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Abstract The role of the slow delayed rectifier K current
(Ixs) In cardiac repolarization seems to be largely influ-
enced by the experimental conditions including the species
and tissue studied. The aim of this study was to determine
the contribution of /i to repolarization in canine ventric-
ular myocytes by measuring the frequency dependent
action potential lengthening effect of 10 uM chromanol
293B using sharp microelectrodes. Pretreatment with
isoproterenol (2 nM), E-4031 (1 uM), and injection of
inward current pulses were applied to modify action
potential configuration. Chromanol alone caused moderate
but statistically significant lengthening of action potentials
at cycle lengths longer than 500 ms. The lengthening effect
of chromanol, which was strongly enhanced in the
presence of either isoproterenol or E-4031, was propor-
tional to the amplitude of plateau, whereas poor correlation
was found with action potential duration. Similar results
were obtained when action potential configuration was
modified by injection of depolarizing current pulses.
Computer simulations revealed that activation of I is a
sharp function of the plateau amplitude within the phys-
iological range, while elongation of repolarization may
enhance I only when it is excessive. It was concluded that
the effect of Ixs on ventricular repolarization critically
depends on the level of action potential plateau; however,
other factors, like action potential duration, cycle length, or
suppression of other K currents can also influence its
contribution.
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Introduction

The delayed rectifier K™ current is composed of two
components in most mammalian species including dog and
human [7, 13, 20]. The rapid component (/k,) is considered
to be a major repolarizing current responsible for governing
terminal repolarization of the action potential and is a
classical target for class 3 antiarrhytmics. The role of the
slow component (Ik,) in cardiac repolarization is largely
influenced by the experimental conditions including the
species and tissue studied. One may find data supporting the
hypothesis that I plays a crucial role in cardiac repolar-
ization [3, 14, 15]. Others found little, if any, contribution of
I to normal repolarization [12, 23]. In the majority of the
studies devoted to examine the role of /i, in repolarization,
Ixs was suppressed with specific inhibitors and the
importance of I, was assessed from the blocker-induced
prolongation of the action potential. In some of these
studies, Ik, blockade was reported to induce significant
prolongation of the action potential [3, 6, 14, 15], while in
other reports the lengthening was negligible under baseline
conditions [12, 23]. These discrepancies were initially
attributed to interspecies differences, but the experimental
conditions also seem to be important. Varro et al. [23]
suggested that contribution of /i to repolarization in canine
ventricular myocytes and Purkinje fibers increases with
increasing action potential duration. Others found that the
importance of Iy increased after beta-adrenergic stimulation
in canine [25] and human [10] ventricular myocardium;
however, significant lengthening of action potential could be
induced by inhibition of /i, in anesthetized dogs even after
blocking of beta-adrenoceptors [15].

The goal of the present study was twofold. First, we
aimed to determine the influence of action potential
duration and plateau height on activation of I, which
was monitored by measuring the action potential lengthen-
ing effect of the selective I, blocker drug, chromanol
293B (10 puM) under various experimental conditions.
Secondly, the lengthening effect of chromanol was studied
in the presence of low concentration (2 nM) of isoproter-
enol and 1 pM E-4031. Isoproterenol was used to mimic



the effect of increased sympathetic tone, while E-4031 was
applied to mimic the compromised repolarization reserve
capacity [18]. Finally, computer simulations were per-
formed to visualize the influence of action potential
duration and plateau height on the profile of /i.

Materials and methods
Isolation of single canine ventricular myocytes

Adult mongrel dogs of either sex were anesthetized with
intravenous injections of 10 mg/kg ketamine hydrochloride
(Calypsolvet, SelBruHa Kft., Hungary) + 1 mg/kg xylazine
hydrochloride (Rometar, Alfasan, The Netherlands). The
hearts were quickly removed in deep anesthesia and placed
in Tyrode solution. Single myocytes were obtained by
enzymatic dispersion using the segment perfusion tech-
nique [1]. Briefly, a wedge-shaped section of the ventric-
ular wall supplied by the left anterior descending coronary
artery was dissected, cannulated, and perfused with
oxygenated Tyrode solution containing: NaCl 144, KCI
5.6, CaCl, 2.5, MgCl, 1.2, HEPES 5, and dextrose 11 mM
at pH 7.4. Perfusion was maintained until the removal of
blood from the coronary system and then switched to a
nominally Ca®*-free Joklik solution (Minimum Essential
Medium Eagle, Joklik Modification, Sigma) for 5 min.
This was followed by 30 min perfusion with recirculated
Joklik solution supplemented with 1 mg/ml collagenase
(Type II. Worthington, Chemical) and 0.2% bovine serum
albumine (Fraction V., Sigma) containing 50 puM Ca*".
Portions of the left ventricular wall were cut into small
pieces and the cell suspension obtained from the
midmyocardial region was washed with Joklik solution
and the Ca®" concentration was gradually increased to
2.5 mM. The cells were stored in Minimum Essential
Medium Eagle supplemented with taurine (20 mM), pyru-
vic acid (2 mM), ribose (5 mM), allopurinol (0.1 mM),
NaHCOj; (26 mM), and NaH,PO, (1.5 mM) until use. The
cell yield (ratio of the rectangular cells showing clear cross
striation) varied typically from 40 to 70%.
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Fig. 1 Stability of action potential duration (measured at 50 and
95% level of repolarization: APDsy and APDys, respectively) when
recorded at 1 Hz from isolated canine ventricular cells (#=9) using
sharp microelectrodes. The 60-min period of recording, shown in
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Recording of action potentials from single canine
myocytes

The viable cells were sedimented in a plexiglass chamber
allowing continuous superfusion with oxygenated Tyrode
solution having pH adjusted to 7.44+0.05. Transmembrane
potentials were recorded at 37°C using sharp glass
microelectrodes filled with 3 M KCI and having tip
resistance between 20 and 40 MS). These electrodes were
connected to the input of an Axoclamp-2B amplifier (Axon
Instruments). The cells were paced through the recording
electrode at steady cycle length of 1 s using 1 ms wide
rectangular current pulses with 120% threshold amplitude.
Because the cytosol was not dialyzed, time-dependent
changes in action potential duration were negligible under
these experimental conditions (Fig. 1).

When performing frequency-dependent measurements,
the cycle length was set to 5 s, and after equilibration, at
least for 5 min, the cycle length was continuously varied to
the shorter values. In some experiments, inward current
pulses, having properly designed parameters, were deliv-
ered into the cell through the recording electrode. Action
potentials were digitized at 100 kHz using Digidata 1200
A/D card (Axon Instruments) and stored for later analysis.
Duration of the action potential was measured at 50 and
95% levels of repolarization (APDsy and APDgys, respec-
tively), while the amplitude of the plateau was measured
from the resting potential to the plateau level determined at
20% duration of action potential. This value was used for
characterization of the plateau height because it was not
distorted by the voltage shift often observed when using
high resistance sharp microelectrodes.

The myocytes were superfused with chromanol, E-4031
(both from Tocris Bioscience, Bristol, UK), and isoproter-
enol (Sigma-Aldrich, St. Louis, MI, USA) at least for
5 min, allowing full development of drug -effects.
Chromanol was dissolved in dimethylsulfoxide (DMSO)
(10 mM stock solution) and was diluted to the final
concentration of 10 uM with Tyrode solution. E-4031 was
dissolved in distilled water to produce 1 mM stock
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panel a, started after 5 min after the impalement. Superimposed
action potentials recorded from the same cell at the beginning (a)
and the end (b) of the recording period are presented in panel b.
Symbols and bars represent mean+SEM values
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solution. Isoproterenol was freshly dissolved before the
experiment.

Computer simulations

We used computer simulation to investigate the effects of
plateau height and action potential duration on the kinetic
properties of Ix,. The numerical model, describing the
voltage and time dependence of I, published by
Viswanathan et al. [24], was modified and used to predict
the profile of the current during the action potential. Action
potentials, recorded previously from canine ventricular
myocytes predominantly of midmyocardial origin, were
used to drive the model to compute the profile of /. To
test the effect of the altered action potential duration or
plateau height, we developed a computer program, which
could set the plateau height or action potential duration of
the recorded action potential to the required values. Thus, a
series of action potentials having differences only in the
studied parameter were generated from a single action
potential.

Mathcad 20001 (MathSoft Engineering & Education,
Surrey, UK) was used to run the model. Equations
describing the time-dependent behavior were entered to
Mathcad without modification. All parameters of the model
were obtained from Viswanathan et al. [24] except for
Gmax, Which was multiplied with a factor of 0.084. Using
this factor the amplitude of Ik, current tails measured
earlier in canine ventricular cells matched those obtained
with the model. A 10-ms period of lag at the resting
potential was applied before the action potential to reach
steady state conditions for the current before activation.
The integration time step was 1 ms. The model included
two gating constants; thus, their product was used in
computing the current density. Because the model involves
changes of the cytosolic calcium concentration, an
artificially constructed calcium transient was inserted into

Fig. 2 Effect of 10 uM chro- A
manol alone on action potential
configuration. a Representative
superimposed records obtained
at 1 Hz before and 5 min after
chromanol treatment. b Effect of
chromanol on action potential
duration measured at 50 and
95% level of repolarization
(APDsq and APDys, respec-
tively) as a function of the
pacing cycle length. Symbols
and bars represent mean+SEM
values, asterisks indicate signif-
icant changes (determined using
Student’s ¢ test for paired data)
induced by chromanol treatment
in the six myocytes studied J
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the model. The diastolic and systolic calcium concentra-
tions were set to 200 nM and 2 uM, respectively.

Statistics

All values presented are arithmetic means+=SEM. Statistical
significance was determined by using Student’s ¢ test for
paired and unpaired data as appropriate. Differences were
considered significant when the P value was less than 0.05.

The investigation conforms to the Guide for the Care and
Use of Laboratory Animals published by the US National
Institutes of Health (NIH Publication No. 85-23, revised
1996), and the principles outlined in the Declaration of
Helsinki. The experimental protocol was also approved by
the local ethical committee.

Results
Effect of chromanol on action potential duration

Chromanol caused a frequency dependent lengthening of
action potentials without changing their other parameters.
APDs( and APDy, were increased by 10 uM chromanol
from 152.0+7.4 to 158.0+£10.9 ms and from 200.548.2 to
209.7+10.8 ms, respectively, at the cycle length of 1 s. This
effect, corresponding to 6.0+1.6 and 9.2+3.5 ms lengthen-
ing of APDso and APDy, respectively, was moderate but
statistically significant (P<0.05, n=6), and increased with
increasing the cycle length (Fig. 2). No significant effect
was observed on the resting potential (—81.0+2.8 vs —82.7+
2.1 mV), action potential amplitude (99.4+2.9 vs 101.2+
3.2 mV), plateau amplitude (88.1£3.3 vs 90.2+£3.5 mV), or
maximal rate of depolarization (272423 vs 286+31 V/s) of
the myocytes (n=6) measured in the absence and presence
of 10 uM chromanol, respectively.
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Effect of chromanol in the presence of isoproterenol
and E-4031

The effect of 10 uM chromanol on action potential duration
was measured after pretreatment with 2 nM isoproterenol
and in the presence of 1 uM E-4031. Isoproterenol
increased the amplitude of the plateau with no significant
effect on APDys. E-4031 increased both APDgs and the
amplitude of plateau. These effects (i.e., elevation of the
plateau and lengthening of APDgs) were statistically
significant at all cycle lengths longer than 0.5 s, and were
enhanced at longer cycle lengths (Fig. 3a—c). As shown in
Fig. 3d, the chromanol-induced lengthening of APD was
significantly augmented by the presence of isoproterenol,
as well as by E-4031, in a reverse rate-dependent manner.

One of the main goals of this study was to identify the
determinant parameter(s) of the action potential respon-
sible for activation of Ix,, which was assessed from the
magnitude of the chromanol-induced lengthening of APD.
Therefore, the lengthening effect of chromanol was
correlated with the amplitude of the plateau and with
APDys, both measured in the presence of isoproterenol or
E-4031 (Fig. 4). The lengthening effect of chromanol
showed good correlation with the amplitude of plateau:
correlation coefficients of 0.902 and 0.937 were obtained
in the presence of isoproterenol and E-4031, respectively,
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whereas no correlation was found with APDys in isopro-
terenol (#=0.119) and E-4031 (=0.424). These results
indicate that the amplitude of the plateau is an important
determinant of the activation of Ix¢ during the action
potential independently of the way of plateau elevation.

Effect of chromanol in myocytes injected with inward
current pulses

Because isoproterenol was shown to alter the kinetics of /i
in canine cardiac preparations [8, 25], a strategy allowing
to study the effect of plateau elevation without altering the
phosphorylation state of the /i, channel was the application
of rectangular inward current pulses in current clamp mode
(Fig. 5). The beginning of these pulses was synchronized to
action potential upstroke, their duration was set to 170 ms,
and their amplitude was increased up to 500 pA in 100 pA
steps. The series of current injection was repeated before
and after chromanol treatment in the same cell allowing to
asses the lengthening effect of chromanol in a relatively
wide range of plateau amplitude and APDgs values. The
current pulses increased both the amplitude of plateau and
duration of action potentials. These effects were greater in
the presence than in the absence of 10 M chromanol
(Fig. 3b,c). Similarly, to results obtained with isoproterenol
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Fig. 3 a Representative superimposed pairs of action potentials
recorded at 1 Hz before and 5 min after superfusion with 2 nM
isoproterenol (upper panel) and 1 puM E-4031 (lower panel).
Frequency dependent effects of isoproterenol (n=7) and E-4031
(n=6) on the amplitude of plateau (b) and action potential duration
(¢). Asterisks indicate significant changes from control determined

with Student’s ¢ test for paired data. d Chromanol-induced
lengthening of action potential duration (APDgs) measured in
control (n=6), in the presence of isoproterenol (n=7) and E-4031
(n=6) as a function of the pacing cycle length. In this figure,
asterisks indicate significant differences comparing to control
obtained with Student’s ¢ test for unpaired data



702

Fig. 4 Correlation of the chro- A 2 50- B 2 60- -
manol-induced lengthening of \gwl |Soproteren0| § E_4031
action potential duration ‘s 40 . < 501 o
(APDys) with the amplitude of =1 ol 3 401
plateau (a, b) and action poten- 3 30+ g & oo ©
tial duration (¢, d) obtained in 3 Cg 3 304 o
the presence of isoproterenol 3 20+ FA gV 3 201 AM
(a, ¢) or E-4031 (b, d) at various I i a OO v
: 2 10 Y VvV 2 o
pacing cycle lengths. Data are § g 10 v A0 g
taken from experiments shown 5 A v =0.902 5 N v 1=0.937
in Fig. 3. Correlation coefficient 5 0 . . . 5 0 . . . .
(r) values were determined 60 80 100 120 85 90 95 100 105
using linear regression Amplitude of plateau (mV) Amplitude of plateau (mV)
| v CL=05s & ClL=1s o CL=2s o Cl=5s |
C & 50, D & e0; o
P Isoproterenol 2] E-4031
S 40 < 50 o
2 A OO 2
. o 5 404 o °
o 7 oo o o)
3 “ o ° 3 301 o
3 20 o 3 A A
E vy 2 ° &oo 2 201 & o o
° w ° e
g 10+ o v o g 10+ v v [eN Dl:l
S =0.119 S =0.424
§ o v a " go v va r
150 175 200 225 250 150 200 250 300 350 400
APD,, (ms) APD,, (ms)
and E-4031, the chromanol-induced lengthening was Discussion

highly proportional to the amplitude of plateau (=0.954,
Fig. 5d), while no correlation was found with the duration
of the action potential (+=0.401, Fig. 5¢). Both parameters
were measured from cells injected with inward current of
various amplitudes.

Simulation of the profile of /i during the action
potential

Using the modified model of Viswanathan et al. [24] the
effect of the plateau height and action potential duration on
the density of [ was studied. Series of action potentials,
generated from a single action potential recorded pre-
viously so as they differed from one another only in their
plateau height or APDys, were used to drive the model to
compute the profile of Ixs. Values of plateau height and
APDys were chosen to cover the range obtained with
isoproterenol, E-4031, and current injection. As presented
in Fig. 6, the peak amplitude of the computed /i was a
sharp function of the amplitude of plateau growing up close
to fourfold when the plateau height was increased from 72
to 107 mV (Fig. 6e). Ixs was proportional also to APDys;
however, doubling APDgys (changing it from 180 to
350 ms) increased the maximum of /i by less than 50%

(Fig. 6f).

Contribution of Ik to repolarization

Based on the results obtained from studying the APD
lengthening effect of chromanol in canine ventricular
myocytes two important statements can be made. Firstly,
we have demonstrated that /i, does contribute to normal
ventricular repolarization because chromanol caused a
moderate but statistically significant lengthening of APD in
this species at cycle lengths longer than 0.5 s. Secondly, we
have shown that contribution of Ik to repolarization is
primarily determined by the plateau height. The augmenta-
tion of the chromanol induced lengthening of APD
observed in the presence of isoproterenol or E-4031
confirms the results of previous studies [10, 25].
Regarding the first statement, it must be noted that those
investigators who concluded that /i failed to contribute to
repolarization in canine myocytes under baseline condi-
tions have also observed some APD lengthening with
chromanol, as well as with other selective Ik blockers, like
HMR 1556, or L-735,821 [12, 23, 25]. In our experiments,
however, these differences were statistically significant,
although the magnitude of lengthening was moderate. On
the other hand, the lengthening effect of chromanol was
dramatically increased by all interventions resulting in the
elevation of action potential plateau (pretreatment with
isoproterenol, E-4031, or application of inward current).
These results were corroborated by computer simulations
indicating that elevation of the plateau amplitude within the
range of 72—-107 mV (corresponding to —8 to +27 mV of
plateau potential considering an approximately —80 mV
resting potential) caused an almost fourfold increase in the
maximal amplitude of /. As indicated in Fig. 6¢, the sharp



Fig. 5 Effect of chromanol in
myocytes injected with inward
current pulses. a Superimposed
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increase in I amplitude observed in response to plateau
elevation is clearly due to the increased voltage-dependent
activation of Ixs and may account for the apparent
discrepancies in the literature. For instance, in guinea pig
ventricular cells the plateau potential is well above +30 mV,
in contrast with canine Purkinje fibers having their plateau
potentials in the negative voltage range. Accordingly,
prominent APD lengthening was observed in the former
preparation [3], while practically none in the latter one [23]
in response to I blockade. In our experiments, the plateau
potential was around +10 mV, which is congruent with a
moderate effect of chromanol at baseline. Nakashima et al.
[15] came to the same conclusion reporting delayed
ventricular repolarization in response to inhibition of /i
in the presence of beta-adrenoceptor blockade.

In contrast to the good correlation found between the
chromanol-induced APD lengthening and the plateau
height (see the correlation coefficients of 0.902, 0.937,
and 0.954, obtained in the presence of isoproterenol, E-
4031, and with current injection, respectively), virtually no
correlation was observed between the lengthening effect of
chromanol and APDys (the respective correlation coeffi-

cients were 0.119, 0.424, and 0.401). This seems to be in
conflict with the linear relationship demonstrated by the
simulation study in Fig. 6f. The contradiction can be
resolved considering that in the presence of E-4031, and
also in the case of current injection, both APDgys and the
plateau amplitude were simultaneously increased. The low,
but nonzero, values of the correlation coefficients obtained
for APDys can be explained by the higher steepness of the
plateau height-lengthening relationship than of the APDys-
lengthening relationship, presented in Fig. 6e,f, respec-
tively. Varro et al. [23] observed strong enhancement of the
chromanol-induced APD lengthening in canine ventricular
myocardium, when the action potential was prolonged by
E-4031 or veratrine, suggesting that APD is an important
determinant of the chromanol-induced lengthening. Be-
cause both drugs are known to increase the plateau height
substantially, contribution of this latter effect to the
observed lengthening cannot be ruled out. It must be
mentioned, however, that the largest chromanol-induced
lengthening in our experiments was obtained in the
presence of E-4031—in spite of the less pronounced
elevation of the plateau induced by E-4031 comparing to
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isoproterenol. This result could have been interpreted as an
evidence supporting the role of action potential duration.
Considering the flat APDgs-lengthening relationship, it
seems to be more likely that suppression of /i, increased
the relative contribution of /i to repolarization, and this
might cause the increased lengthening effect of chromanol.
The same argumentation may be used to explain the reverse
rate dependent nature of the chromanol-induced lengthen-
ing shown in Fig. 2. Ik, is much stronger at shorter than at
longer cycle lengths due to its frequency dependent
accumulation [17] diminishing the relative significance of
Ik, at fast heart rates. Such accumulation of /x, was not
observed in canine myocytes at cycle length longer than
500 ms [22]. Based on the speculation above one may
predict an enhanced lengthening effect of chromanol under
all circumstances when the repolarization reserve is
compromised [2].

Because configuration of the cardiac action potential
critically depends on the fine balance between several
inward and outward currents, all manipulations leading to
elevation of the plateau will necessarily modify all the ion
currents contributing to ventricular repolarization. For

instance, in addition to enhancement of the two delayed
rectifier K" currents (I, and Ix) the driving force for Ca*"
entry through the L-type Ca®" channel will also be
diminished by elevation of the plateau potential resulting
in a smaller density of inward current, with the concomitant
outward shift in the net membrane current, which, in turn,
will increase the repolarization reserve. The opposite can
be anticipated in the presence of isoproterenol, which is
known to increase Ca®" current several fold. Of course,
modification of the other currents has also to be considered,
which may distort the evaluation of the role of Ik in
repolarization.

Clinical implications

The original concept for development of /i, blocker drugs,
such as chromanol, as potential antiarrhythmic agents was
based on the assumption that they would be less
proarthytmic comparing to [Ix, blockers because their
effect was anticipated to be less affected by the
disadvantageous reverse rate dependent mode of action, a



common characteristic of pure /i, blockers [9, 11]. Several
studies—including this one—suggest, however, that this is
not fully the case [3, 25].

In this study, the lengthening effect of chromanol was
tested in two situations occurring most typically under
pathological conditions. Low concentration (2 nM) of
isoproterenol was used to mimic the effect of strongly
increased sympathetic tone, which is associated with
several cardiac disorders including heart attack. The
results indicate that the APD lengthening effect of
chromanol (the desired class 3 antiarrhytmic action) was
markedly enhanced in the presence of isoproterenol. This
suggests—in spite of the limited contribution of Ik, to
normal repolarization—that a substantial APD lengthen-
ing effect can be expected in vivo, especially when the
sympathetic tone is elevated. Similar conclusions were
drawn by Volders et al. [25] and Jost et al. [10] when
studying canine and human ventricular myocardium. One
might argue that suppression of /i, in this situation may
potentially be beneficial because it may counterbalance the
shortening of APD evoked by the sympathetic activation
resulting in prolongation of the refractory period.
Although [ blockade was shown to decrease dispersion
of repolarization in failing canine hearts [16], marked
heterogeneities in action potential duration with resultant
arrhythmias were observed when the /i blockade was
applied after stimulation of beta-adrenoceptors [21].

The Ik, blocker E-4031 was applied to simulate the
compromised repolarization reserve, which can be either
inherited or acquired [19]. This latter form, very often
caused by noncardiac medication, sometimes remains
hidden. In these patients the already compromised repo-
larization reserve would further be reduced by the [
blockade, increasing the risk of torsades de pointes type of
arrhythmias [5]. If the [ blockade is introduced at low
heart rate or increased sympathetic activity combined with
partially suppressed Ik,, the risk of fatal outcome may be
even higher. These data suggest that I blockade may
carry a significant risk of proarrhythmia. In conclusion, the
strategy of I blockade as a potential therapeutic inter-
vention seems to be rather harmful than beneficial,
however, conclusive clinical investigations are required
to clarify the therapeutic value of Ik blockers [4].
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