactivation mechanisms (dephosphorylation of slow
Ca*™t channels) would have been inhibited.

S. CHOLINGERGIC REGULATION OF THE SLOW INWARD CURRENT

Experiments have recently been performed which suggest that muscarinic
receptor stimulation can diminish the magnitude of the slow Ca** current in
both atrial and ventricular myocardium[31-36, 80, 81]. Giles and Tsien
demonstrated in voltage clamped frog trabeculae that acetylcholine directly
decreased the magnitude of the slow inward current [80]. These studies were
later confirmed in mammalian atria by Ikemoto and Goto [81] and by TenEick
et al.[32]. The studies performed by TenEick and coworkers in a variety of
mammalian atria (dog, cat, guinea pig, sheep) demonstrated that at low
concentrations (0.5 uM) acetylcholine increased outward currents, shortened
action potential duration and decreased twitch tension. At higher concentra-
tions (2 uM) acetylcholine reduced the slow Ca** current in addition to the
increased outward currents. Thus, these studies suggested two mechanisms
for the negative inotropic effects of acetylcholine in mammalian atria. First, at
low concentrations, acetylcholine ‘indirectly’ affected the slow Ca*™™* current
by reducing action potential duration, thus decreasing the time during which
this inward current can flow. Secondly, at higher concentrations, acetylcholine
appeared to inhibit ‘directly’ the slow Ca*™* current. The above observations
provide a plausible mechanism for the negative inotropic effects of muscarinic
receptor stimulation in mammalian atrial tissues.

In mammalian ventricular myocardium, studies performed by Bailey et
al.[34] and Inui and Imamura [35] suggest that acetylcholine does not directly
inhibit slow Ca** channels, but rather interferes with cyclic AMP-facilitated
increases in the slow Ca** current. Both of these studies demonstrated that
acetylcholine abolished calcium-dependent action potentials produced by iso-
proterenol or phosphodiesterase inhibition without affecting calcium-depen-
dent action potentials produced by elevation of extracellular Ca**. Although
cyclic AMP levels were not measured, the results of both of these studies
suggested that muscarinic receptor activation impaired transsarcolemmal
Ca** flux through slow channels primarily by an effect on the adenylate
cyclase—yclic AMP system. Recent studies performed by Biegon and Pappa-
no [31] support the conclusion that muscarinic receptor inhibition of the slow
Ca**current is mediated by alterations in the adenylate cyclase—cyclic AMP
system. This study demonstrated that cholinergic agonists inhibited calcium-
dependent action potentials in avian ventricular muscle by two mechanisms.
First, in the embryonic heart, acetylcholine had no direct effect on calcium-
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dependent action potentials but, if these responses were augmented by isopro-
terenol, acetylcholine produced a striking inhibitory effect. In these same
embryonic hearts, acetylcholine had no effect on basal cyclic AMP content
but attenuated isoproterenol-induced increases in cyclic AMP levels. Second,
in the post-embryonic avian heart, acetylcholine depressed calcium-dependent
action potentials both in the presence and absence of isoproterenol. In this
ventricular muscle preparation, cholinergic agonists produced a direct reduc-
tion in cyclic AMP content as well as an attenuation of the isoproterenol-
induced increase in cyclic AMP.

6. PHARMACOLOGIC METHODS OF BLOCKING THE SLOW INWARD CURRENT

That the slow Ca** current is present during a particular voltage or current
recording is supported by experiments in which the addition of compounds or
ions which block slow Ca** channels attenuate or abolish the observed
recordings. Inhibitors of slow Ca** channels provide important tools to study
the slow Ca** current. Unfortunately, no specific inhibitors of slow Ca*™*
channels are available and interpretation of data generated with compounds
that are available should be tempered with the knowledge that they produce
other membrane effects.

The cations, La***, Mn**, and Ni*** all possess the ability to block
slow Ca*™* channels. However, all three of these ions permeate the sarcolem-
mal membrane and also effect outward currents [82]. The pharmacologic com-
pounds verapamil and D-600 (methoxyverapamil) block slow Ca** channels
yet these drugs also decrease the fast Na* current and outward K* currents.
Thus, changes in membrane excitability induced by any of these compounds
could occur independent of slow Ca** channel blockade. The ability of
verapamil and D—600 to block slow Ca** channels is determined in part by
the optical stereochemistry of these drugs [83-85]. The negative optical isomer
of verapamil is 10 times more potent than the positive isomer at blocking
slow Ca** channels. In contrast, the positive optical isomer of verapamil
appears to be much more potent than the negative isomer at blocking fast
Na* channels. Both optical isomers appear to be equipotent at depressing
transmembrane K* conductance.

Other pharmacologic compounds for blocking slow Ca** channels have
been developed. Nifedipine and diltiazem appear to possess slow Ca** chan-
nel blocking properties [29, 86]. However, rigorous analysis of the effects of
these drugs on membrane ionic currents under voltage clamp conditions have
not been done. :

In addition to direct blockade of slow Ca** channels, pharmacologic agents
may also impair the slow Ca** current indirectly through their effects on the
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cyclic AMP system. Propranolol is an example of a drug which may produce
such effects. Under conditions in which the slow Ca** current is dependent
on beta-adrenergic receptor stimulation, blockade of beta-adrenergic receptors
by propranolol will reduce the slow Ca** current [28]. Similarly, under condi-
tions in which the slow Ca*™* current has been augmented by histamine
receptor stimulation resulting in increases in cyclic AMP levels, the slow
Ca** current may be diminished by histamine receptor blockade [29].

Drugs which uncouple adenylate cyclase from the beta-receptor or directly
reduce the activity of the enzyme adenylate cyclase would also be predicted to
reduce the slow Ca** current under conditions in which it is dependent on
cyclic AMP. Inui and Imamura[29] demonstrated that phosphodiesterase sti-
mulation with imadazole derivatives reduced the slow Ca*™* current which
had been increased by histamine (cyclic AMP-dependent mechanism). Similar
evidence that the slow Ca®™* current can be attenuated via cyclic AMP
dependent mechanisms has been provided by studies with the metabolic
inhibitor dinitrophenol (DNP). DNP depletes myocardial ATP by uncoupling
oxidative phosphorylation. This depletion of ATP is paralleled by a reduction
in cyclic AMP directed increases in the slow Ca** current[30]. Thus, by
depleting the substrate for adenylate cyclase, intracellular cyclic AMP content
may be reduced, thus decreasing the slow Ca** current.
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6. THE ROLE OF THE SLOW INWARD CURRENT IN
IMPULSE FORMATION *

MARIO VASSALLE

1. THE ROLE OF THE SLOW INWARD CURRENT IN IMPULSE FORMATION

Under normal conditions, impulse formation originates in the sinus node.
However, the ability to initiate impulses is shared by subsidiary pacemakers
in the atria and in the ventricles. In examining the role of the slow inward
current in impulse formation, it is necessary first to consider the characteris-
tics of the slow inward current and then the events underlying diastolic
depolarization and the upstroke in different pacemaker tissues of the heart.
Impulse formation may be normal or abnormal and the slow inward current
can be important in both situations. Finally, slow inward currents, which are
different from that flowing during the plateau, may be important in determin-
ing impulse formation at least under abnormal conditions. I shall present
evidence for the role of the slow inward current in impulse formation under
normal conditions and under some abnormal conditions.

2. THE SLOW INWARD CURRENT

The characteristics of the slow inward current are described in detail in other
chapters in this book. Here, a brief survey of these characteristics is made
necessary for an appreciation of the topics to be discussed. This current was
first described in cardiac Purkinje fiber[1] and it was found later on in several
cardiac tissues (see[2] and [3]). It can be distinguished from the fast inward
sodium current for it persists in the absence of sodium and in the presence of
the fast sodium channel blocker tetrodotoxin. Also, the slow inward current
can be activated by depolarizations from a potential at which the sodium
carriers are inactivated. Therefore, it is apparent that different channels are
involved in the production of the fast inward and slow inward currents. The
slow current is largest at about —10 mV and may not fully inactivate during

* Original work reported in this paper was supported by grants from N.I.H., Heart and Lung
Institute and from the New York Heart Association.
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rights reserved.
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the plateau. It appears that repriming the slow inward current is relatively
slow for it has been observed some time ago that the sinus node action
potential grows in amplitude when elicited later on during diastole in spite of
the lower take-off potential [4]. The channel is not specific for it may admit
both Na*® and Ca**, although preferentially the latter. Because both ions can
enter the slow channel, the current is not abolished when one of the two ions
is omitted from the solution (see[2] and [3]).

The development of slow channel blockers (see [5]) has provided pharmaco-
logical means to analyze some of the features of the slow inward current.
These blockers (verapamil, D600, nifedipine, etc.) block the slow channel,
shorten the plateau and abolish the force of contraction. Nickel, cobalt and
manganese also compete with calcium for the slow channel. While
undoubtedly useful, these agents have proved not to be highly selective in
that they affect other currents as well (see[2] and [3]).

The slow inward current plays a role in the initiation of contraction in all
cardiac tissues. However, it plays a role in the electrical phenomena which are
different in different tissues. In some tissues, the slow current flows only
during the plateau, in others during the upstroke and yet in others during the
last part of the upstroke (see[6]). In fact, in some tissues it can flow during
part of diastolic depolarization.

3. THE PACEMAKER POTENTIAL

The process of impulse formation requires the presence of a diastolic depolar-
ization. During diastole in all cardiac pacemakers (whether dominant or sub-
sidiary), the membrane potential is not maintained but becomes progressively
less negative. The difference between the dominant and subsidiary pacemak-
ers in this regard is that in the dominant pacemaker, the slope of diastolic
depolarization is steeper and it attains threshold. In the subsidiary pacemak-
ers, attainment of threshold is brought about by the process of conduction at
a time when the local diastolic depolarization is still negative to threshold.

The ionic events underlying diastolic depolarization have been studied in
different tissues of the heart and differences and similarities have been found
in the pacemaker current of atrial and ventricular pacemakers.

4. THE PACEMAKER CURRENT IN PURKINJE FIBERS
Diastolic depolarization must be brought about by a net inward current. This

could be accomplished either by a time-dependent increase in an inward
sodium current or a decrease in an outward potassium current or by a
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decrease in an electrogenic sodium extrusion[7]. The evidence available to
date indicates that a time-dependent decrease in a potassium current during
diastole is a basic mechanism underlying diastolic depolarization. But, we
shall see that under certain conditions the other two factors just mentioned
do modify diastolic depolarization.

Deck and Trautwein [8] showed that clamping the membrane potential from
a depolarized potential back to the holding potential resulted in a brief inward
current followed by an outwfard current tail which was attributed to a delayed
increase in K conductance. The outward tail appeared only with repolariza-
tions negative to —50 mV which was taken as the threshold for the activation
of the pacemaker current. The reversal of the current at potential negative to
Ex showed that the pacemaker current was a potassium current. In retrospect,
it is clear that the ‘delayed’ onset of potassium conductance appears only due
to an interposed tail of slow inward current. Vassalle [9] clamped the diastolic
depolarization of spontaneously active Purkinje fibers and could compare the
potential change in the absence of clamp with the current change in the
presence of clamp. During the clamp, an inward current flowed as a function
of time which would have caused diastolic depolarization in the absence of
clamp. The reversal potential for this current and the increase in membrane
resistance during the clamp allowed the conclusion that diastolic depolariza-
tion is due to a time-dependent fall in potassium conductance. Interestingly, a
deactivation of the current occurred also when the resting potential was
clamped to a more negative value. This finding showed that the pacemaker
current was (partially) activated at the resting potential independently of a
previous depolarization. Noble and Tsien[10] found that in the steady state
the pacemaker current (labelled Iy, ) is fully activated at —50 mV and deacti-
vated at —90 mV and that it shows anomalous rectification [10] with a nega-
tive slope[11]. At the maximum diastolic potential, the current is fully acti-
vated and begins to deactivate toward the steady state values appropriate to
the negative potentials during diastole. Thus, the pacemaker current in the
Purkinje fibers is generally agreed to be carried selectively by potassium
ions.

S. THE PACEMAKER CURRENT IN THE SINUS NODE

In the sinus node, Irisawa [12] reported that clamping the membrane potential
at the maximum diastolic value resulted in an inward current which increased
with time. As seen in Purkinje fibers, clamping at more negative values
resulted in a decline of the inward current as a function of time. Thus,
Irisawa concluded that a decrease in potassium conductance is responsible for
diastolic depolarization in the sinus node (as it is in Purkinje fibers). However,



130

it was not clear whether the current decreasing in diastole was the outward
current i,,. This current is activated during the plateau and, if the maximum
diastolic potential is sufficiently low, its decay results in diastolic depolariza-
tion. Alternatively, the pacemaker current could be specific for diastolic depo-
larization, as in Purkinje fibers. Subsequent experiments by Noma and Irisa-
wa[13] showed that during clamps from —40 to 0 mV the slow inward
current is followed by a slowly increasing outward current. On returning the
potential to —40 mV, a current tail flows which decays exponentially, indicat-
ing that only one current underlies the pacemaker potential. The reversal
potential for such pacemaker current shifted by about 60 mV with a 10-fold
change in [K*],. Therefore, the current appears to be selectively carried by
potassium ions. In the steady state, the current is deactivated at —60 mV and
fully activated at about +10mV as judged from the tails recorded at the
holding potential. Its deactivation is slower at a more negative potential and it
shows anomalous rectification but not a negative slope.

Brown et al.[14, 15] studied a trabecula in the frog atrium which shows
pacemaker activity even in the presence of TTX (as the sinus venosus does).
As in the sinus node, a depolarizing clamp resulted in a slow inward current
followed by an outward current. And, on clamping back to the holding
potential, a tail of outward current was recorded. The tail could be dissected
into a fast and a slow component (time constant of the decay at —40 mV is
2-3 and 0.4-0.6 sec, respectively). The slowly decaying current resembles the
pacemaker current in Purkinje fibers in that its reversal potential is close to
that determined with a potassium-sensitive microelectrode. Therefore, it
should be carried only by potassium ions. Also, its activation curve spans
from —70 to about —10 mV (which is close to the values reported by Noma
and Irisawa[13] for the sinus node). The fast decaying current resembles the
plateau current i,, in that its reversal potential is positive to that of the slowly
decaying component (but apparently negative to E.,,) which would indicate
that the current is predominantly (but not solely) carried by K ions (as i,).
Also, the activation curve for the fast decaying component is shifted to a less
negative range of potentials (—40 to 0 mV). Both fast and slow decaying
currents participate in the process of diastolic depolarization as the pacemaker
current can be dissected into faster and slower exponentially decreasing cur-
rent components, with the contribution of the fast component decreasing
more rapidly during diastole.

Recently, Isenberg[16] has shown that in Purkinje fibers cesium (20 mM)
abolishes the pacemaker current but not the plateau current i,,. At a concen-
tration of 1 mM, cesium selectively suppresses diastolic depolarization in
canine Purkinje fibers[17]. For this reason it was of interest to test whether
cesium also suppresses diastolic depolarization of the sinus node. In the
presence of cesium, diastolic depolarization should become flatter only if it is
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Figure 1. Effect of cesium on the diastolic depolarization of a cell in the sinus node of the guinea
pig. The first panel shows the lower part of the action potential of a subsidiary pacemaker. The
right panel shows the potential recorded from the same cell in the presence of 2 mM cesium. It is
apparent that cesium flattened diastolic depolarization, slowed the rate and also shortened the
action potential. Voltage and time calibrations are shown in the right upper corner (M Bhatta-
charyya and M Vassalle, Unpublished experiments.)

CONTROL

due to a pacemaker current similar to that in Purkinje fibers; but it should be
unaffected if it is due to the deactivation of the plateau current i,,. In Figure
1, the first panel shows the lower part of an action potential recorded from
the sinus node of a guinea pig. The second panel was recorded in the
presence of cesium (2 mM) and shows that there is no longer a diastolic
depolarization: the potential is flat during diastole.

Therefore, it appears that in cardiac pacemakers a time-dependent decrease
of a specific potassium conductance underlies diastolic depolarization,
although the characteristics of the pacemaker current are different in different
tissues.

6. THE INWARD BACKGROUND CURRENTS

In the absence of an inward background current, the membrane potential at
the end of an action potential would be close to the potassium equilibrium
potential. Therefore, a time-dependent decrease in potassium conductance
would have little effect on the membrane potential during diastole. In the
presence of an inward background current, the maximum diastolic potential is
less negative than Ey and the membrane potential decreases as potassium
conductance decreases.

As to the ions responsible for the background current there is no general
agreement. For the sinus node, Dudel and Trautwein[18] and Trautwein and
Kassebaum [19] proposed that a relatively large background current responsi-
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ble for the low E,,, in the dominant pacemakers is carried by sodium. This is
supported by the finding that lowering [Na*],[19, 20, 21] causes hyperpolari-
zation as often does the administration of TTX[15]. If activity ceases, the
resting potential of the sinus node is found to be rather low (about
—40 mV [20]). Still the membrane responds to changes in [K*]y, at least at
higher concentrations. The fact that the reduction in [Na*], results in hyper-
polarization and in an enhanced response to changes in [K*], suggests that
sodium conductance at rest is higher than in other tissues.

However, it has been known for a while that a reduction of [Na*], up to a
certain value not only does not decrease but may even increase the rate of
discharge of the sinus node [19]. This may indicate that sodium either is not
the carrier of the background current or can be substituted by another ion
when its concentration is decreased. Calcium is an interesting candidate for the
background current [22] since an increase in [Ca**], increases the rate of
discharge of the sinus node[23, 24, 25]. Of course, a reduction of [Ca* *], may
also increase the rate and a very high [Ca**], decrease it[24]. But this does
not deny a role for calcium in the background current for the discrepancies
can be explained by other effects of calcium, such as a shift in the threshold.
It has been postulated that calcium enters into the fiber during diastole[22]
and this is consistent with the lack of effect of TTX on dominant pacemak-
ers[26] and the depressant effect of manganese on sinus rate[22, 27].

It is interesting that Bouman et al.[28] found that an increase in [Ca* "],
increased the slope of diastolic depolarization and the rate of discharge while
decreasing the maximum diastolic potential in the dominant pacemaker of the
sinus node. However, when the temperature was lowered to 30°C, increas-
ing calcium induced a decrease in rate (instead of an acceleration). The
explanation for this finding was that at a lower temperature the pacemaker
shifts to a new site which has a different calcium sensitivity. It was concluded
that the cells which usually act as dominant pacemakers in the head of the
sinus node have a substantial influx of calcium during diastole and such
influx would be sensitive to temperature changes.In the cells of the sinus
node tail, the influx of calcium would play a minor role and, on increasing
calcium, the effect on the threshold would predominate.

In Purkinje fibers, the importance of sodium for the leakage current is
stressed by the fact that the slope of diastolic depolarization flattens when
[Na*], is decreased [7]. And spontaneously active Purkinje fibers discharge at
a faster rate when [Na“], is increased and at a slower rate when [Na*], is
decreased [29]. Furthermore, the increase in [Ca**], decreases the rate of
discharge by shifting the threshold to more positive values [30].

The role of chloride ions as contributors to the background current has
been studied in frog atrial trabeculae in which pacemaker activity was induced
by depolarizing pulses [31]. Substitution of chloride with methylsulfate results
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in a transient depolarization of the resting potential. The induced repetitive
discharge is accelerated at the time the resting potential is decreased but the
activity is slower when the resting potential has recovered. Voltage clamp
experiments in the same preparation show that the slow inward current is not
affected by chloride substitution but the tail of the outward current appears
decreased. This reduction is due to a reduction of the background current and
to some extent also of the time-dependent potassium current. Because the
equilibrium potential for chloride is negative to the resting potential, the
efflux of chloride would contribute to the inward background current. Thus,
an increase of this current (due to an enhanced efflux of chloride) could
account for the initial increase in discharge. The late slowing may be
accounted for by the fact that the reduction of the time-dependent outward
current is outweighed by a reduction in the steady-state current. The authors
propose that a time-independent chloride current modifies pacemaker activity
in the atria. On the other hand, Seyama [32] found that sodium and potassium
are far more important than chloride in determining the resting potential, as
chloride conductance is small at the resting potential.

In conclusion it appears that sodium is the ion carrying the background
current in Purkinje fibers and sodium and calcium (perhaps interchangeably)
in the sinus node, with chloride playing a lesser role.

7. THE SLOW INWARD CURRENT DURING DIASTOLIC DEPOLARIZATION

Diastolic depolarization eventually attains threshold and an action potential
ensues. The events leading to attainment of threshold are determined by
several variables. As the membrane potential becomes less negative, the
pacemaker current decreases as a function of a time-dependent fall in conduc-
tance but the extent of the fall in conductance is also a function of the
potential values attained in diastole. This may lead to a steady potential short
of threshold. Also, the outward potassium current tends to increase as the
outward driving force increases with depolarization. These changes tend to be
opposed by the inward-going rectification of the background and the pace-
maker potassium currents. These factors apply to all cardiac pacemakers.
However, there is evidence that ahead of the threshold an inward current
flows which may be all-important in determining whether the threshold is
attained or not.

In the sinus node, this inward current appears to be the slow inward
current. Brown et al.[14] clamped the potential at the level of the maximum
diastolic potential and found that in the presence of TTX a small (4 mV)
depolarizing clamp already elicited a slow inward current which became net
inward with a depolarizing clamp of 6 mV. Therefore, it appears that the slow
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inward current can be activated at potentials negative to the onset of the
upstroke and that it is responsible for the attainment of the threshold.

It is unlikely that similar findings should apply to Purkinje fibers for an
increase in [Ca* "], shifts the threshold to more positive values and slows the
rate of spontaneous discharge [30]. Furthermore, Purkinje fibers are usually
driven by the sinus node at a rate faster than their own intrinsic rate. As long
as the Purkinje fibers are driven at a constant rate the diastolic depolarization
is constant and its slope is frequency-dependent. When the drive is inter-
rupted there is a period of quiescence (overdrive suppression, see[33]) during
which the membrane potential slowly declines to the threshold. If, instead of
interrupting the drive, the rate is decreased, the diastolic depolarization
becomes progressively steeper until the threshold is attained (Valenzuela and
Vassalle, unpublished experiments). A result of this kind is illustrated in
Figure 2. In the top strip, the drive of a Purkinje fiber was decreased from 30
to 6/min. It is apparent that the latter part of the diastolic depolarization
attained progressively less negative values until the last action potential was
spontaneous. The reciprocal finding is illustrated in the bottom strip. In the
quiescent fiber, the initiation of a slow drive led to a progressive flattening of
the latter part of diastolic depolarization. And at the end of the drive, it took a
relatively long time before the membrane potential attained its original value.
Because of the process underlying overdrive suppression (see[33]), the slope
of diastolic depolarization in Purkinje fibers is a function of the driving rate
and it is flatter when the rate is faster. This seems to contribute importantly
to maintain the subsidiary pacemakers in abeyance. When the drive is slow or
is interrupted altogether (as with the sudden onset of AV block), overdrive
suppression is removed and Purkinje fibers become spontaneously active.
However, recent experiments show that the spontaneous activity does not
involve only a steepening of diastolic depolarization in that a TTX-sensitive
component may be detected in the late diastolic depolarization of spontaneous

Figure 2. The effect of drive at different rates in canine Purkinje fibers. The fiber had been driven
for 4 min at 30/min and the last few beats at that frequency are shown at the beginning of the
top strip. Shortly thereafter, the rate was reduced to 6/min and this led to an enhancement of
diastolic depolarization and spontaneous discharge. In the bottom strip, the preparation was
initially quiescent and was driven at 6/min for a while. [K*]; = 2.7 mM (recorded by Vassalle
and Scidd.)
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Figure 3. Effect of TTX on the late diastolic depolarization. In the first panel, the lower part of an
action potential of a canine Purkinje fiber is shown. The fiber was driven at 18/min but at that
slow rate spontaneous beats intermingled with driven beats. The middle panel was recorded in
the presence of TTX (5.2 x 10 —6 M). Spontaneous activity had ceased and the fiber was following
the slow drive: the flattening of the last part of diastolic depolarization is apparent. The last panel
shows the recovery in Tyrode’s solution. [K*]g= 1.35 mM (Vassalle and Scida, unpublished
experiments.)

fibers[17]. In other words, as diastolic depolarization proceeds a potential
range is entered in which the inward sodium current begins to increase.
When this happens the membrane potential should decline more rapidly and
the time-course imposed by the decay of the pacemaker current is abandoned.
This is demonstrated in Figure 3. In the first panel, the diastolic depolariza-
tion and the force curves of a Purkinje preparation driven at 18/min are
shown. At this slow rate the fiber was spontaneously firing and driven
impulses caused ‘extra beats.” As one would expect for a dominant pacemak-
er, the latter part of diastolic depolarization smoothly merged into the
upstroke of the action potential. In the second panel, tetrodotoxin was added
and it is apparent that the late part of the diastolic depolarization flattened
considerably and the fiber responded to each stimulus. The resumption of the
spontaneous activity when TTX was discontinued is shown in the third panel.
The picture shows that there is a TTX-sensitive component in the diastolic
depolarization which appears in spontaneously discharging fibers well ahead
of the threshold. It must be pointed out that TTX shortened the action
potential duration, decreased somewhat the maximum diastolic potential
(E,..,) but had little effect on the early part of diastolic depolarization. There-
fore, it seems unlikely that TTX decreased a background sodium current. In
spontaneously active fibers in the absence of electrical drive, TTX induces
quiescence by abolishing the late component of diastolic depolarization so that
the threshold is missed [17].

Therefore, it appears that spontaneous activity requires a time-dependent
decay of potassium current, a background current and a slow inward compon-
ent. In the sinus node the background current may be carried by sodium and
calcium and the slow component prior to the upstroke by the slow inward
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current. In Purkinje fibers, the background current is carried by sodium and
so is the slow component prior to the upstroke. When Purkinje fibers are
driven by the sinus node (as they usually are), the rate is much faster than
when the fibers are spontaneously active and therefore the diastolic depolari-
zation is cut short of the ‘sodium zone’. This mechanism (in addition to
overdrive suppression) helps to keep subsidiary pacemakers under sinus
control.

8. THE EXCITATORY PROCESS

Once the events in diastole allow the attainment of threshold, the upstroke of
the action potential begins and excitation is brought about. The maximal
velocity of the upstroke varies in different tissues in relation to the activation
of different channels (fast or slow). In the present context, the question arises
as to the role of the slow current in the excitatory process in different tissues.
The fact that TTX has little effect on the action potential and diastolic
depolarization of dominant pacemaker cells in the sinus node [26] suggests
that the activation of the fast channel is unimportant in the excitation of
these cells. This finding, in turn, elicits the question as to whether a fast
sodium channel is absent in the dominant pacemaker cells or is simply
inactivated because of the low take-off potential. The answer to this question
is provided by the work of Noma and Irisawa[34]. These authors held the
sinus node potential clamped at —40 mV and then applied a clamp to 0
potential : this resulted in the flow of a slow inward current. If instead the
holding potential was at values negative to —40 mV, on depolarization a fast
inward current preceded the slow inward current. The concept that a fast
channel is present (but inactivated) in the dominant sinus node cells was
suggested also by the findings of Kreitner[35]. When the take-off potential
was shifted to a more negative value by increasing the membrane conduc-
tance to potassium with carbamylcholine, the rate of rise of the upstroke
increased and this increase was abolished by TTX.

Not all the sinus node cells behave as dominant pacemakers and pacemaker
shifts in the sinus node are known to occur in several situations (see [22]). In
subsidiary pacemaker cells, the excitatory process is due to electrotonic inter-
actions which depolarize the potential to the threshold before diastolic depo-
larization attains it. Of necessity, the take-off potential in subsidiary pacemak-
ers is more negative than in the dominant and this implies the possibility that
the fast sodium channel is not completely inactivated at the moment of
excitation. That this is so is shown by several findings[36]. In subsidiary
pacemakers, the upstroke is made up of two components (a fast followed by a
slow one). Tetrodotoxin makes the fast component disappear altogether: as a
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consequence, diastolic depolarization proceeds to the threshold for the slow
current and the upstroke is made up only of the slow component. In this
manner, the action potential of the subsidiary pacemakers becomes that of a
dominant pacemaker. That TTX does indeed eliminate a fast component is
shown by the fact that eliciting extrasystoles at more negative potentials
during diastole results in the enhancement of the fast component and this
enhancement does not occur if TTX is present. Similarly, the fast component
is enhanced by acetylcholine-induced hyperpolarization (but not if TTX is
present).

The slow inward current is also wholly or in part responsible for the
excitation of the cells in the AV node[37, 38). In the other cells of the heart
under normal conditions, the slow inward current flows after the end of the
upstroke. In abnormal conditions (decrease of the resting potential), even in
these other tissues the slow inward current can bring about excitation
(see [39]).

9. THE SLOW CHANNEL BLOCKERS AND IMPULSE FORMATION

The distinction between fast and slow channels has been helped by the use of
TTX and slow channel blockers (verapamil, D600, nifedipine, manganese,
etc.). The latter compounds were first studied in the laboratory of Flecken-
stein (see[6]) and have been shown to reduce or abolish the slow inward
current under voltage clamp procedures (see[2, 3 and 6]). Even if the specif-
icity of their action is not absolute, these slow channel antagonists have
proved rather useful in the analysis of the events underlying the activity of
different tissues of the heart. If under normal conditions, the slow inward
current is responsible for the activation of the sinoatrial and atrioventricular
nodes, these tissues ought to be sensitive to the slow channel blockers. This
has been repeatedly found.

Lenfant et al. [27] used both TTX and manganese on the sinus node and on
the atrial tissues of the rabbit. While TTX had little effect on the sinus node,
it abolished the action potential of the atrial tissue. In contrast, manganese
accelerated the initial repolarization in the atrial fibers but had more marked
effects on the action potential of the sinus node: the amplitude and the rate
of rise of the upstroke decreased, the repolarization proceeded more slowly to
the maximum membrane potential, the rate of discharge decreased and even-
tually all activity ceased. However, the slope of diastolic depolarization was
not affected: ‘Seule, la pente de dépolarization diastolique lente n’est pas
modifiée’. The slowing of the rate should have been brought about by a shift
in the threshold. It was concluded that excitation of the sinus node was
brought about by the activation of a slow channel.
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At the same time, Lu and Brooks[40] reported in a meeting of the New
York Heart Association (the abstract was printed in January 1969) that man-
ganese suppressed both diastolic depolarization and the action potential of
dominant pacemakers in the sinus node and that this effect was partially
counteracted by increasing [Ca**],. Subsidiary pacemakers and atrial cells
were still excitable at concentrations of manganese sufficient to suppress
dominant pacemakers but became inexcitable when TTX was added. It was
concluded that calcium flux played an important role in the genesis of the
action potential and diastolic depolarization in the sinus node. This was in
agreement with the findings of others who showed that an increase in [Ca* "],
increases the rate of discharge of the sinus node[23, 24].

Wit and Cranefield [41] confirmed the results with manganese and extended
them to verapamil. Verapamil was found to decrease the rate of rise of the
upstroke of the sinus node cells and the rate of discharge. The amplitude of
the action potential decreased but the maximum diastolic potential did not.
The slope of diastolic depolarization was depressed but this was not correlated
necessarily with the slowing in rate, probably because of a shift in threshold.
At the highest concentrations, activity ceased and only membrane oscillations
remained. These effects were not modified by autonomic blockade. The
depression of the sinus rate was overcome by epinephrine. In atrial fibers, the
only pronounced effect was an acceleration of early repolarization. In upper
and middle AV node, verapamil had actions similar to that in the sinus node
(decrease of action potential amplitude but not of E_,,). This drug also
impaired AV conduction (an effect reversed by epinephrine) and lengthened
the refractory period. Little effect of verapamil was found of the fibers of the
lower AV node and of the His bundle.

The conclusions drawn by Wit and Cranefield were that the slow inward
current is responsible for excitation in the sinus and upper and middle AV
node. The depression of the rate was due to either a decreased slope of
diastolic depolarization or a shift in threshold to less negative values. Shifts in
pacemaker site made it difficult to decide one way or the other.

Essentially similar effects were obtained by Kohlhardt et al. [42] in the sinus
node: verapamil reduced the rate of rise of the upstroke, the overshoot, the
discharge frequency and the slope of diastolic depolarization. E,,,, remained
unchanged and the threshold shifted to a less negative value by a few mV.
When quiescence ensued, sometimes there were slight oscillations which
increased in amplitude and frequency on addition of isoproterenol. The effects
of a derivative of verapamil, D600, were similar. These effects were not
antagonized by increasing calcium. A reduction of the rate of rise and over-
shoot could also be obtained with nickel, cobalt and manganese. The action of
nickel (but not that of manganese) was antagonized by catecholamines.

In an in vivo study, Zipes and Fischer[38] showed that perfusion of the
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sinus node via the SA nodal artery with verapamil, D600, Mn** and La***
decreased the rate of discharge. This effect was not affected by autonomic
blockade (including alpha receptor blockade) and was reversed by isoprotere-
nol but neither by high calcium nor by phenylephrine. Perfusion of the
posterior septal artery to the AV node with the same agents slowed or
blocked AV conduction and increased the duration of the AV node refractory
period. Again, these effects were not influenced by autonomic blockade and
were reversed by isoproterenol. These authors concluded that the slow chan-
nel is important for the excitation of the atrial pacemakers. In a microelec-
trode study of the AV node, Zipes and Méndez(37] found that the action
potential magnitude decreased, the cell became inexcitable and conduction
failed with manganese. In contrast, TTX abolished the activity of the His
bundle but not that of the nodal cells where spontaneous activity continued.
TTX did not affect the magnitude of the resting potential, the overshoot or
the maximum rate of rise of the N cells of the AV node. Therefore, it is quite
apparent that the AV nodal cells behave as those of the sinus node with
respect to their response to slow channel blockers.

10. THE ION(S) CARRYING THE SLOW INWARD CURRENT

The results reported in the previous section show that the activation of a slow
channel is responsible for excitation of the sinus node and AV node. This
contrasts with the response of other tissues of the heart where excitation is
brought about by the activation of a fast sodium channel. However, agree-
ment ceases when it comes to the ion carrying the slow inward current.
Already, it has been mentioned that TTX has little effect on the action
potential of dominant pacemaker cells of the sinoatrial node. While this
excludes a major role for the fast sodium channel in the excitation of those
cells, it does not rule out sodium ions as current carriers since TTX does not
block the slow current [43]. If it is generally believed that the slow channel
can admit both sodium and calcium ions, little is known as to which ion
carries the current (or to what extent) under normal conditions. Furthermore,
the situation is complicated by the fact that calcium can substitute for sodium
(and vice versa).

On the basis of response of the sinus node to TTX, sodium, calcium,
potassium and manganese, Brooks and Lu[22] suggested that in the sinus
node a calcium current participates in the generation of the action potential
and a constant calcium inward current in the development of the diastolic
depolarization. In contrast, Noma et al.[44] found that decreasing[Ca* ],
reduced the amplitude of both the fast and slow current in the sinus node
and induced a shift in the reversal of the slow current to more negative
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values. These authors proposed that the current carried through the slow
channel is predominantly a sodium current, in agreement with the finding of
a reduced rate of rise of the upstroke when [Na*], (but not [Ca**], was
reduced [45].

In the experiments of Kohlhardt et al.[42] the upstroke and rate of rise
decreased on decreasing [Ca* "], while the rate of discharge sometimes slight-
ly increased. Increasing [Ca*™*], from 2 to 4 mM augmented the overshoot
and upstroke velocity although at 8 and 10 mM Ca these values actually
decreased. It is of interest that Figure 1 of Kohlhardt et al. shows that the
slope of diastolic depolarization increased steeply with higher [Ca**], even
when the upstroke and rate of rise decreased. When [Na*], was decreased to
35 mM, the upstroke velocity decreased by 80% and the peak potential by
34 mV so that rate of rise and overshoot were more sensitive to sodium than
calcium changes. The authors conclude that the slow inward current during
the upstroke is carried by both Ca and Na ions. This conclusion is supported
by the findings of Haastert and Fleckenstein [46] who reported that pacemaker
activity was depressed not only by a lower [Ca* *], but also by local anesthe-
tics and by Na reduction.

Such a conclusion appears to apply also to subsidiary pacemakers of the
sinus node[36]. When the fast component is eliminated by TTX, the slow
component accounts for the entire upstroke. Under these conditions, the rate
of rise of the slow component increased when either [Ca* *], was decreased or
[Na*], was increased. This suggests that more sodium enters the cell through
the slow channel when either the competition by calcium is decreased or the
driving force for sodium is increased. Increasing [Na*], resulted in an
increase in the magnitude and the rate of rise of the slow component also
when the fast component was abolished by increasing the [K*], (and there-
fore decreasing the take-off potential). Thus, the events underlying the slow
response are sensitive to both Na and Ca in the subsidiary as well as in the
dominant pacemakers.

11. CONTROL OF THE SLOW CURRENT ON IMPULSE FORMATION

The sinus node rate is enhanced by sympathetic stimulation and is depressed
by vagal stimulation [47]. Sympathetic stimulation increases the overshoot, the
maximum diastolic potential and the slope of diastolic depolarization. Since
catecholamines increase the slow inward current in cardiac fibers[48] it is not
too surprising that the overshoot and the rate of diastolic depolarization
should increase.

The inhibitory effect of vagal stimulation has been attributed to the well-
known effect of acetylcholine on potassium conductance. However, it has
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been shown that acetylcholine reduces the slow inward current either at
concentrations that have little effect on gg [49] or at concentrations larger that
needed to increase gy [50]. In support of the former finding is the fact that
carbachol reduced the amplitude and rate of rise of spontaneous TTX-
resistant trabecular tissue of the frog at a concentration which did not increase
E..x, suggesting that the slow inward current was decreased but gx was not
increased [15].

12. ABNORMAL AUTOMATICITY

The role of the slow current in abnormal automaticity is considered in other
chapters of the book. Here, the discussion will be limited to some arrhyth-
mias induced by cardiac glycosides and to overdrive excitation.

12.1. Arrhythmias caused by cardiac glycosides

Cardiac glycosides induce several types of arrhythmias by mechanisms which
are not well understood. In Purkinje fibers, arrhythmias are brought about by
oscillatory potentials superimposed on diastolic depolarization (see [51]). These
oscillatory potentials are sensitive to agents which modify calcium move-
ments and therefore the possibility should be considered [38] that the oscilla-
tory potentials are brought about by an inward current flowing through the
slow channel. In fact, it has been proposed that the oscillatory potentials
could be caused by an inward movement of calcium (see [52]). Recent exper-
iments, however, have shown that the oscillatory potentials are rather sensi-
tive to interventions which affect Na movements. Administration of TTX
suppresses the abnormal rhythms caused by strophanthidin in sponta-
neous [53] and driven Purkinje fibers[17]. Also lowering [Na*], prevents or
abolishes strophanthidin induced arrhythmias[54] and no arrhythmias are
induced in a sodium-free solution[55]. Furthermore, strophanthidin induces
arrhythmias sooner in a low calcium solution and the onset of arrhythmias is
generally delayed in a high calcium solution [56]. An example of the dissocia-
tion between aftercontractions and oscillatory potentials is shown in Figure 4.
In the first panel, strophanthidin had induced both aftercontractions and
oscillatory potentials. When the NaCl was decreased by 52%, the calcium
influx should have increased as in nonintoxicated fibers wherein the contrac-
tile force increases markedly [54]. In an intoxicated fiber, the force does not
increase on exposure to low Na solution, but the increased calcium load is
revealed by the shorter period and increased number of the aftercontractions.
Yet, the oscillatory potential decreased markedly.
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Figure 4. Effect of low sodium on aftercontractions and oscillatory potentials in canine Purkinje
fibers exposed to strophanthidin. The first panel shows typical changes induced by a toxic
amount of strophanthidin: oscillatory potential in diastole and aftercontractions. The middle
panel shows the superimposed traces recorded in Tyrode’s solution and in the presence of low
(—52%) sodium; and the third panel the traces in the low sodium solution. It is apparent that in
the presence of low Na the force decreased and the period and number of aftercontractions
increased (which indicates a progression in strophanthidin toxicity) while the oscillatory potential
decreased (recorded by Lin.)

A role for sodium in the genesis of the oscillatory potentials in Purkinje
fibers is suggested also by the use of local anesthetics[57]. As shown in
Figure 5, the first panel shows the control action potential and contractile
force. In the second panel, strophanthidin had caused the usual
changes [54, 56], namely an increase in force of contraction, a steepening of
diastolic depolarization and a decrease in E_,,. In the third panel, adding
procaine to the strophanthidin solution markedly shortened the action poten-
tial (as it does in the absence of strophanthidin) and abolished the steepening
of the diastolic depolarization due to an oscillatory potential. These changes

400 msec

PROCAINE 2.5 X 104M

| CONTROL ] [STROPH. 10-6M

Figure 5. The effect of local anesthetics on the toxic manifestations of digitalis. The first panel
shows the control recordings in a canine Purkinje fiber. The second panel shows the changes
induced by strophanthidin. The last panel shows the shortening of the action potential and the
flattening of the diastolic depolarization induced by procaine in the continued presence of
strophanthidin (Bhattacharyya and Vassalle, unpublished experiments.)
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were brought about in spite of a continuing perfusion of strophanthidin. The
concept that sodium is important in the genesis of the oscillatory potentials is
supported by the finding that the underlying current is carried mostly by
sodium ions[52]. However, this would not exclude the possibility that a slow
channel is involved in the oscillatory potentials since such channel admits
also sodium ions but experimental evidence is against such interpreta-
tion [52].

Voltage clamp experiments in sheep Purkinje fibers[58] have shown that
the oscillatory current may be present even in the absence of cardiac glyco-
sides and that it is enhanced by conditions which enhance calcium influx.
However, the slow inward current is only indirectly related to the oscillatory
current as the oscillatory current can be elicited without a preceding slow
inward current and vice versa. The slow inward current is important in the
genesis of the oscillatory current in that it determines how much calcium is
stored intracellularly. If the slow inward current decreases (e.g., by decreasing
[Ca**]y), the intracellular calcium also decreases, as reflected by the fall in
force of contraction. It is the change in intracellular calcium which is impor-
tant for the oscillatory current. However, the force of contraction is not
always a reliable index of intracellular calcium. In Purkinje fibers, when the
calcium load becomes excessive under the influence of strophanthidin, oscil-
latory potentials and aftercontractions are likely to appear but the force of
contraction decreases[56]. Under this condition of calcium overload, decreas-
ing [Ca**], actually increases the force transiently (‘rebound phenome-
non’,[56]). The force of contraction increases because the internal calcium
falls from an excessive to an optimal value. Because the internal calcium
decreases, the oscillatory potentials disappear at the same time as the force
increases. This is illustrated in Figure 6. The first panel shows the electrical
and mechanical events in a Purkinje fiber in Tyrode’s solution. The second
panel shows the same events in high (16.2 mM) calcium: an oscillatory
potential (easily demonstrated by interrupting the stimulation) is present and
the force is higher than control. However, the force was less than at 8.1 mM
calcium as the fiber was calcium-overloaded. In the last panel, it is shown
that when the calcium overload is relieved by perfusion in a low calcium
solution, the force actually increased but the oscillatory potential was no
longer present. Eventually, the force fell to a value appropriate to the low
calcium but the experiment shows that the oscillatory potential and force of
contraction can be made to vary in opposite directions.

The finding that an oscillatory current and oscillatory potentials can be
present in the absence of cardiac glycosides is of interest for other types of
arrhythmias, such as overdrive excitation.
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Figure 6. The rebound phenomenon in canine Purkinje fiber. The first panel shows the action
potential and the contractile force curve in Tyrode’s solution. The second panel shows the same
traces recorded in high 16.2 mM [Ca* *],. The usual changes induced by high Ca are apparent.
The last panel shows the prolongation of the action potential and the flattening of diastolic
depolarization when [Ca* *]o,was decreased to 0.54 mM: at the same time the force increased
(‘rebound phenomenon’.) The force eventually decreased to a value appropriate to the low
[Ca* *]g (recorded by Lin.)

12.2. Overdrive excitation

It is well known that overdrive of a pacemaker is followed by a period of
temporary quiescence (overdrive suppression, see[33]). However, this is not
universally the case. In sheep Purkinje fibers perfused in a solution containing
5.4 mM potassium and norepinephrine, it was found that fast drive of a
quiescent fiber induced a spontaneous rhythm (‘overdrive excitation,’[59]). A
short drive applied during the induced rhythm was followed by an accelera-
tion (not suppression). The mechanism of the overdrive excitation is a stee-
pening of the diastolic depolarization which at the end of the drive may attain
the threshold and thus initiate repetitive activity. This phenomenon can be
obtained also in canine Purkinje fibers[60] although not as easily as in the
sheep, as high calcium or phosphodiesterase inhibitors may be needed. The
steepening of diastolic depolarization after drive is due to an oscillatory
potential which is responsible for the initiation of the spontaneous activity.
When the induced rhythm ceases, this is due to the failure of an oscillatory
potential to reach threshold. Overdrive excitation can be shown also in
vivo[61] and is favored by adrenergic enhancement [62]. Fast rhythms may
occur which are initiated by normal pacemaker activity and one example of
this is the fast idioventricular rhythm[63]. The mechanism by which over-
drive causes spontaneous rhythms may be an enhanced entry of calcium
through the slow channel in the unit of time due to the more numerous
action potentials. This concept is supported by the fact that other agents
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which enhance the slow inward current (catecholamines, high calcium) are
also effective in favoring overdrive excitation [63].

Thus, the slow inward current (by enhancing cellular calcium stores) may
be responsible for arrhythmias induced by oscillatory potentials in the absence
of cardiac glycosides.

12.3. The antiarrhythmic effects of slow channel blockers

It is interesting that verapamil was shown to have antiarrhythmic proper-
ties [64, 65] when the slow inward current or the oscillatory potentials were
still to be discovered. The experimental work discussed above has clarified
many aspects of the slow inward current and its modification by slow channel
blockers. Because of the role of the slow inward current in diastolic depolar-
ization and action potential of the sinus node, it is not surprising that the
sinus rate should be slowed or sinus tachycardia reduced by these block-
ers[66]. A flattening of diastolic depolarization and a shift in the threshold
would do just that. The other actions of the slow channel blockers are also
important in other types of arrhythmias. The prolongation of the refractory
period and the decreased conduction velocity in the AV node[38] would
explain the decrease in ventricular rate in the presence of atrial flutter or
fibrillation [64, 65, 66] or the elimination of AV nodal reentrant tachycar-
dia[41]. The other effect which may be quite important in the suppression of
arrhythmias is the decrease in the magnitude of the slow inward current. This
can be a direct or indirect effect. The direct effect may result in the elimina-
tion of the slow responses in partially depolarized tissues. The indirect effect
may be the decrease in [Ca**]; (as reflected in the weakening of the force of
contraction) and therefore of the oscillatory potentials in overdrive excita-
tion.
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7. SLOW CONDUCTION IN THE HEART *

PauL F. CRANEFIELD and FREDERICK A. DODGE

Although the cardiac impulse can travel as rapidly as 4 m/sec in parts of the
ventricular conducting system, conduction as slow as 0.02-0.05 m/sec under-
lies important features of normal cardiac excitation, such as AV nodal
delay[1, 2]. Slow conduction can also be important in reentry secondary to
circus movement of excitation, which can occur if the conduction time
around the circuitous pathway exceeds the refractory period; for example,
nodal tachycardia is probably caused by circus movement of excitation and
the slow conduction necessary to sustain that circus movement presumably
occurs in the AV node[2—4]. Reentry can also occur if, in an otherwise
normal heart, some fibers that ordinarily conduct rapidly undergo a change
that causes them to conduct slowly [5]. Such a change occurs when Purkinje
fibers are depolarized by high K* and exposed to epinephrine; the conduction
velocity falls from 2 m/sec to 0.05 m/sec[5-8]. Many studies suggest that
certain cardiac cells may be able to display two fundamentally different kinds
of action potential, the ‘normal’ rapidly conducting action potential that arises
from a high resting potential and the ‘slow response,” a slowly conducting
action potential that arises in depolarized fibers[2, 5, 9-13]. Other studies have
demonstrated the existence of the so-called ‘slow channel,’ or, to use Foz-
zard’s more correct term, the ‘kinetically slow channel’[14] through which
the inward current responsible for the upstroke of the slow response
flows [2, 15-20].

We propose to examine various ways in which slow conduction might
arise ; these include an increase in intracellular longitudinal resistance, replace-
ment of the normal rapid upstroke by the slow response, the upstroke of
which depends on current flowing through the slow channel and the replace-
ment of the normal upstroke by an upstroke in which the excitatory inward
current is carried via largely inactivated fast channels. The level of membrane
potential is a critical determinant of the excitability of both fast and slow
channels and the conductance of the membrane to potassium ions near the
resting level of membrane potential is important in determining whether a

* This work was supported by USPHS Grant HL-14899.

D.P. Zipes. J.C. Bailey. V. Elharrar (eds.). The Slow Inward Current and Cardiac Arrhythmias.
149-171. Copyright © 1980 by Martinus Nijhoff" Publishers bv. The Hague/Boston/London. All
nghts reserved.



150

given small and slow increase in inward current can initiate regenerative
depolarization and conduction. We therefore begin with a brief resume of
some determinants of the resting level of membrane potential.

Cells of the SA and AV nodes exhibit low resting potentials that are
relatively little affected by changes in K, [1,2]. At a normal physiological K,
of about 5 mM, working myocardial cells of the atrium and ventricle and cells
of the ventricular conducting system have a ‘high’ (i.e., large, negative)
resting potential of —80 to —90 mV which varies with moderate changes in
K, approximately as predicted by the Nernst equation, i.e., those cells behave
more or less like potassium electrodes. It has, however, long been known that
lowering the concentration of K* in the fluid bathing Purkinje fibers below
about 1 mM causes them to exhibit a depolarization which is paradoxical in
the sense that lowering K, might be expected to cause hyperpolarization. That
paradoxical depolarization has been attributed to a fall in potassium permea-
bility at low levels of K,[1,21-23]. Such a fall in potassium permeability is
characteristic of inwardly-rectifying potassium channels, that is channels
whose permeability varies inversely with the difference between the mem-
brane potential and the equilibrium potential for K* [24-29]. The presence of
inward-going rectification contributes to the appearance, under certain condi-
tions, of two distinct levels of resting potential in cardiac Purkinje
fibers [30, 31]. Over a range of K, of 1-5 mM (which includes the presumed
normal plasma level) Purkinje fibers may have either a ‘high’ resting poten-
tial associated with a high permeability to K* or a ‘low’ resting potential
associated with a low permeability to K*. If the membrane potential is
lowered to, say, —50 mV by raising K,, then the permeability of the mem-
brane to K* near the resting potential is expected to be relatively large, and
the conductance therefore high. Under those conditions the small, slow
increase in inward current caused by opening the slow channels must be able
to ‘overcome’ a large outward K* current in order for propagated action
potentials to arise. On the other hand, when the membrane is depolarized to
near the ‘low’ level of resting potential (e.g. —50 mV) in the presence of a
‘normal’ K, of 4-5 mM, the permeability of the membrane to K™ is relatively
small and the membrane K* conductance is therefore low. Activation of the
slow inward current can more readily give rise to propagated action potentials
with slow upstrokes when the.opposing outward K+ currents are small. The
excitability of a fiber that has a membrane potential of —50 mV because it is
exposed to high K, thus differs in an important way from that of a fiber that
shows the ‘low’ (—50 mV) level of resting potential when exposed to 4 mM
K, [31, 32].

The fast upstroke of the action potential of atrial and ventricular myocardial
cells and cells of the ventricular conducting system appears to result from a
regenerative increase in the permeability to Na*, caused by opening of the
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so-called ¢ fast channels’ [33]. The permeability to Na is low when the cell is at
its normal resting potential and increases greatly when the cell is depolarized
beyond a threshold potential of about —68 mV, causing the membrane poten-
tial to change rapidly from about —90 mV to about +30 mV. That depolari-
zation leads to a subsequent decrease in permeability to Na (‘inactivation’).

Repolarization somehow ‘removes’ inactivation, so that, after a significant
period of repolarization, the fast Na* channels are once again able to show an
increase in permeability if the membrane is again depolarized. Each fast
channel thus has three states: (1) at a high (i.e., negative) membrane potential
it is ‘resting,’ i.e., closed but excitable; at less negative membrane potentials
it is initially (2) ‘open,’” but becoming ‘closed’ by inactivation with a time
course determined by the membrane potential; and (3) ‘inactivated,’ i.e.,
closed and inexcitable. Inactivated channels return to the resting state if the
membrane potential is made more negative. The transitions from each state
to the other depend on membrane potential and require time to occur. It is
helpful to think in terms of the very large number of such channels in an
excitable membrane as constituting a population which is distributed between
the three states according to the membrane potential. After a long time at a
high resting potential nearly all of the channels are in the resting state. At the
other extreme, at a steady membrane potential of say +30 mV, nearly all of
the channels will be inactivated. At —50 mV, about 99% of the fast channels
are inactivated [34] and essentially all the remainder are open. At other mem-
brane potentials there may be a substantial number of channels in each of the
three states, resting, open, and inactivated. The probability that a particular
channel will be in a particular state depends on the membrane potential and,
on the average, on the length of time the channel has been in its present
state, so that the kinetics of opening, inactivating and undergoing removal of
inactivation may be thought of as the net result of the probabilities (deter-
mined by the membrane potential) that a given channel in a given state will
undergo a transition to the next state. (The phrase ‘to the next state’ is used
to indicate that a channel usually makes transitions from resting to open to
inactivated to resting and rarely makes those transitions in the opposite
direction.)

If the resting potential of cells of the atrial or ventricular conducting system
is ‘lowered,” to say —60 mV, the action potential becomes ‘smaller’ and
‘slower,’ i.e., it loses amplitude, shows a slower upstroke and propagates
more slowly. These changes can be evoked simply by raising K, and are
readily explained by a reduction in the number of sodium channels in the
resting state (i.e., available to open if the membrane is further depolarized by
an applied stimulus or by a propagating action potential). There is a corre-
sponding increase in the number of inactivated channels and a slowing of the
removal of inactivation. It is the relative ‘unavailability’ of excitable fast
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channels that causes the slowing of the upstroke and loss of amplitude of the
action potential and the consequent lowering of its conduction velocity.

For many years interpretation of action potentials in cardiac cells rested on
efforts to relate the upstrokes to the time- and voltage-dependent characteris-
tics of fast sodium channels. It might be noted that the fast channel is
so-called not only because it opens relatively rapidly but also because it is
rapidly closed by inactivation; if both opening and inactivation occur on a
millisecond time scale, the fast channel can carry inward current for only a
short period. In recent years it has been recognized that there is, in many,
and perhaps all, cardiac cells, a second excitable channel capable of carrying
inward current, the so-called slow channel. Although the specific ionic per-
meabilities of that channel and the details of its time- and voltage-dependence
have not been fully established, it clearly has pharmacological sensitivities
quite different to those of the fast channel, being sensitive to D-600, vera-
pamil and Mn while being insensitive to tetrodotoxin [2, 35, 36]. It is also clear
that the slow channel is closed at membrane potentials in the range of —90
to —60 mV and that it carries inward current chiefly in the voltage range
—40 to +20 mV [2, 35, 36]. The slow channel has two characteristics impor-
tant for the purpose of this chapter: it carries far less current than the fast
channel and the kinetics of its opening and closing are much slower than
those of the fast channel. Important factors in determining conduction veloc-
ity are the magnitude and duration of the inward excitatory current. We will
see that slow conduction with low upstroke velocitiés demands that the
inward current be small but long-lasting. The kinetics of the opening, and
especially the closing, of the fast and slow channels thus become important in
any consideration of conduction velocity; particularly since one possible
explanation for slow conduction of action potentials evoked at low resting
potentials is that an action potential dependent on fast channel activity has
been replaced by one dependent on slow channel activity.

The velocity of the propagating action potential depends both on the
magnitude and duration of the inward current generated by excited channels
and on how the cable-like properties of the tissue determine the distribution
of that current in space and time. The physical laws that relate these several
factors to one another in a quantitative way have been worked out in
considerable detail for axons and for skeletal muscle fibers. We now review
some of the principles derived from those studies and will then examine their
applicability to propagation in various parts of the heart[14, 37—44].

Let us first consider the simplest case, exemplified by the unmyelinated
axon, which is described by a cable equation of the form:

1 4’V EAY
. =, —

I+r1, 0x? at

+ ij 1)
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where V is the difference between the membrane potential and the resting
potential; r, is the longitudinal resistance (ohm/cm) of the external pathway
r; is the longitudinal resistance (ohm/cm) of the cytoplasm; c, is the mem-
brane capacitance per unit length; and i; is the ionic current that flows across
the membrane.

The cable properties are specified in equation 1 by r;, r, and ¢, which are
constants during excitation and propagation of the impulse. Their values are
usually derived from electrical“measurements made on quiescent fibers by use
of current pulses that are kept so small that they do not excite a nonlinear
response of the ionic channels, i.e., under conditions where i, = V/r,, (where
In iS the membrane resistance of a unit length of the resting cable, in
ohm.cm). The measured quantities include the resting time constant, 7,
defined by:

m = ImCrm @

and the characteristic length, A, defined by:
AT =1 /(+r,). 3)

In order to derive r; and c,,, the input resistance and fiber geometry must also
be measured, but even in the absence of this extra information, A and 7, can
be used by noting that:

(4T1)Ch = Tm/A%. 4)

To use equation 1 to predict the characteristics of a propagating impulse
requires that we know in full detail how i, varies as a function of membrane
potential and of time, i.e., that we possess a complete mathematical descrip-
tion of the ionic current of the sort that was obtained for the giant axon of
the squid by Hodgkin and Huxley[37]. However, if the fiber diameter is
constant and the density of ionic channels is uniform along the fiber, we
would expect equation 1 to predict that an impulse that propagates along the
axon would do so at a constant conduction velocity, 6. Assuming that such a
uniformly propagating wave does exist, equation 1 can be simplified [37, 38] to
a second order ordinary differential equation :

2 ;
d Y =K <ﬂ 4 i) Q)
dt dt ¢,
where
K = (r;+r1,)c, 6°. (6)

Although the simplifying assumption that there exists a solution of equa-
tion 1 for a constant 6 enables us to use the far simpler equation 5, that
equation cannot be solved in the absence of information about i;. However,
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we do not need a complete mathematical model (and, in particular, we do not
need a complete knowledge of the dependence of i; on time and membrane
potential) to be able to estimate the value of K under a particular set of
conditions. This is because certain other features of the propagating action
potential are determined by the same factors that determine K and we can
therefore use those features to estimate K. With this in mind we may rewrite
equation 6 as follows:

6 =K/(r;+r1)Cn M

and a simple substitution from equation 4 permits us to write equation 7
as:

6> = K(A/1,,) ®)

Our overall strategy is to show how one can obtain estimates of K from the
waveform of the action potential and then use those estimates in conjunction
with estimates of A and 7, obtained from the resting fiber to show how the
conduction velocity can be predicted from the waveform. In other words, we
propose to show how the speed with which the action potential moves in
space, i.e., along the fiber, is related by the cable properties to the speed with
which the membrane potential changes as a function of time at a single
site.

It is, in fact, found that there is a value of K for which equation 5 gives a
physically realistic wave if, and only if, the ionic channels generate a phase of
net inward current whose magnitude and duration exceed certain minimum
values, in other words if the safety factor for propagation exceeds unity. That
value of K depends on the magnitude of i;. When the duration of the inward
current is brief, only relatively large values of i, and K are possible, but in
order to obtain a low value of K, i; must be small and the duration of the
inward current must be correspondingly longer[38].

The action potential is generated by a net inward ionic current at the
excited region and, as equation 1 shows, the circuit is completed by current
flowing out of the fiber via two paths, through one of which it charges the
local capacitance and through the other of which it depolarizes the quiescent
region ahead of the impulse. The greater the inward current the faster is the
upstroke of the action potential and the quicker is the depolarization of the
adjacent quiescent region, hence the greater is the conduction velocity.

We can make this idea more quantitative by examining the shape of the
rising phase of the action potential. The toe of the action potential results
from the spread of current from the excited region into the still quiescent
region, where i, = V/r,. Substituting this linear current—voltage relationship
into equation 5 permits an analytical solution which shows that the toe grows
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exponentially with a rate constant, u, which is related to K by the quadratic
equation :

u’—Ku—K/t, =0. )
This equation can b<_3 solved for K as follows:
K=u/(1+1/ur,). (10)

We see from equation 10 that K differs from u by a correction factor that
depends on ut,,. Where ut,, is large, as is the case for the squid axon[37]
and for rapid propagation in the heart, K is about equal to 4. But even when
u is very small, as is often the case for slow conduction in the heart, ut, has
a value near unity and K is about 0.5 u.

Uniform propagation in a simple cable requires that the longitudinal cur-
rent, which is the stimulus that excites the adjacent quiescent fiber, be
maximal at the same point in time and space that the upstroke velocity is
maximal. Thus we can expect a very direct dependence of ¢ on maximum
upstroke velocity, Vmax. Although the complicated nonlinear voltage depen-
dence of the channel kinetics precludes an analytical expression for the
relationship between x4 and me [43] we have found a very good approxima-
tion by examining the rising phase of propagating action potentials. By exam-
ining the solution of equation S over a wide range of safety factors and ionic
channel kinetics, for both fast and slow conduction, we have found (Dodge,
unpublished) that the empirical relation:

4 = Ve /0.4 V, (11)

where V, is the peak amplitude of the action potential, is generally accurate,
to within an error of less than 20%.

From these several relationships we see how we can, in principle, interpret
the mechanism for alterations of the conduction velocity by distinguishing
between, on the one hand, changes in the cable properties and, on the other
hand, changes in the safety factor and kinetics, which are intrinsic properties
of the ionic channels. This can be done simply by careful examination of the
waveform of the propagating action potential. Our strategy is to estimate K
either from the maximum upstroke velocity and peak amplitude of the action
potential, using equations 10 and 11, or from the measured rate constant of
the exponential toe of the action potential, using equation 10, and then
applying equation 7, which may be used in either of two equivalent forms:

6> = K/(ri+r1,)cpy (7N
or
0* = K(A%/1,,). 8)

depending upon what information we have about the cable properties.
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Table 1 shows values of 6 calculated from equation 8 for three values of A,
three values of 7, and three values of Vmapr. The first column uses
A =0.5mm and 7, = 5 msec, values not very different from those found in
the SA and AV nodes. The second column uses A =1mm and
T, = 10 msec, values not very different from those found in ventricular
fibers; column 3 uses A = 2 mm and 7, = 20 msec, values very close to
those found in Purkinje fibers. The values for V,,,/V , roughly correspond to
those found in the SA and AV nodes, in ventricular fibers, and in Purkinje
fibers. The numbers along the diagonal, in bold-face, may thus be taken as
the conduction velocities predicted for the nodes, ventricular fibers and Pur-
kinje fibers by using equation 8 in connection with measured values of the
cable constants, measured values of the. maximum upstroke velocity, mea-
sured values of the amplitude of the action potential, and values of K
calculated using equations 10 and 11.

Table 1. Calculated values of conduction velocity.

A=05 A=1 A=2
Vmax/Vop Tm=35 T, =10 Tm =20
0.05 0.049 0.083 0.13
1 0.34 0.49 0.7
4 0.7 1 14

The first column shows the value of Vmapr used to calculate 6 for each of the three sets of
values of A and 7, in the corresponding row. The calculations were made by estimating u from
Vmapr, using equation 11; calculating K from u and 7, using equation 10; and calculating
from K, A and 7., using equation 8. The values of V,;,,,/V, are based on rough approximations
of those found in the SA and AV nodes (4 V/sec, 80 mV; ratio = 0.05), the ventricle (100 V/sec,
100 mV; ratio = 1.0) and Purkinje fibers (500 V/sec, 125 mV; ratio = 4).

The values given in Table 1 show, in a general way, that conduction is
slow when V,,, is low; they also show that a high V..., will lead to rather
rapid conduction even in fibers that have the cable characteristics associated
with fibers of the SA and AV nodes. Before we apply equation 8 we must
examine certain questions and problems that arise concerning the applicability
of the assumption of uniform conduction in a simple cable to conduction in
real cardiac tissues.

For example, since there are discontinuities in the cytoplasm of cardiac
fibers [45-47], we must consider whether those discontinuities may lead to
nonuniform conduction, or, at any rate, to nonuniformity so great that equa-
tion 5 (and hence equation 8) no longer provide a good approximation to the
relation between the waveform and the conduction velocity. The application
of our strategy to cardiac fibers thus requires that we carefully consider the
implications of the fact that such fibers are not simple cables but instead
consist of many small ‘cells’ connected, mainly at each end, by junctions
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which normally have a negligibly low resistance [45]. In interpreting measure-
ments of the cable properties of cardiac fibers it is generally assumed that a
decrease in the finite conductance of the junctions is equivalent to an increase
of r; above the value determined by the specific resistance of the cytoplasm.
This assumption is certainly reasonable when the cells are much shorter than
the characteristic length. But, under certain conditions, the resistance of the
intercellular connections can increase, even to the point at which the cells
become completely uncoupled electrically [47]. In order to determine the range
over which the simple cable approximation is valid, we simulated a ‘cable’
made up of cells connected end to end. We did this by interrupting the
axoplasm of the theoretical squid axon by leaky septa at intervals of 0.1 A.
Solving the resulting nonlinear partial differential equations by the methods
of Dodge and Cooley [48] (for room temperature, at which the normal safety
factor is about 4) we found that conduction failed only when the junctional
resistance increased so much that the effective r; was 400 times the normal
value. Furthermore, over much of the range we found that the equivalent
uniform cable assumption accurately predicted the conduction velocity. A
100-fold increase in r; reduces the characteristic length 10-fold, i.e., to the
length of a single ‘cell.” Use of the uniform cable equation predicts a 10-fold
fall in conduction velocity for a 100-fold increase in r,; if that 100-fold
increase in r; is obtained solely by an increase in the coupling resistance, the
conduction velocity calculated for our discrete coupled cell model is only 20%
less than that predicted by the uniform cable equation.

The multicellular structure of cardiac fibers also complicates the interpreta-
tion of c,. Bundles of cardiac fibers can have a much larger surface of cell
membrane per unit length of bundle than is calculated from the bundle
diameter, and the external electrical path for current flow through the mem-
branes of cells deep inside the bundle can be via very narrow and tortuous
clefts between more superficial cells. Fozzard [49] showed that a large fraction
of the total c,, of a bundle of Purkinje fibers appeared to be decoupled from
the toe of the propagating action potential. His measurement of the capacity
current in a voltage-clamp of the Purkinje fiber and of the transient response
to small current pulses was shown to be consistent with an equivalent circuit
in which about 20% of the total capacitance (of about 12.5 uF/cm?) could be
attributed to surface cells while the remaining 10 pF/cm? was decoupled by a
series resistance of about 300 Qcm?. Virtually all of this series resistance
could reasonably be ascribed to narrow extracellular clefts, at least in the
sheep Purkinje fiber; although some part of it might arise in the resistance of
intercellular connections. Carmeliet and Willems[50] showed that, if the
upstroke velocity is low enough, all the membrane capacitance is charged
during the rising phase of the action potential. Thus to make a more accurate
mathematical model of the propagation of the cardiac action potential we



158

should modify equation 5 by putting in the additional terms required by the
equivalent circuit given by Fozzard [49]. However, solutions of the modified
equation for the cases of present interest justify the use of simpler approxi-
mations: for the values of K typical of fast propagation we can neglect the
capacitance of the interior cells and use a value of ¢, corresponding to the
capacitance of the surface cells; for the cases of slow propagation caused by a
slow upstroke we can neglect the series resistance but we must use the total
capacitance.

We must also consider a fundamental theoretical limit on the applicability
of a simple cable model to a multicellular Purkinje fiber bundle, and, perhaps,
to other bundles of closely packed cells. Schoenberg, Dominguez and Foz-
zard [51] have studied how the cable constants and the conduction velocity
depend on fiber (bundle) size, in sheep Purkinje fibers. In spite of the rather
large variability from fiber to fiber, their data on the cable constants were
clearly consistent with the prediction of those constants based on the number
of cells of a similar size in a cross section of the bundle. But their data seemed
to show, rather unexpectedly, that conduction velocity is independent of
bundle diameter. This point is most convincingly established if one looks at
the data points for which ¢ had a value within 20% of the mean value,
which selects the population with about the same safety factor. We suggest
that the observed independence of conduction velocity and bundle size can be
explained by assuming that the velocity is determined by propagation of the
impulse along the surface cells, excitation of the interior cells lagging because
of the relatively higher resistance of their external current pathway through
the clefts. In effect, we would expect appreciable voltage gradients in the
radial direction during the upstroke and hence that a simple cable model
becomes progressively less accurate the larger the bundle. We have tested this
hypothesis by a simulation involving several interconnected fibers, one corre-
sponding to the surface cells, the others showing the lumped equivalent of
the current pulses through the clefts. We found that as we assigned a larger
and larger fraction of the total series resistance to the interfiber connections,
the more nearly the velocity became independent of the number of fibers:
when about half the series resistance is in the interconnections, velocity
becomes independent of size (Dodge, unpublished). On the basis of these
results we conclude that a simple cable model is sufficiently accurate for a
bundle of diameter less than about 4 times the diameter of its cells.

The cells of the heart are, in general, arranged in a complex 3-dimensional
network. Even in reasonably linear trabeculae the internal resistance is greater
in a transverse than in a longitudinal direction[41]. In addition, values for A
and 7, are not always available, and it is rare to find a study of any cardiac
tissue in which the cable properties, the rate constant of the foot, \'/m,‘,Vp and
conduction velocity were all measured in the same preparation, or even under
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comparable conditions in the same set of experiments or studies. Finally, in
the two situations in which slow conduction is normally found in the heart,
the SA and AV nodes, the condition of uniform conduction in a linear cable
seems least likely to be met. For example, it seems very probable that the
relative density of fast and slow channels changes virtually continuously as
one moves from the center to the edge of the SA node; the cells of the SA
node are short and spindle-shaped and the spontaneous depolarization, which
occurs at varying rates in front of any propagating impulse, leads to variable
degrees of inactivation and variable changes in gy. The slowest conduction in
the AV node occurs in the mid-nodal or N region where there is, at any rate,
no spontaneous depolarization, but it is doubtful that membrane properties
and conduction are uniform over a distance of even 1 mm since the impulse
almost certainly slows continuously as it approaches the center of the mid-
nodal region and speeds up continuously as it propagates from the mid-nodal
region into the bundle of His. On the other hand, there are conditions in
which fast conduction can be replaced by slow conduction, e.g., in ventricular
fibers, working fibers of the atrium, and Purkinje fibers, to which equation 8
may be applied with somewhat greater confidence. In any event, it seems
worthwhile to examine some specific examples.

Sinoatrial node : Bonke [52] reports a A of 0.465 mm for rabbit SA node but
gives no value for 7,.,,; Seyama[53] found a A of 0.83 mm. Noma and Irisa-
wa[54] report a 7., of 12 msec in short strands of rabbit SA node, a V,, of
5.5V/sec, aV, of 77 mV (from maximum diastolic potential to peak) and a
conduction velocity of 0.037 m/sec. In strands too short to permit true con-
duction, V,,, was 3.6 V/sec and V, was 69 mV [54]. Although the SA node is
singularly unsuited to treatment under our assumptions of uniform propaga-
tion in a simple cable, we have made the following calculations: for
A =0465mm, 1, =12msec, V,=77mV and V, = 5.5 V/sec,
6 = 0.047 m/sec. The same values taken with A = 0.8 mm give 8 = 0.08 m/
sec. Using V,,/V,=3.6/69 and 1 as either 0.5mm or 0.8 mm yields
6 = 0.04 m/sec or 8 = 0.07 m/sec.

Atrioventricular node: Values of A =043 mm and 7,, = 3.4 msec were
obtained in AN cells of the AV node by de Mello[55]; a 7,, of 9 msec was
found in N cells. A wide range of values has been reported for V,,, in N
cells, but 5V/sec seems reasonable, as does a V, of 70mV. Using
A =043mm, 7, = 9msec, V., =5 V/sec and V, =70 mV, we obtain
6 = 0.048 m/sec, which compares favorably with reported apparent conduc-
tion velocities of 0.02-0.05 m/sec (1, 2].

Calculations of the kind just made for the SA and AV nodes are admittedly
subject to many errors but it may be instructive to calculate the conduction
velocity in a fiber with the cable characteristics of the AV node and the action
potential characteristics of a Purkinje fiber, i.e., A = 043 mm, 7, = 9 msec,
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Vm,pr = 4. This yields 6 = 0.45 m/sec, a result which certainly suggests
that reduction of Vmax plays a greater role in causing slow conduction in the
AV node than do changes in the cable characteristics.

Atrium : Bonke [56] has reported A = 1 mm and 7, = 3 msec in rabbit crista
terminalis and A = 0.66 mm, 7, = 2.66 msec in rabbit atrial trabeculae car-
nae. His measurements of the time constant of the foot of the action potential
(the reciprocal of our u) yield values of 4.4/msec and 4.6/msec for u in the
crista and trabecula, respectively. Values of 6 calculated from these cable
characteristics and the measured u are 1.17 m/sec and 0.83 m/sec for crista
and trabecula, which exceed Bonke’s measured values of 0.665 m/sec and
0.553 m/sec, respectively. Paes de Carvalho et al.[11] reported a u of 7.5/
msec in atrial fibers; that value taken together with the cable characteristics
found by Bonke leads to 8 = 1.5 m/sec.

Ventricle : Weidmann [40] found, in ventricular trabeculae of the sheep or
calf heart, A = 0.88 mm, 7, = 4.4 msec and the time constant of the
foot = 0.38 msec which corresponds to 4 = 2.63/msec. These values lead to
a calculated 6 of 0.65 m/sec which may be compared with the measured
value in the same preparation of 0.75m/sec. In the same preparation
Clerc[41] studied the difference in r; and r, along the length of the bundle
and transversely to it and found that those differences accurately explained
the differences in conduction velocity in the two directions. Conduction
velocity in the transverse direction was almost exactly one-third of that in the
longitudinal direction and the difference could be accurately predicted from
the differences in the effective length constants.

Weingart, in a study of the effects of ouabain on ventricular trabeculae of
sheep and calf hearts [42], found that 90 min exposure to 2 X 10 % M ouabain
increased the specific internal longitudinal resistance, r;, by about 2.5-fold. A
concomitant decrease in 6 from 0.5 to 0.29 m/sec (at 25°C) could be
explained in part by a decrease in V,,, and in part by the increase in r, which
was attributed to an increase in nexal resistance, i.e., to uncoupling.

Wojtczak [57] found that a 1 h exposure of sheep ventricular trabeculae to
an oxygen-free perfusate caused r; to increase about 3-fold. That increase was
attributed chiefly to an increase in r, caused by ‘an increase in nexal resis-
tance.” If the hypoxic preparation was exposed to epinephrine, r; increased
further, for an overall increase of 21-fold. The marked further increase in r;
seen upon exposure to epinephrine was associated with marked slowing of
conduction which was soon followed by block that could not be reversed by
re-exposure to oxygen-containing solutions. In two experiments the action
potential split into a spike and slow wave before the development of irrever-
sible block.

At the stage when r;, was markedly increased the preparations showed
reduced Vmax, developed contractures, showed abnormal action potentials,
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presumably showed loss of resting potential and were on the verge of irre-
versible block. Yet the increase in r; was only 21-fold, an increase that might,
in the absence of other changes, be expected to lower conduction velocity to
about 22% of its normal value, i.e., to about 0.17 m/sec (at 37 °C). Conduc-
tion that slow might indeed predispose to reentry, but the preparations in
which Wojtczak found that great an increase in r; were profoundly abnormal
in so many ways and so nearly on the verge of irreversible deterioration that
we agree with his conclusion that it is premature to draw clear-cut conclu-
sions concerning the importance of the increase in r, for the development of
cardiac arrhythmias during hypoxia and ischemia, the more so since the
reversible 3-fold increase in r, seen under less extreme conditions would be
expected to reduce conduction velocity only to about 60% of its normal
value.

Purkinje fibers: Table 1 shows a value for 8 based on Purkinje fiber cable
characteristics of A = 2 mm, 7, = 20 msec and Vmapr = 4. The calculated 6
is only 1.4 m/sec, which is low compared to measured values, which range up
to 4 m/sec. This discrepancy can be explained, in part, by the fact that during
rapid conduction in bundles of Purkinje fibers only some 20% of the capaci-
tance is charged during the foot[49], which means that one can (perhaps
somewhat circularly) compute a conduction velocity by using 7, = 4 msec. If
one does that, one obtains & = 3.1 m/sec.

In Purkinje fibers exposed to Na™*-free solutions containing 10 mM Sr**,
Carmeliet and Willems[50] have shown that c,, is fully charged during pro-
pagation. Under those circumstances, A = 2.63mm, 7, = 20.1 msec,
Vmax =5V/sec, V, = 100 mV and the calculated 6 = 0.175 m/sec, which
may be compared with the measured value of 0.15 m/sec. When the same
preparation was exposed to normal Tyrode’s solution, A was 2.23 mm, 7, was
18.6 msec and the measured value of § was 3.17 m/sec, which shows clearly
that the slow conduction of the Sr** spike is essentially wholly attributable
to the change in V,,,.

Values are not available for the cable properties of canine Purkinje fibers
exposed to solutions containing high K and epinephrine (5-7) or to Na™* -free,
Ca* *-rich solutions[20, 58] but we have calculated 6 by using the cable
properties found by Carmeliet and Willems in fibers exposed to Na™*-free,
Sr**-rich solutions, i.e., A = 2.63 mm, 7, = 20.1 msec, and the upstroke
velocities observed in the other solutions. For high K, epinephrine-containing
solutions, a V,,, as low as 2 V/sec has been reported, which, with
V,=70mV, yields 6 = 0.12 m/sec, somewhat higher than the values
observed. In fibers exposed to Na*-free, Ca**-rich solutions, V., has been
reported as 3.7 V/sec and V, as 80 mV [20, 58] which leads to a predicted 6 of
0.17 m/sec, as against the reported value of 0.1 m/sec.

The many uncertainties involved make the above calculations at best rough
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approximations. On the other hand, they show clearly that low values of 6 are
invariably associated with low values of V., (see also Table 1). Before turning
to a consideration of how low values of V,,, may come about, we will briefly
consider the argument that slow conduction may be attributed chiefly to high
values of r; which are, in turn, to be explained by a paucity of low resistance
cell-to-cell connections or by uncoupling of such connections. It should be
noted that high values of r; are necessarily reflected in low values of A, and
that the low values of A found in fibers of the SA node and AV node must
be interpreted, in the first instance, in terms of the small diameter of the
fibers. Only values of r, higher than can be explained by the small diameter of
the cells can be attributed to a paucity of cell-to-cell connections. In addition
we would place some emphasis on the fact that there are fibers in which
either a low value of 8 or a high value of 8 can be obtained by comparatively
simple and rapid changes in the extracellular environment, changes that
certainly do not seem likely to change the cell size or the specific resistivity of
the cytoplasm (we refer, for example, to changes in K;). We do not doubt
that such changes may lead to uncoupling but point out that to explain a
10-fold reduction in conduction velocity by uncoupling demands a 100-fold
increase in r; and that a 100-fold reduction in conduction velocity demands a
10,000-fold increase in r;. Conduction block occurs when r; is increased far
less than 10,000-fold; moreover even a 100-fold increase in r;, if entirely
attributable to uncoupling, demands more than a 100-fold rise in the coupling
resistance. Reduction of conduction velocity to one-third of its usual value
may be attributed to changes in r;[41, 42] but, in all situations known to us in
which there is evidence for marked uncoupling and marked reduction in
conduction velocity, the cells also show lowered resting potentials and
reduced upstroke velocities, and we are not aware of any way in which
uncoupling can in itself directly cause marked reduction in V,,,,.

We therefore argue that markedly slow conduction is never seen in the
absence of marked reduction in V,,,, i.e., in the absence of an inward current
whose magnitude is small but whose duration is long. We now turn to the
question of how such changes in kinetics may arise.

A possible source for a small, long-lasting inward current is a component of
the fast channel current that is incompletely inactivated, or perhaps even
non-inactivating. When the potassium channels of a squid axon are blocked
by injection of tetracthylammonium ions the fast spike is followed by a very
long-lasting plateau, rather like that of a cardiac action potential [S9]. If the
potassium conductance is held constant, the Hodgkin-Huxley equations pre-
dict such a plateau [60], explainable by the voltage dependence of the fast
channel. There is overlap of the two S-shaped curves which relate the activa-
tion and inactivation of the fast channels so that, over a certain range of
depolarization, those channels admit a steady-state sodium current that is



163

about 3% of the peak transient current [60]. This is sufficient to cause the
steady-state current—voltage relationship to have three intersections with the
zero-current axis. Those intersections represent the stable resting state, the
stable plateau state, and an unstable state between the two stable ones. When
we examine the theoretical effect on propagation of blocking the potassium
channels we discover that we can attenuate the ionic current below the point
where fast propagation fails but can then find a much slower, uniformly
propagating action potential which has a slow upstroke to the plateau level.
Thus squid-like fast channels could generate slow conduction under the
special condition of very low gy, as was shown by Lieberman et al. [61].

On the other hand, the fast sodium channels of vertebrate nerve have
much less overlap of the activation and inactivation curves [62]. In those cells
the steady-state sodium current is less than 0.1% of the peak value, and
blocking the potassium channels prolongs the action potential only slightly
either experimentally or theoretically [63-66). The voltage dependence of the
fast channels of the heart has not been worked out in detail by voltage-clamp
analysis, although important advances have been made recently[34, 67, 68].
On the assumption that the tetrodotoxin-sensitive component of the steady-
state current, which is about 0.3% of the peak current required for fast
propagation [31, 69], measures the steady-state fast channel current, the avail-
able evidence suggests that the voltage-dependence of the fast channels of the
heart more nearly resembles that of vertebrate nerve than that of the squid
giant axon. Although this TTX-sensitive current is very small, it can be an
appreciable fraction of the ionic current during the plateau[70] and it is
certainly a very important component of the inward current needed to pro-
duce bistability in the resting potential of Purkinje fibers exposed to moder-
ately low K, [31]. Since this steady-state component of fast channel current
decreases as the membrane is depolarized beyond the low stable resting
potential it cannot generate the inward current required for the slow conduc-
tion that can be seen in fibers at the low level of resting potential. That slow
conduction requires that there be slow channels whose activation potential is
positive to the low level of resting potential.

To be sure, fibers at the low level of resting potential are most readily
excited at the break of an anode (Gadsby and Cranefield, unpublished obser-
vations), strongly suggesting that partial removal of inactivation permits fast
channels to cause a transient depolarization that reaches the threshold of the
slow channels. This kind of complicated interaction between fast and slow
channel activity is undoubtedly of great significance in sustained rhythmic
activity in the vicinity of the low level of resting potential since during such
activity each action potential is followed by an after-hyperpolarization which
acts as an anode.

Undoubtedly the major source of the inward current for slow conduction is
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the current carried by the kinetically slow channels, often described as cal-
cium channels. Although these channels have been investigated by several
different laboratories (for reviews see above and [2, 35, 36]) there is as yet no
general consensus about their kinetics, voltage dependence, relative ionic
specificity, and sensitivity to specific blocking agents. This lack of precise
knowledge does not result simply from the technical limitations which the
multicellular structure of cardiac tissues imposes on voltage-clamp measure-
ments but mainly from the fact that the resolution of this current requires
that it be distinguished from several other currents each of which, though
small, may be comparable in magnitude to the kinetically slow inward cur-
rent. Among those currents are the outward currents of the inward-going
rectifier and the delayed rectifier, current generated by the electrogenic sodi-
um pump and changes in each of those currents caused by the accumulation
or depletion of ions in the clefts, changes which in turn depend on the past
history of activity of the fiber. Moreover, this list may well be incomplete.
But the fact that all tissues of the heart can be ma