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A Model for Early Afterdepolarizations:
Induction With the Ca’* Channel Agonist
Bay K 8644

Craig T. January, Janet M. Riddle, and Joseph J. Salata

Early afterdepolarizations (EADs) are one mechanism proposed to cause certain cardiac arrhythmias.
We studied the effect of the Ca’* channel agonist Bay K 8644 (1x107° to 5x10™° M) on normally
polarized sheep and canine cardiac Purkinje fiber short segments. EADs occurred with higher Bay
K 8644 concentrations and had an average take-off potential of —34 mV. The initiation of EADs was
preceded by lengthening of action potential duration and flattening of the plateau. Induction of EADs
with Bay K 8644 was enhanced by low stimulation frequencies, lowering of [K], addition of
tetraethylammonium chloride, or application of depolarizing constant current pulses during the
plateau. EADs were abolished by increasing stimulation frequency, raising [K], the addition of
tetrodotoxin, lidocaine, ethmozin, verapamil, and nitrendipine, or application of repolarizing
constant current pulses. Using current pulses to modify the action potential plateau, a steep inverse
relationship was found between the EAD peak voltage and its take-off potential, and EADs could be
initiated over only a narrow range of take-off potentials. Thus, interventions that suppressed EADs
shortened action potential duration or shifted the plateau away from the voltage range needed to
initiate EADs. These observations suggest that mechanisms dependent on both time and voltage
underlie EADs, and provide a unifying hypothesis for the induction of the EADs. We propose that
induction of EADs requires 1) lengthening of action potential duration within a plateau voltage range
where 2) recovery from inactivation and reactivation of an inward current possibly carried through

Ca’* channels can occur. (Circulation Research 1988;62:563-571)

tivity have been suggested to cause cardiac

arrhythmias (for reviews see Cranefield' and
Hoffman and Rosen?). Afterdepolarizations that de-
velop following complete repolarization of the action
potential (delayed afterdepolarizations, DADs) are
prototypically induced with cardiac glycoside toxicity,
are associated with characteristic changes in excitabil-
ity,” and may give rise to arrhythmias and conduction
disturbances.* Afterdepolarizations can also develop
before repolarization of the action potential is com-
plete. These early afterdepolarizations (EADs) inter-
rupt and delay repolarization' of the action potential.
In contrast to DADs, which are triggered by rapid
stimulation, EADs are more likely to occur at low
stimulation frequencies and with lengthening of action
potential duration. Although recognized prior to
DADs, EADs have received less study, and their
underlying mechanism(s) remain unknown. Recently,
EADs have assumed increasing importance as a pos-
sible arrhythmogenic mechanism. For example, inter-
ventions such as Cs* or possibly quinidine, which
lengthen action potential duration and produce EADs

ﬁ fterdepolarizations giving rise to triggered ac-
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inisolated tissue, have also been shown in intact animal
studies to lengthen the QT interval and to induce
polymorphic ventricular tachycardia resembling “tor-
sades de pointes.”*

Bay K 8644 is an agonist for Ca?* channel current.
In contrast to most dihydropyridines, it has been shown
to lengthen the cardiac action potential and to exert a
positive inotropic effect.”'® We have developed a new
model for the induction and study of EADs in cardiac
Purkinje fiber short segments using Bay K 8644. EADs
were induced in most fibers exposed to higher con-
centrations of Bay K 8644 and stimulated at low
frequencies. Consistent changes in action potential
characteristics and plateau voltages preceded the ini-
tiation of EADs. Using this model, we systematically
studied the effect on EADs of interventions that alter
action potential characteristics by different mecha-
nisms. Our results show that several interventions are
successful in modifying or abolishing the EADs we
studied, permitting a unifying hypothesis for the
mechanisms underlying these EADs.

A preliminary report of this work has appeared.”

Materials and Methods

Preparations

In most experiments, sheep Purkinje fibers were
used.’ Sheep hearts were obtained from a nearby
slaughterhouse, rinsed free of blood, and transported
to the laboratory in cooled oxygenated Tyrode’s solu-
tion. In a few experiments, Purkinje fibers from canine
hearts were used. Hearts were rapidly removed from
mongrel dogs anesthetized with sodium pentobarbital
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(30 mg/kg i.v.). Single free-running unbranched Pur-
kinje fibers having diameters of 60-250 wm were used.
Fine wire ties were placed around fibers to isolate short
segments of <2.0 mm in length. One end of the
preparation was pinned distal to the wire tie to the wax
floor of a lucite chamber (volume 1.5 ml). The other
end of the preparation was attached by its wire tie to
a tension transducer (Cambridge Technology, Cam-
bridge, Massachusetts). Fibers were mechanically
Joaded by stretching them 20% to 30% beyond slack
length. Preparations were superfused with Tyrode’s
solution at a rate of 3-5 ml/min, and the bath
temperature was maintained at 37+0.5°C.

Electrical Recording

Membrane potential was measured with glass micro-
electrodes (1B150F, World Precision Instruments,
New Haven, Connecticut) that were filled with 3 M
KCl, had resistances of 5-12 M2 and had tip potentials
<5 mV. Similar microelectrodes were used for current
injection. The current-passing microelectrode was
inserted near the center of the preparation and was
within 200 wm of the voltage recording microelec-
trode. The signal from each microelectrode was fed to
the input of a high-input impedance amplifier before
being displayed on a digital voltmeter. The current-
passing electrode also could be connected to a multi-
channel current source (World Precision Instruments).
Stimulating current pulses usually were 2 msec in
duration with amplitudes of 1.5 times the threshold.
The bath was held at ground potential by a current-
to-voltage circuit. Signals were displayed on a storage
oscilloscope (Tektronix, Beaverton, Oregon) and a
stripchart recorder (Gould, Cleveland, Ohio). The
signals also were stored on FM tape (A.R. Vetter,
Redersburg, Pennsylvania; recording speed 3%a or 7%2
ips) and replayed (15/ 16 ips) on the stripchart recorder
giving an effective bandwidth (—3 db) of 0.5 or 1.0
kHz. Because of limitations in frequency response of
the stripchart recorder, this method led to attenuation
of rapid transients (action potential overshoot, stimulus
pulse amplitude) but otherwise did not distort the
records.

Solutions

Tyrode’s solution contained (mM) 127 NaCl, 5.4
KCi, 1.8 CaCl,, 1.05 MgCl, 2.4 NaH,PO,, 22
NaHCO,, and 5.5 glucose, was gassed continuously
with a mixture of 95% 0,-5% CO,, and had a pHof7.4.

Bay K 8644 [methyl 1,4-dihydro-2,6-dimethyl-3-
nitro~4—(Z-triﬂuoromethylphenyl) -pyridine-5-carboxyl-
ate] was supplied by Miles Pharmaceuticals (West
Haven, Connecticut) as a racemic mixture. Bay K 8644
was dissolved in absolute ethanol to form a 1% 10*M
stock and diluted for each experiment with Tyrode’s
solution usually to a concentration of 1 X 107¢M, from
which further dilutions were prepared. The final
ethanol concentration was less than 0.01%, and had no
electrophysiological or mechanical effects (n=3).Ina
few experiments, Bay K 8644 was diluted in Tyrode’s
solution to a concentration of 1x107° M to obtain

higher test concentrations. In all experiments, room
and chamber lighting was extinguished during drug
superfusion to avoid photoinactivation of Bay K 8644,
Tetrodotoxin (TTX, Calbiochem, San Diego, Cal-
ifornia, and Sigma, St. Louis, Missouri), lidocaine
hydrochloride (Astra, Santa Clara, California), vera-
pamil hydrochloride (Knoll Pharmaceutical, Whip-
pany, New Jersey), and ethmozin (a gift from Dr. A,
Undrovinas, All-Union Cardiology Research Center,
Moscow, USSR) were dissolved in distilled water to
form separate stock solutions. Nitrendipine (Miles
Pharmaceuticals) was dissolved in absolute ethanol to
form a stock solution (1x 1072 M). Each drug stock
was added to Tyrode’s solution containing 1 x 10°M
Bay K 8644 to final drug concentrations of 4 X 107°M
TTX, 1.7 x 10~ M lidocaine, 1-2%x107°* M vera-
pamil, 1-5x107° M nitrendipine, and 4x107° M
ethmozin. The addition of drug stock solution did not
alter the ionic concentration of Tyrode’s solution by
more than 0.1%. In other experiments, tetracthylam-
monium chloride (TEA, Sigma) was directly added at
a concentration of 10 mM or the KCl concentration was
reduced to 3.5 mM without osmotic correction.

Expén’mental Protocols

Fibers were stimulated at 1 Hz usually for a 1-hour
equilibration period before experiments were begun.
Because EADs can occur in freshly isolated fibers, our
experimental protocols required that every fiber for
study have normal resting and action potentials and be
free of automaticity and afterdepolarizations. To char-
acterize the control Purkinje fiber preparation and the
concentration- and frequency-dependent effects of Bay
K 8644, the following protocol was used. At the end
of the equilibration period, control measurements were
made of the following parameters: maximum diastolic
potential; action potential overshoot; action potential
duration at 90% of repolarization (APD,); the action
potential plateau voltage at 100, 150, and 200 msec
following upstroke; and twitch tension amplitude. The
stimulation frequency then was reduced from 1 Hz to
0.2 Hz for 4-5 minutes, and the measurements were
repeated. Measurement of APD,, was made at the same
membrane voltage used at the 1-Hz stimulation fre-
quency. The stimulation frequency was returned to 1
Hz and Bay K 8644 was introduced into the chamber.
We applied concentrations of 1 102 M, 5x 107 M,
1x10"M, 5%x10°7M, 1x10° M, and 5 X 10° M.
Because the effect of Bay K 8644 is not easily removed
with washout of the drug from the chamber, the drug
was always applied in increasing concentrations. All
preparations were exposed to 1 X 10-* M Bay K 8644
but not always to every other concentration. At each
drug concentration the preparation was stimulated at 1
Hz for 5 minutes before action potential characteristics
and twitch tension amplitude were measured. The
stimulation frequency was then reduced to 0.2 Hz for
4 minutes, and the measurements were repeated. These
time periods permitted action potential characteristics
and twitch tension amplitude to reach steady state (see
also Thomas et al®), yet usually allowed us to complete

O
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the protocol within 1 hour. In two fibers, the stimulation
frequency was kept constant (one fiber each at 1 and
0.2 Hz) with the Bay K 8644 concentration increment-
ed as described above. Fibers that did not develop
EADs before completion of the protocol were exposed
to 1x107* M Bay K 8644, were continuously stimu-
lated (0.2-0.5 Hz), and were observed for up to one
additional hour for development of EAD:s.

A second protocol was used to test the effect on
EADs of several interventions that modify action
potential duration. These included interventions di-
rected toward Na* channels (TTX, lidocaine, and
ethmozin), Ca?* channels (verapamil and nitrendi-
pine), repolarizing K* current (lowered [K],, TEA),
and the passage of polarizing constant current pulses.
For this protocol, fibers were continuously exposed to
1x10-* M Bay K 8644 Tyrode’s solution and stim-
ulated at a constant frequency sufficiently low to give
a single EAD with each action potential (0.2 to 1 Hz),
or at a frequency slightly higher so that no EADs were

- present. One of the above interventions then was
mtroduced, and in most fibers, the return to the initial
condition also was studied.

In these experiments, we established conditions to
study a single EAD initiated with each action potential.
We did not focus on conditions where mulitiple EADs

A. 1Hz

CONTROL 1x10°8

1x107

or sustained rhythmic activity were present. Conditions
which favored these included very low stimulation
frequencies, lowered [K],, and TEA. Where appropri-
ate, data are given as mean=SEM. For each fiber,
twitch tension amplitude was normalized as percent of
the control value at the same stimulation frequency.
Data were analyzed using a paired ¢ test and least-
squares regression analysis. A p value of <0.05 was
considered statistically significant.

Results

Induction of EADs: Concentration- and Frequency-
Response to Bay K 8644

In the initial series of Purkinje fibers (» = 10) under
control conditions and at a stimulation frequency of 1
Hz, the maximum diastolic potential was —85.1+1.5
mYV, action potential overshoot was 22.4 = 3.2 mV, and
the APD,, was 280.0+32.4 msec. Figure 1 shows
typical concentration- and frequency-dependent effects
of Bay K 8644 on action potentials and twitch tension.
At 1 Hz (Panel A), 11078 M Bay K 8644 decreased
action potential duration slightly. Higher concentra-
tions of Bay K 8644 produced a concentration-
dependent increase in action potential duration and a
positive shift in the voltage level of the plateau. At the
0.2-Hz stimulation frequency the maximum diastolic

Bay k 8644 (M)

1x 10

NN N L

T
N N «/\MW J\W [0:10 (mg)

200 msec

B. 0.2 Hz

CONTROL 1x10°8

1x 107

Bay k 8644 (M)

7 6

1x 10"

ORI

A AN \/\«\AN L 1010 (mg)

. 200 msec

FiGure 1. Frequency- and concentration-dependent effects of Bay K 8644 in a sheep Purkinje fiber short segment. Representative
action potentials and twitches are shown at stimulation frequencies of I Hz (A) and 0.2 Hz (B). Bay K 8644 concentration-dependent
lengthening of action potential duration was present at both stimulation frequencies. At the 0.2-Hz stimulation frequency, flattening
of the action potential plateau preceded the development of early afterdepolarizations.
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otential was unchanged; however, diastolic depolar-
sation caused the take-off potential and action poten-
ial overshoot to be reduced. With 1x10-* M Bay K
644 there was a slight decrease in action potential
luration. At 1x107" M Bay K 8644, action potential
luration was similar to control, although the plateau
vas flattened reflecting slowing of repolarization. At
% 10-¢ M Bay K 8644, action potential duration
ncreased further and was followed by the abrupt

jevelopment of a single EAD with each action poten- -

1al. At both frequencies of stimulation, twitch tension
amplitude increased with increasing concentrations of
Bay K 8644.

As shown in Figure 1, EADs could be induced in
fibers exposed to higher concentrations of Bay K 8644
and stimulated at low frequencies. In four out of nine
fibers stimulated at 0.2 Hz, EADs developed before
completion of the protocol. In four additional fibers,
EADs developed after completion of the protocol with
continued exposure (up to 45 minutes) to 1x107° M
Bay K 8644. Thus, EADs developed in 89% of this
initial series of fibers. The lowest concentration of Bay
K 8644 that induced EADs was 1x107"M(n=1). We
arbitrarily chose three EADs from each fiber for
analysis to quantify EAD characteristics (24 measure-
ments in 8 fibers). These EADs were initiated from a
take-off potential (the most negative plateau voltage
reached before the depolarization of the EAD) of
—33.9+1.2mV (range —44t0 — 15mV) and reached
a peak voltage of — 73 2+1.6mV (range —341t0 —6
mV). The average amplitude was 10.6+ 1.6 mV, and
the coupling interval between the action potential
upstroke and the peak voltage of the EADs was
532.4+59.0 msec (range 320 to 872 msec).

We also analyzed the effect of Bay K 8644 on several
action potential characteristics in these fibers. Elec-
trophysiological measurements were not made after
EADs had developed in a fiber. The effects of Bay K
8644 on APD,, are summarized in Table 1. The most
obvious effect was a concentration-dependent length-
ening of APD,, at both stimulation frequencies. At 1

Hz, the average control APD,, was 280.0 msec, and this
increased to 364.9 msec after exposure to 1x10°M
Bay K 8644 (p <0.002). At 0.2 Hz, the average control
APD,, was 300.0 msec. With 1 x 10-* M Bay K 8644,
APD,, in the fibers without EADs averaged 342.5 msec
(p<0.038). There was 2 trend toward shortening of
APD,, at the lowest Bay K 8644 concentrations
compared with the respective control values; however,
this was not statistically significant at 1 Hz (p=0.21)
or at 0.2 Hz (p=0.16). Although the average APDy,
was slightly longer at 1 Hz, EADs developed only at
0.2 Hz. Table 1 also shows that Bay K 8644 produced
a concentration-dependent augmentation of twitch
tension amplitude even at the lowest concentration
tested.

As shown in Figure 2, Bay K 8644 also produced
changes in the action potential plateau voltages. A
concentration-dependent shift in the plateau voltages to
less negative potentials was present at both stimulation
frequencies, and plateau voltages were more negative
at 0.2 Hz. At 1 Hz, the difference between these
voltages remained relatively constant for all Bay K
8644 concentrations. In contrast, at 0.2 Hz, there was
a marked concentration-dependent decrease in the
difference between the plateau voltages, which reflects
slowing of repolarization. This confirms the observa-
tion shown in Figure 1 that with low stimulation
frequencies and higher Bay K 8644 concentrations,
progressive flattening of the action potential preceded
development of EADs.

Induction and Block of EADs with Interventions That
Modify Outward and Inward Membrane Currents
Enhancement of induction of EADs with lowered
[K],and TEA. Reduction in bath [K] ** or the addition
of TEA® is known to lengthen action potential dura-
tion, and these interventions enhanced the induction of
EADs by Bay K 8644. In Figure 3A, [K], initially was
5.4 mM and EADs had not developed (left trace)
despite 30 minutes of exposure to Bay K 8644. After
switching to a [K], of 3.5 mM (dashed line), the

TapLg 1. Concentration- and Frequency-Dependent Effects of Bay K 8644 on Action Potential Duration and

Twitch Tension Amplitude

Bay K 8644 (M)

Control 1x10-8 5%x10-8

1x107 5%1077 1x10-6 5%x10-6

1 Hz

APDqgy 280.0+32.4 256.7%15.6 273.1+11.1 291.3%15.6 309.8+11.0 364.9x21.6 372.0+108.0

135.2+16.4 168.6+25.1 204.4+35.2 264.9x38.38 316.9+44.9 379.0x57.2

9 9 9 2

APDy, 300.9£53.4 219.3x14.1 248.7+25.5 247.4%=13.9 282.0+16.2 342.4x57.1 492.0200.0

T 100.0

n 9 7 7
0.2 Hz

n 9 6 6

T 100.0

n 9 6 6

7 6 5 2

125.8+23.4 1204152 153.5%£32.5 186.6%=29.7 212.0+27.3 283.0x49.6

8 8 9 2

Results are from the initial group of fibers studied. Fibers developing early afterdepolarizations (EADs) at 0.2 Hz
during performance of the protocol were excluded from further analysis of action potential duration. This accounts for the
different n at 0.2 Hz. APDgp, action potential duration in milliseconds at 90% of repolarization; T, normalized tension
(%). Control twitch tension amplitude at 1 and 0.2 Hz was 0.61=0.18 and 0.76+0.28 mg, respectively.

{r



January et al Bay K 8644 and Early Afterdepolarizations 567

H3
0 1 He !
i
¢
¢ : . I
-20 I I
Vin T 1 y '
]mV) I I
..40.
I ® 100 msec
I a 150 msec
; = 200 msec
-60
g et oy . .
c1x10° 1x 107 1x16°
0 0.2 Hz

<

[

N

o
= TR -
1

:
m
mV) ¢ ¢ ; I
-404 I ry "
I '
~60 ’ I
c1x10° 1x 167 1x16°

Bay k 8644 (M)

AGURE 2.  Frequency- and concentration-dependent changes
n the action potential plateau voltages with Bay K 8644. In each
iber; the action potential plateau voltage was measured 100,
'50, and 200 msec following the upstroke. Mean values + SEM
re shown with the 1’s identical to those given for the action
wotential duration measurements in Table 1. Plateau voltages
vere more negative at the lower stimulation frequency of 0.2 Hz.
Vith higher Bay K 8644 concentrations and at the 0.2-Hz
timulation frequency the differences between the voltages
neasured at different times during the plateau decreased,
eflecting slowing of repolarization and flattening of the plateau.

naximum diastolic potential hyperpolarized by 4 mV
nd action potential duration lengthened (second
race). An EAD then developed with each action
otential (third trace). Returning [K], to 5.4 mM
apidly abolished the EADs (right trace). Similar
esults occurred in five fibers. The ¢ffect of 10 mM TEA
s shown in Figure 3B. The fiber had not developed
1ADs (left trace) after 30 minutes of exposure to Bay
{ 8644. Following the addition of TEA to the bath,
ction potential duration increased (second trace) and
vas followed by the development of an EAD with each
ction potential (right trace). Although the effect of
EA had a rapid onset (n=3), it was not reversed
luring washout periods of up to 30 minutes.

Block of EADs with TTX, lidocaine, ethmozin,
itrendipine, and verapamil. TTX is a specific blocker
f Na* channels, and in intermediate concentrations,
lecreases the duration of cardiac action potentials.'
.idocaine and ethmozin also have been shown to

suppress Na* current and decrease action potential
duration.""" Representative results for TTX and lido-
caine are shown in Figures 4A and 4B. The left traces
show EADs triggered with each action potential. When
added to the superfusate, each drug rapidly abolished
the EADs (second traces) and action potential duration
decreased to a steady state within a few minutes (third
traces). These effects were rapidly reversed with
washout (right traces). Similar effects were found with
TTX (4%x10°% M, n=4), lidocaine (1.7x107° M,
n=3), and ethmozin (4 X 10~°* M, n=2).

Nitrendipine and verapamil are selective Ca?* chan-
nel blocking drugs. Representative results for nitren-
dipine are shown in Figure 4C. An EAD initially was
present with each action potential (left trace). Follow-
ing the addition of nitrendipine to the bath, the EAD
was rapidly abolished (second trace), and over a few
minutes, action potential duration decreased to a steady
state (third trace). Washout of nitrendipine required
nearly 20 minutes to teverse the sequence of changes
(right trace). Similar results were obtained with ni-
trendipine (1-5x10"% M, n=4) and verapamil
(1-2x10°*M, n=3).

Induction and Block of EADs With Polarizing
Constant-Current Steps

We also studied the effect on EADs of modifying the
actiorn potential with polarizing constant-current steps.
In Figure SA, an EAD was present with each action
potential, was initiated from a take-off potential of
~40mYV, and reached a peak voltage of — 18 mV (left
trace). In the second panel, a repolarizing current step

A 3.5 mM K,
0
8 s
i \\ v}\/‘.\ Vm
\ ' \ | {(mV)
. o - P
— — " t-90
400 msec
B. 10 mM TEA
[+}
v
m
l (mv)
~80
800 msec

FiGURE 3.  Effect of lowering [K], and of tetraethylammonium
chloride (TEA) on the induction of early afterdepolarizations
(EADs). Fibers were continuously superfused with 1 x107° M
Bay K 8644. A: Lowering [K], from 5.4 to 3.5 mM (dashed line)
resulted in lengthening of action potential duration (second
trace) and was followed by the appearance of EADs (third
trace). Restoring [K], to 5.4 mM resulted in suppression of
EADs and shortening of action potential duration. B: The
addition of TEA ( dashed line) to the bath resulted in lengthening
of action potential duration (second trace) and induction of
EADs (third trace).
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A. 4 UMTTX
) 0
Yn
{(mV)
J ~80
400 msec
B 17 pM Lidocaine
[4]
Vi
(mV)
-80
400 msec
c 2.5 M NTD
v]
v
m
{mV)
) -80
600 msec

FiGURE 4. Suppression of early afterdepolarizations (EADs)
with tetrodotoxin (TTX), lidocaine, and nitrendipine (NTD).
Fibers were continuously superfused with 1 x10~° M Bay K
8644 and an EAD initially was present with each action potential
in each fiber. TTX (A), lidocaine (B), and nitrendipine (C) were
applied (dashed liries). Each drug rapidly abolished the EAD
(second trace in each panel); which was followed by shortening
of action potential duration to a steady state (third trace in each
panel). The return to the initial conditions resulted in reversal
of the sequence with lengthening of action potential duration
and redevelopment of EADs.

of — 20 nA amplitude and 600 msec duration followed
the stimulus. An EAD was again initiated but from a
more: negative take-off potential of —43 mV and
reached a peak voltage of —17 mV. In the third panel,
increasing the amplitude of the current step to — 30 nA
resulted in repolarization of the action potential with
no EAD elicited. Return to initial conditions (no
current step, fourth panel) resulted in redevelopment of
EADs.

Passage of depolarizing current steps could induce
EADs as shown in Figure 5B. In the presence of Bay
K 8644, APD,, had increased to 680 msec but EADs
were not present (first panel). With the application of
adepolarizing current step of 6 nA amplitude and 1,200
msec duration (second panel), an EAD was initiated
from a take-off potential of —43 mV, and its peak
voltage was —26 mV. Increasing the amplitude of the
current step to 8 nA again initiated an EAD (third
panel). However, the EAD was initiated from a less
negative take-off potential of —39 mV, and the peak
voltage was reduced to —33 mV. Eliminating the
current step (fourth panel) resulted in the disappearance
of the EADs.

Figure 5 also shows that following the twitch, a small
contraction was present coincident with EADs. While
the amplitude of the twitch was constant, the amplitude

of the EAD-associated contraction appeared to be
graded with the amplitude of the EAD.

The relation between EAD peak voltage and its
take-off potential was examined using polarizing con-
stant current pulses to systematically vary the take-off
potential. Current steps were terminated after the
initiation of the EAD to avoid polarizing the peak
voltage. Results from two fibers are plotted in Figure
6. Polarizing the action potential plateau to less
negative take-off potentials resulted in EADs with
decreased peak voltages. With sufficient depolariza-
tion, the take-off potential and peak voltage for EADs
approached the same value and no EAD was elicited.
This voltage was approximately —21 and — 30 mV for
the fibers shown in Panels A (sheep) and B (dog),
respectively. Conversely, polarizing the action poten-
tial plateau to more negative take-off potentials in-
creased EAD peak voltage. At take-off potentials of
—32 mV (Panel A) or —34 mV (Panel B), the EAD
reached a maximum peak voltage of —6 and —21mV,
respectively. Increasing the current amplitude further
repolarized the action potential and abolished the
EADs as was shown in Figure SA. Thus, a range of
voltages was identified over which EADs were initi-
ated. Comparison of results obtained in six fibers
showed a steep inverse relation between the EAD peak
voltage and its take-off potential, however, the relation
was not identical among fibers. Differences included 1)
the range of take-off potentials over which EADs were
elicited, 2) the maximum EAD peak voltage, 3) the
slope of the relation between EAD peak voltage and
take-off potential, and 4) the voltage at which EAD
peak voltage and take-off potential became equal. We
performed regression analysis on the relation between
take-off potential and peak voltage of the EADs for
each fiber. Linear analysis was used because the voltage
range over which EADs occurred was relatively limited
and good correlations (r=0.84-0.98, p<0.001 for
each regression) were obtained. These data were used
to calculate the voltage at which the EAD peak voltage
equaled the take-off potential. For these fibers, the
mean slope of the EAD peak voltage—take-off potential
relation was — 1.87+0.26 mV/mV, and the voltage at
which the EAD peak voltage and take-off potential
became identical was —~25.8+2.3 mV.

Discussion

We present a new model for induction of EADs. The
EADs were secondary depolarizations initiated at
action potential plateau voltages, and their induction
was preceded by lengthening of action potential
duration. Induction of EADs required low stimulation
frequencies (1 Hz or less), and raising the stimulation
frequency abolished them. Where the results can be
compared with other models (see below), their sensi-
tivity to drug and ionic interventions was similar. We
used the Ca’* channel agonist Bay K 8644, which
produces a voltage- and use-dependent increase in
macroscopic Ca** current primarily by increasing the
mean open time of L-type Ca’* channels.”'®-?" Most
previously studied models for inducing EADs have
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-90 panel. Fibers were continuously super-
fusedwith 1 x 107M Bay K 8644. A: An

early afterdepolarization (EAD) was

i triggered with each action potential,

‘ (n:‘) and following the twitch there wasan
-50 EAD-associated  contraction  (left
traces). Application of a repolarizing

T —20-nA, constant-current step during

I 1 {mg) the action potential plateau failed to

abolish the EAD or its associated con-
traction (second set of traces). Appli-
cation of a repolarizing —30-nA,
constant-current step abolished the EAD
and its associated contraction (third set
of traces), which was reversible (right
traces). B: Results from a different fiber
which had not developed EADs are
shown (left traces). Application of a
depolarizing 6-nA, constani-current
step resulted in the initiation of an EAD
and a small EAD-associated contraction
(second set of traces). Increasing the
20 'm litud .

amplitude of the constant-current step
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800 msec

used drug or ionic interventions that suppress repo-
larizing currents, and most of these models required
lowering of [K]..

EADs can be induced in isolated tissue with a variety
of interventions that also frequently lengthen the action
potential. This has led to the suggestion that conditions
that diminish repolarizing current relative to depolar-
izing current at action potential plateau voltages induce
EADs.>*¢ Interventions reported to promote the in-
duction of EADs include a reduction in stimulation
frequency,® lowered [K],,” Cs**>%, quinidine,’ n-acetyl
procainamide,? sotalol, batrachotoxin,” acidosis,”
and catecholamines.”-* Interventions that act through
different mechanisms also abolish EADs and include
increasing stimulation frequency, raising [K],, TTX,’
lidocaine,” verapamil,” D-600,” and nitrendipine.”
This has led to the implication of several mechanisms
in the generation of EADs including Na* “window” or
slowly inactivating current,” Ca** current,*2 [ * the
transient inward current activated by elevated intracel-
lular Ca?* (I,)),* the Na-Ca exchange mechanism,> and
intercellular K* accumulation.® Interpretation of these
results remains complex. Added to this is the finding
that EADs can be initiated from more than one voltage
range with Cs*.¢ The EADs induced with Bay K 8644

l (nA)  (third set of traces) resulted in an EAD
initiated from a more positive take-off
potential and reaching a less positive
peakvoltage. Turning off of the constant-
current step resulted in the return to
initial conditions (righthand traces).
See text for additional details.

appeared more like low-membrane potential EADs.*

Electrotonic interactions between differently polar-
ized regions cannot be excluded as a cause of EADs
in large preparations. In our Purkinje fiber short
segments, space clamp conditions should exist, mak-
ing electrotonic interactions unlikely. This is consis-
tent with preliminary reports of EADs in isolated
single cells (J.J. Salata, unpublished observations;
see also Damiano and Rosen®). Another mechanism
postulated to cause EADs is I,.* This current is the
charge carrier for DADs and is driven by intracellular
Ca** (see Kass and Tsien*). The finding of an
EAD-associated contraction is consistent with this
possibility since aftercontractions occur with DADs.
However, several arguments exist against a common
mechanism for EADs and DADs. First, we never
observed DADs with Bay K 8644. Second, when
DADs are initiated from less negative voltages, their
amplitude is increased which gives a positive slope to
the relation between initiating voltage and DAD
amplitude” (see also Kass et al*). In contrast, the
slope of the relation between the EAD peak voltage
and its take-off potential was negative. Finally, we
recorded EAD peak voltages up to +4 mV, which may
exceed the reversal potential of I,.** Our conclusion
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FIGURE 6. Relation between early afterdepolarization (EAD) peak voltage and take-off potential. Results from two Purkinje fibers
(A, sheep; B, canine) are shown. Constant-current steps were applied to polarize the EAD take-off potential. Representative action
polentials are shown in the insets. Each plot shows a steeply negative relation between the EAD peak voltage and take-off potential.
At approximately —21 mV (A) and —30.5 mV (B), EADs could no longer be elicited. See text for additional details.

is in agreement with recent findings by Marban and
coworkers.”

Our findings support roles for time- and voltage-
dependent mechanisms for EADs. Our results are
consistent with previous reports®’ that have suggested
an important role for lengthening of action potential
duration in the initiation of EADs. While lengthening
of action potential duration preceded their initiation, it
failed to distinguish fibers stimulated at 1 Hz that did
not develop EADs from fibers stimulated at 0.2 Hz that
did develop EADs. Shortening of action potential
duration at stimulation frequencies below 1 Hz has
been previously reported®” although not universally.”
Differences in action potential plateau voltages also
were shown. The action potential plateau voltages were
more negative at the 0.2-Hz stimulation frequency, and
at both stimulation frequencies, these voltages were
dependent on the Bay K 8644 concentration. A striking
difference was the flattening of the action potential
plateau at the low stimulation frequency. This preceded
the development of EADs and was similar to that shown
qualitatively by others.” These results suggest that
lengthening of action potential duration (present at both
stimulation frequencies) and flattening of the action
potential within a range of plateau voltages (present
mainly at the 0.2-Hz stimulation frequency) may be
prerequisites for the initiation of EADs. Further
evidence for a time-dependent mechanism was shown
when interventions that alter the induction of EADs
with Bay K 8644 were studied; enhanced induction of
EADs was associated with lengthening of action
potential duration, whereas suppression of EADs was
associated with shortening of action potential duration.
Additional evidence for a voltage-dependent mecha-
nism was shown by the findings that once EADs were
initiated, a steep relation existed between the peak
voltage and take-off potential, that EADs could be
elicited over only a narrow range of take-off potentials,

and that with sufficient polarization EADs were elim-
inated. While our results are consistent with roles for
several membrane currents in the initiation and depo-
larization of EADs, they were obtained with action
potentials and do not unambiguously reveal the mech-
anism that underlies EADs.

We interpret these findings in the context of a
hypothesis that the development of EADs requires two
phases: an initiation phase (i.e., lengthening and
flattening of the action potential within a certain
plateau voltage range) followed by an EAD depolar-
ization phase (i.e., a net depolarizing current). The
development of the conditions needed to initiate EADs
should reflect the sum of the currents that regulate the
action potential plateau. These are of small magnitude
and include Na* “window” current or slowly inacti-
vating current, Ca®* current, K* currents, and possibly
metabolic pump or exchange currents (Na-K pump or
Na-Ca exchange). At low stimulation frequencies, or
following pauses in stimulation, the transient outward
current (I.)* also may increasingly contribute to
modifying the action potential plateau. For the depo-
larization of the EAD, a net inward current is required.
The nature of the relation between the EAD peak
voltage and its take-off potential may suggest the
voltage- (and time-) dependent turn-on of a current
having a positive reversal potential. Because Bay K
8644 has Ca®* channel agonist properties, it is tempting
to suggest that the current is carried through L-type Ca**
channels. Recovery from inactivation and activation of
Ca’* channels may occur® at the voltages where
EADs are induced, whereas Na* channels are likely to
remain voltage inactivated” during EADs such as
these. This hypothesis can account for the effects of the
various interventions we studied. Since several distinct
membrane currents (each with its own voltage and time
dependence) may underlie the initiating phase, it
follows that an intervention that modifies any one of
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» membrane currents, or simply polarizing the
ibrane, may alter the initiating conditions so that
ction of EADs is blocked (indirect block of EADs).
ntervention also may directly modify the current
the EAD depolarization phase (direct block of
)s). Combinations of different interventions could
. additive effects. Clearly, alternative explanations
. such as a different charge carrier underlying
slarization of the EADs (modification of a repo-
ing current, Na* channel current, electrogenic
“a exchange current), and are not excluded by the
ent results.
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