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Mechanisms Underlying Cardiac Pacemaker Activity

Mario Vassalle”

Department of Physiology and Pharmacology, State University of New York,
Downstate Medical Center, Brooklyn, New York, USA

Generally, the pacemaker activity is equated to diastolic depolarization. However, there is no agreement about the
mechanisms underlying the pacemaker potential either in the sino-atrial node (SAN) or in Purkinje fibers. In fact, even within
the SAN, there are dominant and subsidiary pacemakers and this raises the question as to whether there are two (dominant
and subsidiary) pacemaker mechanisms and whether each of them can sustain spontaneous discharge. Also, both mechanisms
appear to be present in subsidiary cells depending on the degree of polarization. In addition, it is becoming apparent that
diastolic depolarization is only part of the mechanism leading to spontaneous discharge. This is not too surprising since DD
is an afterpotential (it follows an action potential) and therefore it could not be responsible for the initiation of pacemaker
activity after a period of standstill. In fact, both in SAN and in Purkinje fibers there are oscillatory pre-potentials (ThV ) that
are responsible for the initiation of spontaneous discharge. These same oscillatory potentials are also needed for the
maintenance of spontaneous activity, since they are the obligatory link between diastolic depolarization and the threshold for
the upstroke. Another oscillatory after-potential (V) appears involved in spontaneous activity. V__appear to contribute to
the faster discharge of the sino-atrial node under normal conditions and to that of Purkinje fibers under abnormal conditions.
The aim of this review is to evaluate the different mechanisms that have been proposed for diastolic depolarization in the sino-
atrial node and in Purkinje fibers and illustrate the findings that show the importance of voltage oscillations in the initiation
and maintenance of pacemaker discharge in SAN and in Purkinje fibers.

Key words: cardiac pacemaker activity, diastolic depolarization, diastolic oscillatory potentials, sino-atrial node, Purkinje

fibers

INTRODUCTION

The necessity of a diastole and a systole in the cardiac
cycle requires that cardiac cells should be activated
rhythmically. For cardiac fibers to do so, the resting poten-
tial has to decrease by the end of each diastole to the
threshold. The threshold could be defined as the potential
at which a net inward current initiates a regenerative
depolarization and therefore the action potential (AP). In
turn, the AP is the electrical signal leading to contraction.
The process of the attainment of the threshold in the
different cells of the heart must be a sequential one in order
to develop an organized cardiac contraction. Thus, the
threshold must be attained first in a discrete site (normally
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the sino-atrial node) and from there the action potentials
should propagate in an orderly fashion to atria and ventricles.

This obligatory sequence illustrates the need for two
different mechanisms to attain the threshold: diastolic
depolarization in dominant pacemakers in the sino-atrial
node (SAN) and conduction of impulses in the rest of the
cells of the heart. Thus, the SAN (and only the SAN) sets
the pace at which all other cells of the heart will be
activated according to the patterns of conduction. The
location of the pacemaker of the heart in the SAN also
facilitates the control of the rate of discharge. Thus, the
SAN is heavily supplied with sympathetic and parasympa-
thetic fibers and it is sufficient to modify the rate of the
SAN through release of autonomic neuromediators to
change the rate of the heart.

If, outside the SAN, the threshold is attained in whatever
fashion outside of conduction of impulses originating from
the SAN, an arrhythmia (such as extrasystoles) will occur.
An extreme example of an abnormal attainment of the
threshold is fibrillation, the major disturbance of which is
the attainment of the threshold in different cells as soon as
they again become excitable. This results in total disorder
in cardiac excitation and contraction.

Typically, safety factors are present also for the pace-
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maker activity of the heart. Subsidiary pacemakers are
needed that can insure rhythmic discharge of the heart and
prevent cardiac standstill if SAN dominant pacemakers or
conduction of impulses originating from SAN dominant
pacemakers fails. Such subsidiary pacemakers are present
within the SAN, in the atria, atrio-ventricular node and
Purkinje fibers. A widespread location of subsidiary pace-
makers is required by the fact that initiation of spontaneous
discharge by subsidiary atrial pacemakers or atrio-ven-
tricular node would be of little use if an atrio-ventricular
block is present.

If subsidiary pacemakers become spontaneously active,
their diastolic depolarization (DD) too must attain the
threshold for the upstroke by the end of diastole. This
creates a potential conflict with the activity of SAN and it
is a possible source of arrhythmia. This conflict is gener-
ally avoided by the fact that DD of all subsidiary pace-
maker is less steep than that of SAN dominant pacemakers.
This means that, under normal conditions, depolarization
by the process of conduction will bring the membrane
potential of subsidiary pacemakers to the threshold before
the local DD has a chance to do so.

In addition to that, another powerful mechanism is
present, namely, overdrive suppression'?, which main-
tains DD of subsidiary pacemakers more negative (and
therefore away from the threshold) than it would be in the
absence of this factor. This suppression of spontaneous
discharge of subsidiary pacemakers is frequency-dependent.
This is rather convenient in that the suppression of their
discharge is maintained as long as subsidiary pacemakers
are overdriven by SAN (and therefore are not needed as
actual pacemakers) and it is removed when the subsidiary
pacemaker discharge is needed (e.g., SAN standstill or
complete atrio-ventricular block).

Thus, the initiation of heart beat is strategically located
in a site (SAN) near the venae cavae so that the activation
of atria can precede that of ventricles and the process of
conduction insures that the activation of cardiac cells is
sequential (and not simultaneous or disorderly). While
under normal conditions the heart is continuously and
rhythmically active, under abnormal conditions either
impulse formation or conduction to ventricles can fail (e.g.,
disease or strong vagal stimulation). This raises substantial
questions about both the initiation and maintenance of
spontaneous discharge.

We shall see that DD is necessary but not sufficient for
spontaneous discharge and that the link between DD and
threshold is provided by voltage oscillations. Whether or
not a drug treatment in a patient is suitable might depend
on our understanding of what is involved in spontaneous
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discharge of different pacemakers (e.g., lidocaine in com-
plete heart block)®. The significance of this problem stems
from the fact that the initiation and maintenance of pace-
maker discharge are of paramount importance for survival.

We shall review the evidence that indicates that dias-
tolic depolarization is caused by the different pacemaker
currents in different pacemaker tissues and that diastolic
oscillatory potentials ThV_ are (and V_ may be) an obliga-
tory link between diastolic depolarization and the thresh-
old in determining pacemaker activity.

DIASTOLIC DEPOLARIZATION AND PACE-
MAKER CURRENTS

As the very name indicates, this depolarization occurs
in diastole and therefore after the action potential (AP).
This raises the question as to the relationship between
action potential and DD. If a pacemaker tissue is quiescent
(e.g., when it is superfused in high [K*] ), an electrical
stimulus can evoke an AP which is followed by an under-
shoot to the maximum diastolic potential (MDP) and a
subsequent return to the resting potential through DD. This
behavior shows that DD: (i) is an afterpotential and that (ii)
is not necessarily associated with spontaneous discharge.

The undershoot to the MDP is caused by the fact that
during an AP a net outward current develops that is respon-
sible for that subsequent hyperpolarization. The hyperpo-
larization to the MDP can not be maintained because the
net outward current decays in the diastolic potential range as
a function of time, thereby causing diastolic depolarization.
One possibility is that during the depolarization associated
with the AP either an outward current carried by K" ions is
activated (e.g., the delayed rectifier current I ) or an inward
current is deactivated (e.g., the hyperpolarization-acti-
vated ). A calcium current is ruled out, because it is
activated during the AP and its subsequent decay during
diastole would cause not an undershoot but a diastolic
repolarization toward the resting potential.

However, the current underlying DD does not need to be
the same in dominant and subsidiary pacemakers within
and without the SAN, since the resting potential and DD
range are more negative in subsidiary pacemakers. It needs
to be added that not every current present during diastole
qualifies as a pacemaker current. The pacemaker current is
the conditio sine qua non for the presence of diastolic
depolarization. It is the time- and voltage-dependence of
this current that permits the potential to decline during
diastole toward the threshold. Other currents may modify
DD, but that does not make any of them a “pacemaker
current”. However (as mentioned above), we shall see that



DD is not the only factor that is needed for spontaneous
discharge.

Sino-Atrial Node

1. Dominant and subsidiary pacemaker mechanisms

Because DD is an afterpotential, the underlying pace-
maker current could be related to the type of AP that
precedes it. Hence, the necessity to consider if different
APs are followed by different pacemaker mechanisms,
also in view of the fact that the pacemaker site may shift
within the SAN under different conditions. In fact, the
SAN is not a homogenous structure from the electrical and
morphological points of view, since it includes dominant
and subsidiary pacemakers*’. SAN dominant APs are slow
responses with a MDP of -50/-60 mV. Instead, SAN
subsidiary pacemakers have a fast upstroke and a more
negative (~-80 mV) maximum diastolic potential**®.

Several currents have been proposed as the pacemaker
current of SAN: the delayed rectifier current I ; the hyper-
polarization-activated inward current I ; the slow inward
current I . ; the steady state current and even time-indepen-
dent inward currents”®. Which of these currents might be
the pacemaker current of SAN subsidiary pacemakers is
generally not taken into consideration.

In SAN dominant cells (when quiescent), the resting
potential of -30/-40 mV” is too negative for the activation
of I, and too positive for the activation of L. I, activates on
depolarization from the resting potential and deactivates
slowly on repolarization’. This creates an outward tail
which indeed would cause an undershoot and subsequent
DD,

Instead, I, would not deactivate during an AP elicited
electrically from the resting potential of -30/-40 mV,
because it is not activated at the resting potential and
therefore it can not deactivate during the AP, thereby
causing the undershoot to the MDP and subsequent DD.
Thus, I, activates slowly only on hyperpolarization from a
holding potential of about -50 mV7"!°,

The situation is different for subsidiary pacemakers
within the SAN for two major reasons. Their diastolic
range is negative enough to allow the activation of I, on
repolarization to the MDP and it is negative to the reversal
potential for I (-65 mV'"). Therefore, it is likely that I, is
the SAN subsidiary pacemaker current', since in the
subsidiary diastolic range the decay of I, would only cause
a decreasing inward tail.

Other currents may modify the dominant and subsidiary
pacemaker potentials. For example, the Ca®* current may
be activated as DD approaches the threshold!?>. However,
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there would be no activation of the Ca?" current if DD were
not to depolarize the membrane to a suitable potential
range.

In summary, DD is caused by a voltage- and time-
dependent change of a current that had been modified by
the previous AP. Thus, either the activation of I, or the
deactivation of I during the AP would cause a subsequent
undershoot to the MDP. At the MDP, the deactivation of I,
in the dominant and the activation of I in the subsidiary
pacemaker range lead to the subsequent DD. Whether one
or the other mechanism is brought into play will depend on
the diastolic range that the MDP attains. In the less nega-
tive (dominant) range, the deactivation of I, causes the
pacemaker potential, whereas in the more negative
(subsidiary) range, the activation of I_appears to be
important'®. What makes the difference in the pacemaker
potential range is the inward rectifier current I . In dominant
cells, the inward rectifier I, channel is little expressed”'
and therefore the diastolic potential is less negative than in
subsidiary pacemakers.

2. Dual pacemaker mechanisms in SAN subsidiary pace-
maker cells

The two pacemaker currents present in different dias-
tolic ranges (dominant and subsidiary) can both be present
in SAN subsidiary pacemaker cells: the subsidiary mecha-
nism in the range of subsidiary DD and the dominant
mechanism when the subsidiary cells are depolarized within
the dominant pacemaker range. The presence of two pace-
maker mechanisms can be demonstrated by depolarizing
the cells by means of Cs* or high [K™] .

In subsidiary pacemaker cells, Cs* (in addition to block-
ing I) blocks I, , thereby decreasing the membrane poten-
tial into the dominant pacemaker range and unmasking the
dominant pacemaker mechanism!® which is less sensitive
to Cs™. Cs" initially hyperpolarizes the cell membrane,
but it does so by stimulating the Na™-K* pump (“Na*
pump”), and not by blocking I, (see below). Subsequently,
Cs™ depolarizes by blocking an outward current (presumably
I, which is present in subsidiary cells'’). Cs* unmasks a
dominant DD at depolarized levels, because it does not block
I.'*. Thus, in SAN subsidiary cells there are Cs'-sensitive
currents at more negative potentials (presumably [ and I, )
and a Cs'-insensitive current at less negative potentials
(presumably I )",

High [K"], (which does not block I, increases I,'° and
stimulates the Na* pump activity'”), depolarizes subsidiary
pacemaker cells, which then exhibit dominant-type APs.
Adding Cs* causes a very small increase in MDP (in high
[K*],, the Na® pump activity is already stimulated), fol-
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lowed by a persisting subsequent decrease (which could
not be due to the block of the inward 1)). In preparations
quiescent in high [K*] , Cs™ only depolarizes and can
induce spontaneous discharge: the APs are followed by an
undershoot and DD (Fig. 1), which can not involve the
deactivation and activation (respectively) of I, since 8 mM
Cs" is present. In high [K*] plus norepinephrine, even 20 mM
Cs" do not suppress and might increase the rate. During
quiescence in acetylcholine or carbachol (I is blocked'®),
Cs” still transiently hyperpolarizes the resting potential. In
zero [K*]_ (I, is absent'”) with or without carbachol, Cs*
hyperpolarizes the quiescent membrane by stimulating the
Na* pump. Cs*-induced hyperpolarization is reduced by
ouabain'?.

That the important factor in the induction of dominant
DD in high [K"]_ is the depolarization induced is shown by
the fact that Ba** (which, in contrast to high [K*] , reduces
K* conductance) also decreases the resting potential and
allows the appearance dominant APs. Micromolar concen-
trations of Ni** do not suppress SAN discharge (and actu-
ally increase it), but nifedipine does so. In Tyrode solution,
nifedipine slows, but does not stop the SAN*. High [Ca*"]
quickly induces spontaneous activity and low [Ca*]_stops
it and markedly reduces ThV _ in driven preparations®.

The results suggest that discharge of dominant APs is
due only to the dominant pacemaker current I, at less
negative potentials and that discharge is particularly sensi-
tive to changes in Ca?* current. Also, the results support the
notion that I, is not involved either in the dominant pace-
maker mechanism or in the events leading to the initiation
of spontaneous activity.

3. Block of different diastolic currents and sino-atrial node

discharge

If there are two pacemaker mechanisms in the SAN that
are activated in different diastolic ranges, the question
arises as to whether either one is sufficient to maintain
spontaneous discharge. This was studied by testing blockers
of either pacemaker current®?. In subsidiary pacemakers of
rabbit and guinea pig isolated SAN, as usual, Cs* or high
[K™], unmask the dominant DD at depolarized levels, but
do not stop the SAN. In rabbit SAN, E4031 and d-sotalol
(blockers of I, , the fast component of I, ) do not stop
discharge, but do so after block of subsidiary DD by Cs* or
by high [K™] (the latter eliminates I. by depolarizing the
membrane outside the subsidiary pacemaker range).

In guinea pig SAN, in Tyrode solution E4031, d-sotalol
or indapamide (a blocker of I, the slow component of I)
do not stop SAN discharge. In the presence of Cs™ or high
[K*],, indapamide (but not E4031 nor d-sotalol) stop the
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Fig. 1 Induction of pacemaker discharge by Cs* in SAN. SAN
was quiescent in high [K"] and adding 2 mM Cs' caused
only depolarization which at its peak induced oscillatory
potentials (ThV ). Increasing Cs* depolarized the resting
potential more, induced larger ThV _, which in turn
initiated spontaneous discharge. The APs were followed
by an undershoot to the MDP and subsequent diastolic
depolarization, suggesting that neither the undershoot
was not due to I, deactivation nor DD to I, activation. In
the boxed inset, Cs* induced a very small hyperpolariza-
tion and a reversible depolarization. (Reprinted from J
Mol Cell Cardiol, vol. 27, Sohn HG, Vassalle M. Cesium
effects on dual pacemaker mechanisms in guinea pig
sinoatrial node. pp. 563-577, Copyright 1995 with per-
mission from Elsevier).

guinea pig SAN discharge. Ba?" leads to stoppage of
discharge both in Tyrode solution and in high [K™]_or Cs™.
Depolarization by blockers of DD unmask sinusoidal fluc-
tuations (ThV _, see below), which during recovery are
responsible for resumption of discharge.

Thus, in rabbit and guinea pig SAN, the two pacemaker
mechanisms (Cs*- and K*-sensitive subsidiary DD, and
Cs*- and K*-insensitive dominant DD) can independently
sustain discharge, but block of both mechanisms leads to
quiescence. Abolition of dominant DD by blockers of I is
consistent with a decay of I as the dominant pacemaking
mechanism, [ being more important in rabbit and [ _in
guinea pig.

Purkinje Fibers

1. The pacemaker mechanism: I versus I,

In patients with complete atrio-ventricular block, the
rate of discharge of idioventricular rhythm is 30/40 beats
per minute. With an interval of about two seconds between
APs, in Purkinje fibers DD lasts about 1500 ms, which is
already an indication that the slope of DD is much less
steep than in SAN. This suggests that the underlying
pacemaker current may also be different.

In spontaneously active Purkinje fibers, suppressing
DD by voltage-clamping the membrane at the MDP results
in a time-dependent net inward current?. The membrane
conductance decreases during the pacemaker current, sug-



gesting that the current is net inward because of the
decrease of a K" conductance. This conclusion is strength-
ened by the fact that the pacemaker current (I ) reverses
past the potassium equilibrium potential E,. The pace-
maker current is partially activated at the resting potential
and it is fully and quickly activated during the plateau®. It
was later shown that this K™ pacemaker current has an
activation range between -90 and -60 mV and undergoes
inward rectification? and that the reversal potential shifts
in different E %

These conclusions were generally accepted until 1981,
when it was proposed that the evidence supporting the I,
hypothesis was invalid due to K* depletion in narrow
extracellular spaces. Such a K* depletion current would
account for the decrease in conductance during the pace-
maker current, its pseudo-reversal and the shift of the
reversal with different [K*] '*%. In support of this new
proposal, when K* depletion was prevented by blocking I |
with Ba®", the time-dependent current (called 1) did not
reverse any longer and the membrane conductance in-
creased during the current'®!#2¢. Cs* did not increase the
instantaneous current on hyperpolarization, but blocked
the time-dependent current during the hyperpolarizing
step'®. All these findings were interpreted to mean that Ba**
prevented the masking of I by the K™ depletion current and
that Cs* specifically blocked the inward I, (and not the
outward [ ).

There were several major problems with the correctness
of the I, hypothesis. One was whether K™ depletion current
occurred in the range of DD (which is positive to E,).
Another one is that Ba*" blocks several K* currents and
therefore there was the distinct possibility that it blocked
the very current meant to be investigated. A third source of
doubts was whether Cs* (which blocks several K* channels)
is indeed a specific blocker of 1.

Because of the major disagreement about the ionic
current (I, versus I) underlying the pacemaker potential
in Purkinje fibers, it becomes necessary to address the
above issues in detail and to present pertinent evidence that
might permit to find the reasons for the disagreement and
to identify which of the two hypotheses is the correct one.

2. Lack of evidence for K* depletion in the voltage range

of diastolic depolarization

Even if K* depletion in narrow extracellular spaces may
occur during large hyperpolarization negative to E,, the
depletion current would have to be large enough not only
to match I, but actually to reverse it in order to account for
the current reversal. Furthermore, K* depletion does not
necessarily occur in the DD potential range, where the net
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driving force for K* is outward (not inward).

One parameter of great interest in this regard is the
change in membrane conductance during the pacemaker
potential and current (the conductance should decrease
during I, and increase during I,). The membrane conduc-
tance does decrease during DD?’, but those results (while
consistent with a decrease in a K* current and not with an
increase in 1) are complicated by the fact that the diastolic
potential becomes less negative (increasing inward rectifi-
cation of [ ). Still, the membrane conductance decreases
in the DD range even when the potential is kept clamped at
a given value. In thin strands of quiescent Purkinje fibers®,
in the voltage range of DD, the membrane conductance
decreases during the pacemaker current by 19.0%, a value
similar to that found in spontaneously active Purkinje
fibers clamped at the MDP (23.8%)*. Small concentra-
tions (2 mM or less) of Cs* do not block K* depletion'®, yet
Cs (2 mM) markedly reduces I, amplitude (79.8%) and
the decrease in membrane conductance (89.0%) while
reducing much less the initial instantaneous current (28.4%).
If K* depletion were responsible for the decrease in mem-
brane conductance, such a decrease would have persisted
in spite of the near abolition of I ,,. In fact, if Cs* had
suppressed 1, and the associated increase in membrane
conductance, the decrease in conductance due to K™ deple-
tion should have been larger (and instead it was almost
abolished).

To verify whether a small K* depletion occurs even at
potentials positive to E_, small concentration of Ba** were
used to reduce I and therefore possible K* depletion. If
the time-dependent current on hyperpolarization was par-
tially distorted by a K* depletion current, not only the
instantaneous but also the time-dependent current should
have changed. Ba?* (0.05 mM) shifted the holding current
in an inward direction, and decreased the instantaneous
jump on hyperpolarization by -56.9% whereas the pace-
maker current was hardly modified (-1.9%).

Therefore, Ba** substantially reduces I, but does not
modify [, ,, amplitude, suggesting that K* depletion plays
little role in the current recorded in the DD voltage range.
Increasing [K*] from 2.7 to 5.4 mM roughly doubles
membrane conductance®**. Therefore, the higher [K*]
should increase I, and K* depletion (if any) during the
step: the possible decaying depletion current would de-
crease the net inward pacemaker current. In the higher [K*],
the instantaneous current jump increased by 182.9%,
whereas [, ,, was little changed (+17.5%). Therefore, while
higher K* conductance more than doubled the instanta-
neous current, the consequent depletion must have rather
small (if any) since the pacemaker current was little affected.
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To verify whether the same results would be obtained in
5.4 mM [K"] in the presence of Ba**, which would reduce
the increase in K™ conductance induced by the higher [K™],
steps were applied in 5.4 mM [K"] in the absence and
presence of low [Ba*"] . The instantaneous current was
decreased by Ba*"(-41.6%), whereas I, slightly increased
(+6.8%). Thus, the decrease of the instantaneous current
was five fold greater than the increase in I .

[K™], was increased to 10.8 mM to increase I, and
therefore exaggerate K* depletion or accumulation. During
a depolarizing step, the decay of the transient outward
current I is associated with a decrease in membrane
conductance. During a hyperpolarizing step negative to
E,, the current and the conductance decrease with time.
Therefore, changes in conductance due to time-dependent
currents appear to predominate over whatever opposite
changes in conductance might be caused by changes in
[K*],. If the reversal of I, at negative potentials were only
due to a depletion of [K™] which masks the increase in I,
Cs* (by blocking the inward 1) should increase the decay
of the depletion current. In 10.8 mM [K*] , 2 mM Cs*
decreased the instantaneous jump by -33.4% and the re-
versed time-dependent current by -35.9% and reduced the
decrease in conductance: apparently then, Cs* did not
block an inward I, since the current during the step did not
become more outward (depletion current being no longer
antagonized by 1) nor did conductance decrease more (due
to the elimination of the increase in conductance associ-
ated with I activation).

All these results?® were interpreted as indicating that a
time-dependent decrease in a K conductance is the cause
of DD, that K* depletion does not occur in the DD range
(which is positive to E,), and K* depletion does not
invalidate previous findings.

3. Lack of specificity of the cesium block of the pacemaker

current

An essential point here is that, if Cs" blocks I but not
specifically, the block of a current by Cs*™ can not be taken
as evidence that the blocked current is necessarily 1. The
basis for proposing that Cs™ specifically blocks I, was that
a block of an outward pacemaker current should increase
the instantaneous current jump at the beginning of a hyper-
polarizing voltage step and such an increase does not
occur'®. However, this rationale is open to a degree of
uncertainty. I, is already partially activated at the resting
potential?® and Cs* would block the pacemaker current at
the holding potential prior to the hyperpolarizing step. In
fact, in the steady state, Cs* shifts the holding current in an
inward direction, as expected from a block of an outward
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current?,

In the absence of Cs*, on hyperpolarization, the instan-
taneous decrease of I, as a function of voltage (e.g., no
I, at Ey) plus the increase in driving force for the Na*
background current would result in an inward instanta-
neous current jump. In the presence of Cs”, the already
partially blocked I, at the holding potential would de-
crease less on hyperpolarization than in control and thus
the inward instantaneous current would be smaller.
Therefore, the instantaneous current may decrease, not
increase as proposed in the rationale for a specific Cs*
block of I.

Cs* blocks also other K* currents. For example, Ba?*
induces a pacemaker potential and a pacemaker current in
ventricular myocardial cells by a time- and voltage-depen-
dent block of I : this potassium pacemaker current is
blocked by Cs**%, Although this pacemaker current is
different from I, still the point is that Cs* blocks a current
that is certainly a K™ pacemaker current (no I, in myocardial
cell in the diastolic range)***!. Cs* also blocks radioactive
K* fluxes in cardiac tissues®? and different K* currents in
different tissues®. It will be shown below that Cs* blocks
also I .. Thus, Cs* block of I, is not specific and a Cs'-

Kdd*
block of a pacemaker current does not prove that it is I..

4. Mechanisms underlying hyper- and de-polarizing ac-
tions of Cs*

Cs" increases the resting potential'*33-*> and decreases
intracellular sodium activity (a' )*’ in Purkinje fibers.
Both actions have been attributed to a Cs* block of 17",
However, both actions could instead be due to a Cs™-induced
stimulation of the activity®® of the electrogenic Na* pump.

The latter explanation is supported by the following
findings. Cs*-induced hyperpolarization is transient®*-* as
expected from the fact that the stimulation of the Na* pump
by Cs" is offset by the consequent decrease in a' . Increas-
ing concentrations of Cs* decrease a', to a similar extent,
but cause a smaller initial hyperpolarization and a larger
subsequent depolarization. Cs* causes hyperpolarization
and decreases a'_ also in myocardium®, in spite of the
absence of DD and of I at the resting potential in that tissue.
The block of the pacemaker potential can be dissociated
from the decrease in a'_ by means of tetrodotoxin admin-
istration (Cs* blocks DD, but decreases the already low a'
little)*. In fibers driven at fast rate there is no diastole, and
therefore DD and the activation of I are not present: yet,
Cs" decreases a', even more than when DD is present at
slower rates®. In zero [K*]  (no I,'*), Cs" hyperpolarizes
and decreases a'_ in Purkinje and atrial myocardium.
When the Na* pump is blocked by strophanthidin, Cs* fails



to modify the membrane potential and a' **. Rubidium
also stimulates the Na” pump and blocks 1, yet rubidium
decreases a', but decreases the resting potential in both
Purkinje and myocardial fibers. All these results show that
the block of I by Cs" is not specific and that the transient
hyperpolarization by Cs* is accounted for by a stimulation
of the electrogenic Na* pump and not by the block of ..

In another approach, the mechanisms of the hyperpolar-
izing and depolarizing actions of Cs* were studied in active
and quiescent Purkinje fibers by means of a microelectrode
technique in order to determine whether Cs™ hyperpolar-
izes the membrane potential in a manner consistent either
with the stimulation of the Na* pump activity* or with the
block of 1.'%; and whether Cs* depolarizes in a manner
consistent with a block of I , . It was found* that in active
fibers Cs* (2 mM) inconsistently increases and then de-
creases the MDP, and markedly decreases DD. The in-
crease and decrease in MDP induced by Cs* were also
present in fibers driven at fast rate (no diastolic interval and
no activation of I). In quiescent fibers, Cs* causes an initial
hyperpolarization which subsides as a function of time. In
the presence of Cs*, after a period of quiescence, driven
action potentials are followed by very small undershoot, as
it would be expected by the block of an outward pacemaker
current activated during the AP. In zero mM [K*] (no 1),
the fibers depolarized at the plateau (where any residual I,
would be deactivated): Cs* induced a large and persistent
(Cs" substituting for the K*) hyperpolarization. These
results also suggest that the hyperpolarization is due to the
stimulation of an electrogenic Na* pump and not by the
block of L.

Cs* suppresses spontaneous discharge not by prevent-
ing the depolarization from the MDP (as it would be
expected from a block of 1), but by preventing the attain-
ment of the threshold through hyperpolarization and through
a decrease in MDP and DD amplitude. In high [K*] , Cs*
causes a small inconsistent hyperpolarization (the Na*
pump being already stimulated by high [K*] ) and a subse-
quent depolarization in quiescent fibers; and decreases
MDP in driven fibers. When Cs* is increased to 4, 8 and 16
mM, the initial hyperpolarization is gradually smaller and
the subsequent depolarization gradually larger. In addition,
the AP of the depolarized fibers is not followed by an
undershoot. In the presence of strophanthidin, Cs* hyper-
polarizes less®.

These results are also consistent with the conclusion
that Cs™ causes a transient hyperpolarization by stimulat-
ing the electrogenic Na* pump activity (and not by sup-
pressing 1) and blocks the pacemaker potential by block-
ing the undershoot, consistent with a Cs* block of a K*
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Fig. 2 Reversal of the pacemaker current I, in a single Purkinje
cell in 5.4 mM K* Tyrode solution. The holding potential
was -50 mV and a hyperpolarizing step was applied to
-55,-65, -75, -85 and -95 mV. The increase in current was
small at -55 mV and became larger at -65 and -75 mV. The
current reversed at -85 mV (Reproduced from the Journal
of General Physiology, 1995;106:559-578; Vassalle M,
Yu H, Cohen IS. The pacemaker current in cardiac
Purkinje myocytes, by copyright permission of The
Rockfeller University Press).

pacemaker current.

5. K* depletion, Ba’" and patch clamp experiments in
single Purkinje cells

The results so far reviewed indicate that there is no
evidence supporting the occurrence of an extracellular K*
depletion in DD voltage range, the specificity of Cs* block
of I, and Cs™-induced hyperpolarization being due to a
block of I. As for the proposal that Ba** unmasks I, by
preventing K* depletion (rather than by blocking I ), this
issue was studied with the whole cell patch-clamp tech-
nique in single Purkinje cell. This approach has several
major advantages. One is that there are no restricted
intercellular spaces (and Purkinje cell do not have T
tubules®®) and therefore it is possible to study the pace-
maker current in the absence and in the presence of Ba®".
This also allows the investigation of the effects of Ba?* on
the currents under study*.

In 5.4 mM K* Tyrode solution, hyperpolarizing steps
from the holding potential (V,) = -50 mV result in a time-
dependent current that has a threshold of -61 mV and
reverses near B (I, ;) (Fig. 2). Decreasing [K™] from 5.4
mM to 2.7 mM shifts the reversal potential of I, near the
more negative E,. Increasing [K™] to 10.8 mM almost
abolishes I . Cs* (2 mM) markedly reduces I, , at poten-
tials positive and negative to E, .

A point of major interest is that perfusion with 4 mM
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Fig. 3T, ,, inthe absence and I, in the presence of Ba*'. All panels
were recorded from a Purkinje myocyte superfused with
2.7 mM [K"] . The holding potential was -50 mV and
hyperpolarizing pulses were applied to -55, -65, -75, -85,
-95,-105, -115 and -125 mV in the absence (A) and to
-55,-65,-75,-85,-95,-105,-115,-125,-135 and -145 mV
in the presence of 4 mM Ba?" (B). (Reproduced from the
Journal of General Physiology, 1995;106:559-578;
Vassalle M, Yu H, Cohen IS. The pacemaker current in
cardiac Purkinje myocytes, by copyright permission of
The Rockfeller University Press).
Ba* eliminates I, in its usual range of potentials and
unmasks I with a threshold of -88 mV (27 mV more
negative than that of I, in Tyrode solution) (Fig. 3).
During more negative steps, I, increases in size and does
not reverse. High [K*] (10.8 mM) markedly increases and
Cs* (2 mM) blocks I..

The slope conductance decreases during the decay of
I ,, in Tyrode solution (no Ba**) and increased during the
activation of I_in the presence of Ba** (Fig. 4). The time
constant of the changes of the time-dependent currents is
similar to that of the changes of slope conductance, sug-
gesting that I, was not contaminated by I, in Tyrode
solution and I was not contaminated by I, in the presence
of Ba*".

These results show that I, , does reverse near E, and the
reversal is not due to K* depletion, but could contain a
component due to I, inactivation during hyperpolariza-
tion negative to E; the slope conductance of I, decreases
in the absence of K* depletion at potentials positive to E,
where I, is unlikely to be inactivated. Ba** blocks I, and
unmasks I, with a threshold some 25 mV negative to that of
Ly Cs* decreases both I, in the absence of Ba*" and I, in
the presence of Ba*". Thus, in Purkinje cells the pacemaker
current is due to a voltage- and time-dependent decrease in
K* conductance*, as initially proposed?, which can be
separated from hyperpolarization-activated inward I.

The discrepant interpretations of the pacemaker current
in Purkinje fibers apparently resulted from three factors:

Kdd
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Fig. 4 Decrease in slope conductance during I, ,, in the absence
of Ba>" and increase in conductance during I_in the
presence of Ba?". In Tyrode solution (no Ba*', top panels),
the decrease in amplitude of the current steps superim-
posed on the test step to -75 mV shows that the slope
conductance decreases during I, , .. In the presence of 4
mM Ba?" (bottom panels), the increase in amplitude of
the current steps superimposed on the test steps to -105
and -115 mV show that the slope conductance increases
during the activation of I. The graphs show the changes
in the amplitude of the small current pulses during I, ,,
(top graph, dots) in Tyrode solution and during I, at -105
(triangles) and -115 (squares) mV in the presence of Ba?*
(bottom graphs). (Reproduced from the Journal of Gen-
eral Physiology, 1995;106:559-578; Vassalle M, Yu H,
Cohen IS. The pacemaker current in cardiac Purkinje
myocytes, by copyright permission of The Rockfeller
University Press).

the confounding effect of K* depletion at potential nega-
tive to E,, where the depletion current was assumed to be
large enough not only to mask the activating I, but also to
induce a spurious reversal of the time-dependent current;
the use of Ba* to block I, | and therefore K* depletion; the
belief that Cs* was a specific blocker of 1.

The various approaches that we adopted show that
positive to E, there is little, if any, K* depletion; no [, i
seen in presence of Ba?" because Ba** blocks it; and Cs* is
not a specific blocker of I since, it blocks also I ,,. The
results with Purkinje strands provide no evidence that the
pacemaker potential is due to I, and instead suggest that [,
is the pacemaker current. By using single Purkinje myocytes,



we avoided the possibility of a K* depletion on hyperpolari-
zation. Therefore, we could separately study the pace-
maker current in the absence of Ba?" and effects of Ba?* on
I, .- The results show that in Tyrode solution only I is
generally seen at diastolic potentials and that Ba?" abol-
ishes it, thus unmasking I, at a potential usually negative to
the MDP. Therefore, in Purkinje fibers the decay of [ ,,
appears to play the major role in the pacemaker potential.

One point need to be clarified, namely, how the decay of
the outward I, can result in a diastolic inward current.
Naturally, the answer is that DD is due to a net inward
current, resulting from a time-independent inward current
(background Na* current) and a decaying time-dependent
outward K* current (I ). The pacemaker current has to be
a voltage- and time-dependent current. The decay of a
time-dependent outward current in the presence of an
inward background current causes a “time-dependent net
inward current”. During DD, the net current becomes
inward with time only because the outward pacemaker
current deactivates. Some view the time-independent “back-
ground” current as a possible pacemaker current. However,
a time-independent inward background current would not
cause (as it does not in myocardial fibers) a slow decline in
diastolic pacemaker potential. DD can be caused only by a
time-dependent current in the DD range in the presence of
a time-independent background current.

It should be noted that I_is a mixed Na" and K* pace-
maker current'®: during DD, any increase in conductance
of the I, channel would cause progressively more K* to
leave the cell, since the membrane potential is positive to
E, and more so as DD progresses. The outward flow of K*
through the I, channel would oppose DD.

The relationship between the AP and the pacemaker
current would be as follows™. I, is partially activated at
the resting potential. During the AP, I, fully activates and
during phase 3 repolarization the increased membrane
conductance induced by the I, ,, channel allows the poten-
tial to approach E, . However, the slow deactivation of the
I ,; channel at negative potentials causes DD in the pres-
ence of a time-independent inward background Na* current.
In lower [K*] , the undershoot and DD are larger, as the
activation of I, during the AP allows the membrane to
approach the more negative E, .

OSCILLATORY POTENTIALS AND THE PACE-
MAKING PROCESS

As mentioned in the INTRODUCTION, diastolic depo-
larization can not be equated with spontaneous discharge,
since in quiescent fibers; a driven AP is followed by DD

Mario Vassalle

but no spontaneous discharge. Thus, DD is only a compo-
nent (albeit essential) of the pacemaking process. Both in
the SAN and in Purkinje fibers, there are afterpotentials
(V,)) and prepotentials (ThV ) which also appear to play
an obligatory role in spontaneous discharge under normal
or abnormal conditions. ThV __ appear to participate in the
discharge of both the dominant pacemakers of SAN and
Purkinje fibers. V_ also seems to participate in dominant
pacemaker discharge in SAN under normal conditions,
and it participates in pacemaker discharge of Purkinje
fibers under certain abnormal conditions (calcium over-
load).

As mentioned above, DD is an afterpotential (it follows
the action potential) and therefore prepotentials (ThV )
are needed for the initiation of spontaneous discharge in a
quiescent pacemaker. In addition, it is possible to demon-
strate that ThV__is the link between DD and threshold for
the upstroke. Therefore, ThV__ are also necessary for the
maintenance of spontaneous discharge, both in SAN and in
Purkinje fibers. V__ contributes to fast discharge in differ-
ent ways (see below).

A. Sino-Atrial Node

In SAN pacemakers, under normal conditions no oscil-
latory potentials are seen. Therefore, naturally enough, it is
generally believed that the pacemaking process involves
only the pacemaker current. However, the picture changes
substantially when [K*]_is increased, since DD become
smaller and less steep until it misses the threshold. When
it does so, diastolic oscillations become visible and distinct
one from the other and from initial diastolic depolarization
(DD)).

As usual, when [K*] is increased, the MDP decreases
and all APs assume dominant-like configuration (slow
responses with U-shaped DD). High [K*] then unmasks
the two types of oscillatory potentials mentioned, namely, V_
(which is obligatorily superimposed on DD,) and ThV
(which can occur at any time during diastole)!>221274! Tn
high [K*] , SAN abruptly slows down when ThV __ fail to
attain the threshold: it is this failure that unmasks ThV
and their role in the maintenance of spontaneous discharge.
However, this does not lead to a permanent SAN arrest,
since the subsequent DD, enters a less negative voltage
range (“oscillatory zone”) and ThV __ appear again. They
gradually increase in size and attain the threshold for the
AP, indicating their obligatory role in the initiation of
spontaneous discharge (Fig. 5). As ThV__ occur later dur-
ing diastole, they become separated from V__ which re-
mains superimposed on DD,. If ThV __ consistently miss
the threshold, they decreases in size, disappear and quies-
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Fig. 5 High [K"], depolarizes SAN and unmasks diastolic oscillations.

In (a), the SAN was superfused in progressively higher [K*] as
indicated by numbers between the traces at normal and at higher
gain. In the fourth (a) panel, an inflection is seen during the
upstroke. At the beginning of (b) the threshold was missed (first
oblique arrow) revealing an oscillation that quickly decreased
(subsequent 3 arrows). In the higher gain lower trace, as DD
continued, increasing oscillations appeared (ThV , dots) which
led to the resumption of a slower thythm. When ThV __ consistently
missed the threshold (last b panel), they decreased in size and SAN
became quiescent. The ThV and V_ labeled with a dot and an
arrow are shown at higher gain in the boxed inset. In (c), the SAN
was driven and the arrow points to a V_. (Reprinted from J Mol
Cell Cardiol, vol. 29, Kim EM, Choy H, Vassalle M. Mechanisms
of suppression and initiation of pacemaker activity in guinea pig
sino-atrial node superfused in high [K"] , pp. 1433-1445, Copy-

the MDP is gradually removed as DD, progresses into
the oscillatory zone. When ThV __become large
enough, they attain the threshold and initiate a slow
discharge. If [K*] is further increased, the size of
both oscillatory potentials continues to decrease and
the smaller ThV  consistently miss the threshold and
SAN becomes quiescent*!.

On reducing high [K*] , ThV__ reappear, increase
in size and initiate spontaneous discharge. As they
occur progressively earlier during DD, they eventu-
ally fuse with V_: at that stage, DD appears to
continue directly into the upstroke (U-shaped DD)
and the oscillations are no longer seen. That V_ and
ThV  are unmasked (rather than induced) by high
[K*], is shown by the fact that a stepwise increase in
[K*], reduces the amplitude of the oscillatory potentials,
which is inconsistent with high [K*] inducing them.
This is confirmed by the fact that during recovery in
Tyrode solution, size and slope of V_and of ThV
increase markedly and cause a faster discharge, at
which time they become no longer visible. As APs
assume the subsidiary configuration, their DD (no
longer U-shaped) abruptly terminates into the
upstroke*!.

Since ThV__ are temporarily suppressed after domi-
nant APs because the MDP is negative to the oscilla-
tory zone, it is not surprising that the U-shaped DD
(due to the attainment of the threshold by the oscilla-

right 1997 with permission from Elsevier).

cence follows. If the quiescent SAN is driven, the AP may
be followed by V _ in the absence of ThV __ (Fig. 5c). These
findings elicit a number of substantial questions, such as
the relationship between V _, ThV _, DD and the APs or the
mechanism by which ThV _ re-increased during DD, to
actually attain the threshold.

That the dominant diastolic depolarization is due to a
fusion V_, ThV__ and the early diastolic depolarization
(DD,)) can be inferred from the fact that, during continuing
high [K*] perfusion, V_and ThV_ become separated, with
V , following the AP and ThV _ appearing later during DD
(Fig. 5b). Typically, the AP induced by ThV __is followed
by a V_ superimposed on DD, and by the suppression of
ThV . The suppression of ThV_ by the AP is due to the
undershoot to the MDP which is negative to the oscillatory
zone. This is shown by the fact that if sub-threshold ThV
are continuously present in a quiescent SAN, a spontane-
ous or a driven AP leads to the temporary suppression of
ThV . ThV_ appear again and grow in amplitude during
DD, because the inhibition due to the hyperpolarization to
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tory potentials superimposed on DD ) should not be

present in the subsidiary diastolic range. The presence
of ThV__ in the dominant and their absence in the subsid-
iary range may be a major characteristic that differentiate
dominant from subsidiary pacemaker discharge*'.

As for the factors that are involved in the genesis of V_ and
ThV_, Ca* seem to play an important role. In high [K*] ,
increasing [Ca®']_increase size and slope of V _ and of
ThV _, which in turn restore or accelerate discharge. In
contrast, low [Ca®*] abolishes V_and ThV_ and causes
SAN arrest”#!. However, it appears that it is [Ca®*]. and not
[Ca®"]  that is important for both V_and ThV , since
overdrive has the same effects as high [Ca**] and millimo-
lar concentrations of Ni** stops the SAN as low [Ca®]_
does: during overdrive and the exposure to Ni**, [Ca*] is
normal although [Ca®'], should change in opposite
directions. Apparently, ThV _ are unrelated to the calcium
sparks that appear during the late DD*** and that are
caused by I, ; liberating pockets of Ca?" which activate the
Na/Ca exchange*?, since micromolar concentrations of
Ni?* not only do not stop the SAN but in fact increase the
rate?!#!,



In other cardiac tissues, V__ appears when the sarcoplas-
mic reticulum (SR) becomes Ca*" overloaded and disap-
pears when the SR function is impaired**. Ryanodine (a
blocker of SR Ca’* handling®) eliminates V_ and mark-
edly slows or stops discharge. Ryanodine also eliminates
ThV _, but it is not known whether this action is indirect,
due to the smaller DD*. Cs" induces'? (Fig. 1) or acceler-
ates spontaneous discharge as ThV__ increase in size and
reach the threshold sooner. Therefore, ThV _and initia-
tion of activity in SAN do not appear to involve I, which is
blocked by Cs*™ 416,

These results show that ThV_ and V__ are separate
voltage oscillations that play an obligatory role in the
initiation and maintenance of SAN discharge, V_ by in-
creasing the size and the slope of DD, and ThV by
attaining the threshold in the dominant pacemaker range,
either by gradually increasing during DD, at slow rates or
by fusing with V__ at fast rates*'.

B. Purkinje Fibers

Also in this tissue, ThV __play an obligatory role in the
initiation and maintenance of spontaneous activity. In
vitro, in Purkinje fibers superfused at a physiological [K*]
(4-5 mM), stoppage of drive is followed by a diastolic
depolarization that reaches a steady resting potential (Fig.
6A)*. When [K']_is sufficiently lowered (to=3 mM), the
resting potential begins to oscillate and ThV _ rapidly
increase in amplitude to a comparable extent above and
below the original potential level and intermittently reach
the threshold (Fig. 6B). As in the SAN, if ThV __ consis-
tently miss the threshold, they decrease in size and sponta-
neous discharge ceases (Fig. 6C). Instead, if [K*]_is
suitably low, they originate progressively sooner during
diastole until they fuse with early diastolic depolarization.
At that stage, diastolic depolarization appears to proceed
from the maximum diastolic potential to the threshold and
ThV__ are no longer apparent**+’.

As in SAN, the upward swing of last part of DD appears
to be the depolarizing phase of a ThV__. Thus, on exposure
to higher [K™] , the upward curvature that precedes the
upstroke becomes much less pronounced and (when the
threshold is missed) a ThV __is unmasked (see Fig. 7 in Ref.
48). When ThV __ gradually decrease in size, the resting
potential stabilizes at a value in between the maximum
diastolic potential and threshold?’#*#’. Therefore, even
during regular discharge, ThV __ are the link between DD
and threshold, thereby contributing to the maintenance of
spontaneous activity. What DD does is to bring the mem-
brane potential into the oscillatory zone, where the activation
of the depolarizing phase of a ThV __ attains the threshold.

Mario Vassalle
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Fig. 6 Initiation of spontaneous activity by ThV__in Purkinje

fibers. In panel A, the traces were recorded in Tyrode

solution ([K*] =4 mM). The fiber was driven at 60/min

and, when the drive was interrupted, DD proceeded to the

resting potential and the fiber remained quiescent. In

panel B, [K'] was decreased to 3 mM and ThV_ appeared

that led to spontaneous APs. In panel C, the higher gain

trace shows that the AP induced by increasing ThV_ was

followed by the suppression of ThV_ which re-increased

during the late DD. When ThV__ missed the threshold,

quiescence followed. (Reproduced from Spiegler P,

Vassalle M. Role of voltage oscillations in the automatic-

ity of sheep cardiac Purkinje fibers. Can J Physiol

Pharmacol 1995;73:1165-1180. By permission of NRC
Research Press)

In contrast to DD, the depolarizing phase of ThV__ ap-
pears to be somehow related to Na™ entry, since tetrodot-
oxin (TTX) abolishes the discharge of Purkinje fibers by
suppressing the late (but not the early) part of DD (see Fig.
2 in Ref. 49). The selective sensitivity of the upswing to
TTX shows that this depolarizing potential is caused by a
mechanism different from that of DD. In Purkinje fibers, at
the time when TTX stops spontaneous discharge by sup-
pressing ThV_, APs followed by DD can still be elicited by
electrical stimuli*® showing that the stoppage is due neither
to inexcitability nor to the suppression of DD.

As mentioned above, in low [K*] , during successive
ThV_, the slope as well as amplitude of depolarizing and
hyperpolarizing phases gradually increases (see dashed
lines in Fig. 6B). This oscillatory behavior of ThV __is not
shared by DD: the decay of the pacemaker current I, is
exponential and the pacemaker current does not oscil-
late*?*4°, The hyperpolarization-activated I also does not
oscillate'®". The pre-potentials ThV __ that occur at the
resting potential are unlikely to be related to the after-po-
tential V__ that may be superimposed on early DD. In fact,
in Purkinje fibers, V __are usually present only under
conditions of calcium overload™*'.
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Fig. 7 Effects of ramps with a different slope and magnitude on
I, in normal and in low [K"]_in a single Purkinje cell.
The left hand traces were recorded in 4 mM [K*] and the
right hand traces in 2.7 mM [K*] Vh was -80 mV and
slope and magnitude of initial depolarizing ramp were
progressively increased (11, 20, 29, 38 mV s') and then
oscillatory ramps were applied to the different potential
levels (see protocol at the bottom and the numbers above
the respective traces). The vertical dashed lines are drawn
between beginning and end of the negative slope region
and the corresponding voltages. Part of the traces labeled
by a triangle and a diamond are juxtaposed between the C
and D panels and show the reversal of current direction.
Empty square marks the reversal of current direction in
the lower with respect to the higher [K*] . Gray areas
emphasize the decay of I .. Boxed inset shows the
negative slope in 4 mM [K"]_(dot) and in 2.7 mM [K'],
(square). The arrows point to the negative slope and
inward shift of the onset of the negative slope in the lower
[K'].. (Reproduced from Rota M, Vassalle M. Patch-
clamp analysis in canine cardiac Purkinje cells of a novel
sodium component in the pacemaker range. J Physiol
(London) 2003;548.1:147-165, by permission of The
Physiology Society).

Therefore, both Purkinje fibers and sino-atrial node
share the ThV_ mechanism for the initiation and mainte-
nance of rhythmic discharge. In SAN, V_ can contribute to
spontaneous discharge in two ways: it steepens the slope of
DD, thereby accelerating spontaneous discharge; it can
attain the oscillatory zone thereby initiating ThV_*'. In
Purkinje fibers, V__also steepens DD, and can enter the
oscillatory zone, but it is generally present when the SR is
Ca?* overloaded?®%3!,
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C. Mechanisms of the Oscillatory Potentials

The fact that ThV_and V__ are present both in the sino-
atrial node and in Purkinje fibers does not necessarily
means that they are caused by the same currents. That the
currents might be different is suggested by the fact that the
voltage range (oscillatory zone) at which they appear is
much more negative in Purkinje fibers than in SAN. In both
tissues, much is to be learned about the mechanisms
underlying ThV _, but some information is available about
ThV__ in Purkinje fibers and this will be considered first.

1. ThV_ in Purkinje fibers

The fact that TTX abolishes the last part of DD as well
as ThV__ suggests that a sodium current is involved. In
order to account for the final upward swing that attains the
threshold for the upstroke, this Na* component would have
to inactivate slowly. We investigated this putative Na*
current and its possible contribution to the depolarizing
phase of ThV by means of patch voltage- and current-
clamp techniques in single Purkinje cells®?, thereby avoid-
ing the complications associated with ion depletion and
accumulation in narrow extracellular spaces.

The results obtained show that on depolarization there
is a marked inward rectification which begins at the resting
potential and is associated with a fall in slope conductance
which reaches a minimum at about -60 mV. At that potential,
the I-V relation undergoes a region of negative slope which
appears to be mainly caused by a slowly inactivating Na*
current (labeled I ). I . is an inward current that activates
quickly and inactivate slowly during steps negative to the
threshold for the fast sodium current [ . It is present also
during slow depolarizing ramps that fail to activate I . Its
voltage-dependence is such that during depolarizing ramps,
I,; appears at a threshold of ~ -60 mV and disappears at ~
-35 mV. I, is time-dependent, since it is larger during
faster depolarizing ramps (greater channel availability),
and it is smaller or absent during slow depolarizing ramps
or during repolarizing ramps (and therefore is different
from the window current).

During faster ramps, I, appears superimposed on I .,
the latter current resuming its usual patterns after the quick
inactivation of I . Once initiated during a ramp, 1, slowly
decreases as a function of time during the subsequent
steady potential, as the channel inactivates over a period of
seconds. During the negative slope, I, is associated with
a progressive increase in slope conductance and with a
reversal of the polarity of the superimposed pulse currents
(which is due to the negativity of the slope). During
oscillatory ramps at less negative potentials, the current
reverses direction, presumably because I, is activated in



the negative slope region.

The role of Na* as the carrier of I, is indicated by the
fact that this current is markedly reduced by tetrodotoxin
and lidocaine. In contrast, I is little affected by Cs* and
Ba?", which, instead, markedly reduce the initial current
during depolarizing ramps. It is of considerable interest
that low [K*] (which initiates spontaneous discharge
through ThV ) increases the amplitude of I, and shifts its
activation potential to more negative values (Fig. 7).
Reciprocally, high [K*] (which suppresses ThV _ and
spontaneous discharge) has opposite effects on I ;. In
voltage clamp mode, the results are consistent with the
activation of I , being responsible for the gradual transi-
tion between diastolic depolarization and the upstroke.

The conclusions suggested by these results are that
within the pacemaker range there are two factors that are
important contributors to spontaneous discharge. One is a
voltage- and K*-dependent decrease in K* conductance on
depolarization from the MDP, and the other (beginning at
-60 mV) is the activation of a voltage- and time-dependent
inward Na* component (I,,_,) with slow inactivation kinetics.
In spontaneously discharging fibers, the decrease in slope
conductance as a function of voltage (inward rectification
of I, ) would enhance the effects of the pacemaker current
(time-dependent decrease of [ ) thereby steepening DD,
whereas I, would permit the attainment of the threshold.
The mechanisms by which low [K*] initiates spontaneous
discharge in Purkinje fibers include a K*-dependent fall of
the slope conductance in a critical range and a negative
shift in the activation potential of a larger ..

2. ThV _ in the sino-atrial node

Although in SAN the behavior of ThV _ is quite similar
to that in Purkinje fibers, the current responsible for the
depolarizing phase of ThV__is unlikely to be the same.
Thus, the dominant pacemaker range in the SAN is far less
negative than that of Purkinje fibers. In addition, (in
contrast to Purkinje fibers) SAN dominant APs are little
affected by TTX"*. Already it is known that Ca®" entry
contributes to the last past of DD'2. Furthermore, high
[Ca*] increases ThV_ and markedly enhances SAN dis-
charge and low [Ca®] has the opposite effect®!4!.
Therefore, Ca*" is likely to play in the ThV__of the SAN the
role that [, plays in the ThV __ of Purkinje fibers.

3.V in Purkinje fibers

The mechanism underlying V__ has been extensively
studied in Purkinje fibers and appears related to Ca>*
overload of the SR3+4430.51.33-39 In brief outline, under
normal conditions, I, releases Ca** from the SR in systole.
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In order to maintain intracellular Ca?* homeostasis, the
Ca*" that enters the cell through the slow channel in systole
has to be extruded from the cell through the Na*-Ca?"
exchange in diastole. Instead, the Ca** released by the SR
in systole is again taken up from the cytoplasm by that
structure in diastole.

When the cytoplasmic Ca?" load abnormally increases
(e.g., high [Ca*] , toxic doses of digitalis, etc.) more Ca**
is taken up by the SR during relaxation. However, when the
SR becomes Ca?" overloaded, apparently it becomes
unstable. On possibility that has been proposed is that Ca*'-
induced Ca?* release from the SR occurs not only during
systole (as under normal conditions) but also in diastole,
caused by the re-uptake of Ca>" into the SR during the
relaxation of the myofilaments®!. This would account for
the transient (oscillatory) release of Ca** during early
diastole. This diastolic release is oscillatory (it starts, peaks
and decays), since it would be triggered by the re-uptake of
Ca?" at the beginning of diastole.

The oscillatory release of Ca** induces at the same time
an aftercontraction and an afterdepolarization (V ). V__is
due to the fact that a new release of Ca*" during diastole
from the SR into the cytoplasm stimulates its extrusion
through the Na*-Ca?* exchange. Since the exchange is
electrogenic (3 entering Na™ are exchanged for 1 extruded
Ca?") an inward current is created, which is oscillatory
because the diastolic release of Ca*" from the SR is
oscillatory. If V_ is large enough, it may attain the thresh-
old and initiates an AP or a train of APs. This sequence of
events would account also for the fact that V_ occurs
obligatorily after the AP (which induces a contraction
whose relaxation may initiate the extra release of Ca*") and
is superimposed on DD, reflecting the triggering of the
extra Ca® by the relaxation process.

4.V in the sino-atrial node

While the above events may account for the arrhythmias
induced by V__in Purkinje fibers, the question arises as to
why V__should be present in the SAN under normal
circumstances, and even in high [K*] , which decreases
Ca* influx'’ and force of contraction®**2. Two factors
might contribute to overload the SR of dominant pace-
maker cells*'. One is that in SAN the SR is sparse® and
therefore it could be Ca**-overloaded even under normal
conditions. Another possible factor is that the driving force
for Ca?" extrusion might be smaller in SAN dominant
pacemakers, because their diastolic potential is less nega-
tive than that in other cardiac tissues (decreased driving
force for Ca?" extrusion). Therefore, Ca?" would tend to
accumulate in the SR and this might explain the fact that
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V. is present even after the first AP elicited in a quiescent
SAN*.

In direct support of the relation between V_ and Ca*
load is the fact that V __increases when Ca** load increases
and decreases when Ca?" load decreases?'*'. In addition, in
high [K*] , driving the SAN at rates in excess of 60/min
increases contractile force®! through an accumulation of
intracellular calcium, apparently because diastole is too
short for the extrusion of the Ca?* entering the cells during
drive. After a period of fast drive, contractile force returns
to control value only after long pauses®'.

As shown in Purkinje fibers, V_ follows the AP because
the underlying oscillatory current (I or [ ) appears only
after a depolarization is large enough to cause Ca** entry in
the cell?®3!. A previous contraction is needed for the relax-
ation to initiate the oscillatory release of Ca** from the Ca*
overloaded SR. I_ is also increased by high [Ca*] as well
as by repetitive depolarizing steps and by norepinephrine®'.
That the depolarizing event superimposed on DD, is V __
(and not ThV ) (apart from the obligatory association of
V. with the AP and the inhibition of ThV __ by the AP) is
indicated by the fact that typically the oscillations of V__ (if
multiple) decrease whereas those of ThV  increase.

CONCLUSIONS

The evidence reviewed suggests the following general
conclusions. Spontaneous discharge necessitates diastolic
depolarization as the mechanism by which the membrane
potential decreases from the maximum diastolic potential
to the oscillatory zone. And it necessitates ThV__ as the
mechanism by which the membrane potential attains the
threshold.

DD is determined a time-dependent change in conduc-
tance that leads to a net inward current. This can be
accomplished during diastole either by a decreasing out-
ward K* current or by an increasing inward Na*™ current. It
appears the different cardiac pacemakers use different
pacemaker currents. In SAN, the dominant pacemaker
mechanism appears to be the decay of the delayed rectifier
current I, whereas the subsidiary mechanism appear to be
I, activation'’. These two mechanisms may be present in
the same cell, the diastolic potential range determining
which mechanism is actually brought into play. Thus, in
subsidiary pacemaker cells the subsidiary mechanism is
substituted by the dominant if the diastolic range becomes
less negative!'®?. In Purkinje fibers, the pacemaker mecha-
nism is due to the decay of the K* current I  >**".

The advantages of these arrangements are several. In
SAN, either of the two pacemaker mechanisms can sustain
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spontaneous discharge??, which in itself is a safety
mechanism. Furthermore, the two mechanisms being
different'?, they are not affected by the same procedures?
and this too is a safety mechanism. For example, hyper-
kalemia (by depolarizing subsidiary pacemaker cells) elimi-
nates I, but it does not suppress I ; and the subsidiary
pacemaker depolarization decreases the electrotonic drag
on SAN dominant pacemakers.

The different pacemaker current in Purkinje fibers?
decays more slowly than that the dominant pacemaker
current'® and this prevents Purkinje fibers from competing
with SAN under normal circumstances, a safety mecha-
nism which is enhanced by overdrive suppression'?.

The existence of an oscillatory zone in the voltage range
of the resting potential appears to be an obligatory require-
ment for initiation of spontaneous activity in both SAN202!!
and Purkinje fibers*®*”-%2, In addition, the depolarizing
phase of ThV__ appears to be the link between DD and the
threshold for the AP upstroke and therefore to be indis-
pensable for spontancous discharge of dominant SAN
pacemakers??'#! and of Purkinje fibers*¢47:52,

The depolarizing phase of ThV__ in Purkinje fibers is
due the slowly inactivating I_**, whereas in SAN domi-
nant pacemaker cells is likely to be due to Ca* entry'>. V
appear to contribute to fast discharge of SAN under normal
circumstances*' and to that of Purkinje fibers under abnor-
mal circumstances™**. Under abnormal circumstances (e.g.,
marked depolarization due to low [K*] *7 or digitalis
intoxication®***) also in Purkinje fibers the decay of I, may
lead to fast discharge at depolarized level.
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