Acta Physiol Scand 2004, 180, 39-47

Reopening of L-type calcium channels in human ventricular
myocytes during applied epicardial action potentials

L. Fﬁlép,' T. Bényész,' J. Magyar,' N. Szentandréssy,I A. Varr6? and P. P. Nanasi'
I Department of Physiology, University Medical School of Debrecen, Debrecen, Hungary
2 Department of Pharmacology and Pharmacotherapy, University of Szeged, Szeged, Hungary

Received 19 April 2002,
accepted 24 September 2003
Correspondence: P. P. Nanasi,
Department of Physiology,
University of Debrecen,

Debrecen, H-4012, P.O. Box 22,

Hungary.

Abstract

Aims: Present study was performed to compare the dynamics of human
L-type calcium current (Ic,;) flowing during rectangular voltage pulses,
voltage ramps, and action potentials (APs) recorded from epicardiac and
endocardiac canine ventricular cells.

Methods: I, was recorded in single myocytes isolated from undiseased
human hearts using the whole cell voltage clamp technique.

Results: The decay of I, 1 was monotonic when using rectangular pulses or
endocardial APs as voltage commands, whereas the current became double-
peaked (displaying a second rise and fall) during epicardial (EPI) APs or
voltage ramps used to mimic EPI APs. These I, profiles were associated
with single-hooked and double-hooked phase-plane trajectories, respectively.
No sustained current was observed during the AP commands. Kinetics of
deactivation and recovery from inactivation of human I, were determined
using twin-pulse voltage protocols and voltage ramps, and the results were
similar to those obtained previously in canine cells under identical experi-
mental conditions.

Conclusions: I, can inactivate partially before and deactivate during the
phase-1 repolarization of the epicardiac AP, and reopening of these channels
seems to be associated with formation of the dome.
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Characteristic differences in action potential (AP) con-
figuration have been explored in cardiac myocytes
originating from various layers of the mammalian
ventricular wall (Litovsky & Antzelevitch 1988,
Stankovicova et al. 2000). These differences are pri-
marily because of the asymmetrical distribution of
various potassium currents, primarily I, (Furukawa
et al. 1992, Liu et al. 1993, Wettwer et al. 1994, Liu &
Antzelevitch 1995, Brahmajothi et al. 1999, Volk et al.
1999). In canine ventricular cells, where the transmural
heterogeneity in AP morphology is prominent, endo-
cardial (ENDO) cells display a pronounced plateau,
while epicardial (EPI) cells produce a spike-and-dome
AP configuration (Litovsky & Antzelevitch 1990,
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Krishnan & Antzelevitch 1991). It has recently been
published that Ic,p is double-peaked, displaying a
second rise and fall, during canine APs of EPI — but not
ENDO - origin when studied under AP voltage clamp
conditions, in spite of the fact that no differences in
current density and kinetics were detected in Ic,p
between EPI and ENDO cells when compared with
conventional voltage clamp (Banyasz et al. 2003).
Therefore, Banyasz et al. (2003) concluded that the
EPI-ENDO (differences observed in Ic, 1 profiles were
consequences of the different AP configurations. It was
also shown in the same study that calcium channels can
reopen during the crest of the dome of the AP in EPI
canine myocytes.
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As the transmural differences in both I, density
(Wettwer et al. 1994) and AP configuration (Nabauer
et al. 1996) in human ventricular myocytes were shown
to be similar to those observed previously in canine
cells, it was reasonable to predict that the EPI.ENDO
differences in the Ic, 1 profile might also be similar in
the two species. If this is the case, reopening of calcium
channels can also be demonstrated in human myocytes.
To test this hypothesis we applied the combination of
the conventional whole-cell voltage clamp and AP
voltage clamp techniques in ventricular cells isolated
from five undiseased human hearts. This latter method
offers a valuable approach to study the dynamics of a
specific ion current as it is actually displayed during the
cardiac AP (Doerr et al. 1990, Arreola et al. 1991,
Ibarra et al. 1991), whereas the kinetic properties of
Ica. were determined using rectangular voltage pulses.
It was found that (1) calcium channels in human
ventricular myocytes can reopen during an EPI AP, (2)
the kinetic properties of Ic,; in human myocytes are
very similar to those obtained earlier in canine cells by
Banyasz et al. (2003), and (3) the EPI-ENDO differ-
ences we observed earlier in the Ic,; profile in dog are
likely to be present in human ventricular myocardium
as well.

Methods

Isolation of single human ventricular myocytes

Human ventricular cells were prepared from five
donor hearts. The hearts were obtained from general
organ donor patients whose semilunar valves were
used for transplantation. Before explantation, the
patients did not receive any medication other than
dobutamine, furosemide and plasma expanders. The
investigation conformed to the principles outlined in
the Declaration of Helsinki, and the experimental
protocol was approved by the local ethical
committee.

Single myocytes were obtained by enzymatic disper-
sion using the segment perfusion technique (Magyar
et al. 2000). Briefly, a wedge-shaped section of the
ventricular 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, N-2-hydroxyethylpip-
erazine-N-2-ethane-sulfonic acid (HEPES) 5, and dex-
trose 11 mmol L' at pH = 7.4. Perfusion was
maintained until the removal of blood from the coron-
ary system and then switched to a nominally calcium-
free Joklik solution (Minimum Essential Medium Eagle,
Joklik Modification; Sigma, St Louis, MO, USA) for
5 min. This was followed by 30 min perfusion with
re-circulated Joklik solution supplemented with
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1 mg mL™" collagenase (Type II; Worthington, Chem-
ical Co., Lakewood, NJ, USA) and 0.2% bovine serum
albumine (Fraction V; Sigma) containing 50 pmol L™
calcium. Then the left ventricular wall were cut into
small pieces and the cell suspension obtained at the end
of the procedure was washed with Joklik solution and
the calcium concentration was gradually increased to
2.5 mmol L7,
Essential Medium Eagle supplemented with taurine
20, pyruvic acid 2, ribose 5, allopurinol 0.1, NaHCO;
26 and NaH,PO, 1.5 mmol L™! until use.

The cells were stored in Minimum

Electrophysiology

All electrical recordings were performed using the
whole-cell configuration of the patch clamp technique
(Hamill et al. 1981). Myocytes were transferred to a
Plexiglass chamber of 0.5 mL volume, which was
mounted on the stage of an inverted microscope and
superfused with Tyrode solution at 37 °C. The flow rate
was set to 10 mL min~". All cells were rod shaped and
showed clear striation. Electrodes were prepared from
borosilicate glass, having resistance of 1.5-2.5 MQ
when filled with pipette solution (containing: K-aspar-
tate 100, KCl 45, MgCl, 1, ethyleneglycoltetraacetic
acid (EGTA) 10, K-ATP 3, and HEPES 5 mmol L™}, for
AP voltage clamp, or KCI 110, KOH 40, TEACI 20,
HEPES 10, K-ATP 3, EGTA 10, and GTP
0.25 mmol L™" for conventional voltage clamp experi-
ments, at pH = 7.4). Application of the former pipette
solution allowed recording of APs, whereas the TEACI
content of the latter effectively blocked potassium
currents. The liquid junction potential was <3 mV in
the conventional voltage clamp experiments, this
difference was ignored when presenting the results.
For the AP voltage clamp measurements, the junction
potential was calculated to be 12.6 mV, therefore, these
results (presented in Fig. 1) are corrected for the liquid
junction potential. However, it is important to note,
that the AP waveform, delivered to the cell as a voltage
command, was not corrected for the junction potential,
as the same junction potential was experienced by the
membrane when either recording or delivering the AP
waveform.

The patch pipette was positioned to the middle of the
cell in order to minimize inhomogeneity of the mem-
brane potential, and consequently, to better approxi-
mate space clamp conditions. Careful suction was
applied to help gigaseal formation and the subsequent
disruption of the membrane patch. Axoclamp 2B
amplifier (Axon Instruments, Foster City, CA, USA)
was used in current clamp or continuous single elec-
trode voltage clamp mode. Data were digitally sampled
at 50 kHz and filtered at 10 kHz using the lowpass
Bessel filter of the amplifier. Digidata 1200 AD/DA
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Figure | Endocardial (left panels) and epicardial (right panels) canine action potentials (APs), used as voltage commands (a), and
the corresponding I, profiles (b) and current-voltage relationships (c) recorded under AP voltage clamp conditions in a human
ventricular cell. I, was measured as nisoldipine-sensitive current. Current—voltage relationship for Ic, 1 was obtained by plotting
the nisoldipine-sensitive current against isochronal membrane potential values derived from the AP, where arrows indicate the

sequence of events. (d) Computer simulation of Ic, 1, obtained by feeding the actually used command APs into the Luo—Rudy model.
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converter operated under pClamp 6.0 software (Axon
Instruments) was used to collect data and to deliver
voltage clamp protocols. Ionic currents were normalized
to cell capacitance (162.8 + 16 pF), determined in each
cell using hyperpolarizing pulses from —10 to =20 mV
for 40 ms. The series resistance was typically 4-8 MQ
before compensation (usually 50-80%).

In conventional voltage clamp experiments I, was
measured during 100 ms long depolarizations to
+10 mV arising from the holding potential of
—40 mV. Peak current density was defined as a differ-
ence between the peak value of Ic,1 and its pedestal
measured at the end of the pulse. The applied twin pulse
and voltage ramp protocols will be described where
appropriate in the Results section.

The APs, recorded previously from canine ventricular
myocytes of EPI and ENDO origin, were applied as
command signals in the AP voltage clamp studies
assuming that a canine AP represents good model for
a human AP. We used canine APs because of the
following reasons: (1) we had no exact information on
the actual origin of our human cells within the
ventricular wall, (2) the dispersed human cells were
slightly depolarized (to around —70 mV) and (3) AP
configuration is very similar in human and canine
ventricular myocytes (Liu et al. 1993, Nabauer et al.
1996). Ic,1 was identified as a nisoldipine-sensitive
current, appearing with an inverse polarity after appli-
cation of 1 umol L™! nisoldipine (Zaza et al. 1998).
Subtraction of current traces obtained in the absence
and presence of nisoldipine yielded traces of I, with
the normal, inwardly directed polarity. Nisoldipine was
obtained from Bayer (Leverkusen, Germany), other
drugs from Sigma Chemicals.

Results

Icay profile in human ventricular myocytes under AP
voltage clamp conditions

The profile of Ic,; (defined as a nisoldipine-sensitive
current) during the AP was determined under AP
voltage clamp conditions (Fig. 1). The current displayed
a sharp upstroke and rapid decay when applying either
ENDO or EPI AP as a command signal. Following its
decay Ic, increased again during EPI but not ENDO
APs (Fig. 1b). This second rise of Ic, ;. vas evident after
the deepest point of the incisura of the AP and peaked
before the crest of the dome. The amplitude of the
second current peak was smaller than that of the first
one. Current—voltage relationship of I, 1, was construc-
ted by plotting the current as a function of the
membrane potential. As shown by the phase-plane
trajectories (displayed in Fig. 1c) the current built up
within a narrow range of membrane potential, then
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decreased during both types of APs. This decline was
monotonic and complete in case of an ENDO AP,
whereas the second rise of Ic,;. formed an additional
loop on the phase-plane trajectory around 0 mV when
EPI APs were used as command signals. Finally, Ic, 1.
fell below 50 pA at potentials negative to —10 mV,
indicating that only small sustained current remained
active during the plateau. Similar results were obtained
in each of the three human myocytes exposed to canine
APs of EPI and ENDO origin. The ENDO and EPI APs,
being used as command signals in the AP clamp
experiments, were also fed into the Luo—Rudy model
(completed with Kass—Sanguinetti inactivation kinetics)
in order to simulate I, ;. These traces of Ic, 1 obtained
by computer simulations (shown in Fig. 1d) strongly
resemble the experimentally recorded ones (Fig. 1b).
The results suggest that the characteristic single-peaked
or double-peaked appearance of the Ic,; profile,
observed during an AP of ENDO or EPI origin,
respectively, is likely to be determined by the configur-
ation of the AP experienced.

Properties of Ic,y in human ventricular cells
under conventional voltage clamp

To explain the mechanism of the second activation of
Ica1, observed in human ventricular cells when apply-
ing EPI APs as command pulses under AP voltage clamp
conditions, we assumed that part of I, deactivates
during phase-1 repolarization and this population of
deactivated channels may reopen during the crest of the
dome. Also, another fraction of I, which has already
been inactivated before the early repolarization may
recover from inactivation during the incisura. To test
this hypothesis the voltage-dependence of deactivation
and recovery from inactivation of Ic,; was studied
using rectangular voltage pulses as command signals.
In these experiments I, was blocked by 3 mmol L™
4-aminopyridine added to the bathing solution.

In one series of experiments (Fig. 2a—c) two depolar-
izing pulses (P; and P,, having durations of 25 or
100 ms, and 100 ms, respectively) were delivered from
—40 to +10 mV at a cycle length of 5s. These
depolarizing pulses were separated by repolarizations
to potentials ranging from +10 to —40 mV for either 25
or 100 ms. The 25 ms period of repolarization mim-
icked the incisura of an EPI AP, and was applied to
demonstrate that the availability of Ic,; will increase
with the degree of repolarization during the incisura.
The underlying current records show I, 1. traces elicited
by the first pulse and then interrupted by the repolar-
izing steps (Fig. 2a). Although the current increased
transiently at the beginning of the repolarizing step due
to the increased driving force for Ic, 1, it fell to values
close to zero within a few milliseconds, due to
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Figure 2 Deactivation and recovery kinetics of I, 1 in human ventricular myocytes (n = 4). Two rectangular depolarizing voltage
pulses (P and P,) were delivered to +10 mV from the holding potential of —40 mV (a). These pulses were separated by interpulse
intervals, lasting for 25 or 100 ms, and clamped to potentials ranging between —40 and +10 mV. The current peaks measured
during Py and P, are Ip; and Ip,, respectively, and the current measured at the end of the interpulse interval was termed as I.. Ratios
of I/Ipy (b) and Ip,/Ip; (c) were plotted as a function of the interpulse potential to describe the voltage-dependence of deactivation
and recovery from inactivation, respectively. Solid lines were obtained by fitting data to the Boltzmann function. (d, ) Time course
of recovery from inactivation of I, 1, measured using twin-pulse protocol, where the duration of the first pulse (Py) was either 25 or
100 ms. The interpulse interval was gradually increased up to 150 ms. The peak current measured during the second pulse was
normalized to that measured during the first one and these current ratios were plotted against the interpulse interval. Solid lines

represent fits to single exponentials. Symbols and bars are mean + SEM values.

voltage-dependent deactivation. The voltage-depend-
ence of this deactivation can be best assessed by plotting
the I./Ip; ratios, shown in Fig. 2b, as a function of the
interpulse potential (using the shorter, 25 ms long Py
duration and 25 ms interpulse interval), where I, is the
current measured at the end of the interpulse interval
and Ip; is the peak current recorded during the first
pulse. Fitting results to the Boltzmann function yielded
a midpoint potential of =12.7 + 0.5 mV and a slope
factor of 5.7 £ 2.8 mV (n = 4). These results indicate
that deactivation of Ic,; develops at the membrane
potential range covered by the incisura.

It was hypothesized that both pools of calcium
channels (i.e. those closed via deactivation during the
interpulse interval and those which closed via inactiva-
tion during the first depolarization) may contribute to
the calcium channel pool available for activation during
the second depolarization. Figure 2c illustrates the
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relation between the interpulse potential and the peak
amplitude of Ic,; measured during the second pulse
(Ipz) and normalized to Ip;. With increasing the hyper-
polarizing voltage prior to the second depolarization the
peak amplitude of Ic, 1 increased in a voltage-depend-
ent manner. Lengthening the interpulse interval from 25
to 100 ms also increased the amplitude of the second
peak of I, indicating an increasing contribution of
previously inactivated and reopening Ca** channels to
the second current peak. The voltage-dependence of
recovery from inactivation was assessed by plotting the
Ipy/Ipy ratios as a function of the interpulse potential
using the longer (100 ms) interpulse interval. A mid-
point potential of —15.3 4 2.0 mV and a slope factor of
13.2 £ 2.6 mV (n = 4) was obtained by fitting the
results to the Boltzmann function. The time course of
recovery from inactivation of Ic,; was determined
using the twin-pulse protocol shown in Figure 2d. The

43



Calcium current in human cardiomyocytes * L Filop et al.

interpulse interval, following the first depolarization,
(having P; duration of either 25 or 100 ms), was
continuously varied from 5§ to 150 ms. The shorter
(25 ms) prepulse was applied to approximate condi-
tions occurring during an AP, while the longer (100 ms)
prepulse was used to fully inactivate the current
allowing the determination of its recovery time
constant. The ratio of peak currents (Ipy/Ip;) was
plotted against the interpulse interval and the time
constant for recovery was estimated by fitting data
with a single exponential (shown in Fig. 2e) yielding a
61.9 + 2.1 ms time constant for recovery of Ic, 1 from
inactivation (nz = 4). It is important to note that the
recovery curve obtained using 25 ms P; duration
started from a non-zero value indicating that a fraction
of channels (which failed to inactivate within the
25 ms duration of the prepulse, consequently, closed
via deactivation after the prepulse) was available for
activation immediately after the prepulse. Figure 2e
also suggests that the fraction of Ic,p available for
activation during the crest of the dome of the AP
will increase with increasing the duration of the
incisura.

Further parameters to characterize human Ic, 1 were
also determined under conventional voltage clamp
conditions (not shown). The current-voltage relation-
ship of Ic,1 was studied using a series of 200 ms long
depolarizations to test potentials increasing in 5 mV
steps from —40 to +60 mV. The current first appeared at
—20 mV, its maximum was reached at +10 mV, and the
reversal potential was found at +50 mV. The density of
peak I, in human myocytes was —5.5 + 0.4 pA pF™!
at +10 mV (n = 8). The voltage-dependence of steady-
state inactivation was assessed using test depolariza-
tions to +10 mV preceded by a set of prepulses clamped
to various voltages between —55 and +20 mV for
500 ms. Peak currents measured after these prepulses
were normalized to the peak current measured after the
—55 mV prepulse and plotted against the respective
prepulse potential. Fitting the data to the Boltzmann
function yielded —20.9 + 0.4 mV for midpoint poten-
tial of steady-state inactivation and 3.8 + 0.3 mV for
its slope factor (n = 7). The time constant of current
decay (inactivation) was fitted as a sum of two
exponential components. Time constants of 12.2 +
0.5 and 82.8 + 4.6 ms were obtained for the faster and
slower components, having relative contributions of
87 +£3 and 13+ 1.2%, respectively, at +10 mV
(n = 4).

These results obtained for peak current density,
voltage- and time-dependence of inactivation and
recovery, and voltage-dependence of deactivation well
corresponded to those measured earlier by Banyasz
et al. (2003) in canine myocytes under identical experi-
mental conditions.
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Analysis of human I,y using ramp protocol

To mimic the actual spike-and-dome configuration of
an EPI AP, a ramp protocol, shown in Figure 3a, was
used. After clamping the membrane potential to
+10 mV for 2.5 ms (from the holding potential of
—40 mV), a series of repolarizing voltage ramps were
applied to potentials ranging from +10 to =40 mV for
5 ms. These ramps were followed by longer (20 ms)
ramps to the opposite direction, and after this the
membrane potential was set again to +10 mV. An
additional advantage of this protocol was that it
allowed a better analysis of deactivation kinetics of
Ica as the current was less distorted by inactivation
induced by the initial depolarizing pulse. As shown in
Figure 3a, Ic,p was activated by the initial short
depolarization, and the current rapidly decayed during
the rapid repolarizing ramps because of deactivation of
calcium channels. The second, slower, depolarizing
ramp (which was applied to mimic the rising phase of
the dome) caused reopening of the channels.

Voltage-dependence of deactivation was assessed by
normalizing the value of the minimum current, I, (or the
current measured at the time of the minimum current of
the most negative voltage ramp) to the corresponding
first I, peak (Ipy) and these I./Ip; ratios were plotted as
a function of the endpoint potential of the repolarizing
ramp (Fig. 3b). Fitting the data to the Boltzmann
function yielded -9.6 + 0.3 mV for the midpoint
potential and 9.5 + 0.3 mV for the slope factor
(n = 4). The estimated minimum and maximum ampli-
tudes for the I/Ip; ratios were 0.042 £ 0.01 and
0.84 + 0.01, respectively. The relation between the
endpoint potential of the repolarizing ramp and the
amplitude of the second I, peak (normalized to that
of the first one as Ipy/Ipy) is shown in Figure 3c. The
results indicate that increasing the depth of the hyper-
polarizing voltage ramp (corresponding to a deeper
incisura on the EPI AP) increases the amplitude of the
second I, 1, peak in a voltage-dependent manner.

Finally, we modelled the time course of I, flowing
during our ramp protocol tested experimentally above.
For computation of the Ic,1 profile we used kinetic
parameters published by Luo & Rudy (1994) completed
with inactivation kinetics of Kass & Sanguinetti (1984).
The results of these simulations, shown in Figure 3d-f,
were similar to those obtained experimentally: the
midpoint potential and slope factor calculated for
voltage-dependent deactivation of Ic,; were —17.7
and 6.4 mV, respectively.

Discussion

The major result of this study was to show that calcium
channels inactivate before and deactivate during the
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Figure 3 Evidence for voltage-dependent deactivation and reopening of L-type calcium channels in human ventricular myocytes.
(a—c) Show results obtained experimentally in four myocytes, while (d, e) represent computer simulations using the Luo—Rudy
model completed with Kass—Sanguinetti inactivation kinetics. In both cases a ramp protocol was applied to mimic the action
potential waveform of an epicardial cell. After clamping the membrane potential to +10 mV for 2.5 ms, a series of 5 ms long
repolarizing voltage ramps were followed by 20 ms ramps to the opposite direction, and finally the membrane potential returned to
+10 mV. The endpoint potential of the repolarizing ramps [displayed in the abscissa of (b), (c), (e) and (f)] was varied between +10
and —40 mV. Ip; and Ip, are amplitudes of the first and second Ic, ;. peak, respectively, I, values are minimum currents measured on

the effect of ramp repolarization.

incisura of an EPI AP in human ventricular myocytes,
and these channels do reopen during the crest of the
dome. Accordingly, it has also been demonstrated that
the profile of I, is strictly determined by the AP
configuration: single-peaked and double-peaked Ic,;.
profiles were obtained on the same human cells when
canine APs of ENDO or EPI origin were applied as
command pulses under AP voltage clamp conditions.
These findings are fully congruent with recent results
obtained in canine ventricular myocytes (Banyasz et al.
2003). A recurrent problem of the patch clamp-based
electrophysiological studies is that kinetic properties of
an ion channel can be accurately determined by
applying rectangular voltage pulses, whereas the current
profile displayed during an actual AP can be visualized
only using AP voltage clamp conditions. A transitional
approach can be the application of voltage ramps — as
was the case in this study. Thus, we have measured
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human Ic,; profiles under AP voltage clamp condi-
tions, most kinetic properties of Ic,p (voltage- and
time-dependence of inactivation and recovery) using
rectangular voltage pulses, and voltage-dependence of
deactivation using both rectangular voltage pulses and
voltage ramps. The —9.6 mV of midpoint potential
obtained for voltage-dependence of deactivation using
voltage ramps was close to that measured previously
with rectangular pulses (-12.7 mV). Although the
distorting effect of inactivation could not be fully
eliminated at the positive potential range in these
experiments, the 0.042 minimum and the 0.84 maxi-
mum values estimated for the I,/Ip; ratios indicate that
under ramp conditions the majority of channels closed
indeed via deactivation. This is further supported by the
finding that the current grew back close to its initial
value on the effect of the depolarizing ramp starting
from —40 mV: the estimated maximum of the
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Ipy/Ip1—Vy, curve was 0.88 + 0.03. Thus, the develop-
ment of the second current peak cannot be ascribed to
recovery of the inactivated channel pool at the negative
voltage range, since the time elapsed between the first
and second Ic, 1 peaks in the ramp protocol (<20 ms)
was too short comparing to the 61.9 ms recovery
time constant obtained for Ic,;. Of course, this
argumentation is not valid for the positive membrane
potential range where inactivation is the most import-
ant mechanism of closing the channels. This is the
reason why the estimated minimum of the Ipy/Ip;—V,,
curve in Figure 3c and f were 0.3 &+ 0.01 and 0.34,
respectively. Therefore, the voltage-dependence of
Ipy/Ipy (shown in Fig. 3¢ and simulated in Fig. 3f) cannot
be related to any discrete transition of the channel gating,
rather it illustrates that a deeper incisura results in a
higher amplitude of the second I, peak in EPI APs.

Although the relationship between the AP configur-
ation and the underlying ionic currents is not fully
understood, several reports were published on the
impact of the AP configuration on Ic, profile. Early
studies, based on traditional voltage clamp experiments
using rectangular command pulses, concluded that an
increased driving force caused by phase-1 repolarization
can maintain a sustained component of Ic, during the
plateau. This prediction was justified experimentally
under AP voltage clamp conditions in guinea pig
(Arreola et al. 1991, Linz & Meyer 1998) and rabbit
(Yuan et al. 1996, Linz & Meyer 2000) ventricular
cells. Arreola et al. also reported a sustained component
of Ic,1 during the plateau of the AP in guinea pig
ventricular cells, but, in contrast to our results,
reactivation of Ic,1 was not detected in that study
(Arreola et al. 1991). They proposed that the increased
driving force for calcium ions (resulting from partial
repolarization during the incisura) and the voltage-
dependent recovery from inactivation of I, at plateau
potentials are responsible for the sustained I, 1. Similar
results and conclusions were drawn by Yuan et al.
(1996) in rabbit, and by Linz & Meyer (2000) in guinea
pig, rabbit, and rat myocytes. In contrast to these
reports, the Luo-Rudy model predicts only a minor
sustained component during canine ventricular AP (Luo
& Rudy 1994). Indeed, in our experiments performed in
human cardiomyocytes, only negligible sustained com-
ponent of Ic, 1 was observed during the plateau. From
this point of view our present results are in accordance
with those of Banyasz et al. (2003) and Zygmunt et al.
(1997), who found no sustained component of Ic, 1 in
canine ventricular myocytes. This is not surprising
taking into account the striking similarities in AP
morphology observed between canine and human
ventricular cells.

The question arises, if shifting the membrane potential
toward more negative voltages does not increase Ic, 1.
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during the plateau of the AP, what is the effect of phase-
1 repolarization on the profile of Ic,1? The first
consequence of the early repolarization is the voltage-
dependent deactivation of L-type calcium channels. The
fraction of channels driven into the deactivated state is
primarily determined by the depth of the incisura, and
probably by the rate of repolarization. Reopening of
these channels after the incisura may contribute to
development of the dome. Another fraction of calcium
channels that may be involved in formation of the dome
when reopening is that pool of channels which had
already been inactivated before the incisura and thus
may recover from inactivation during the incisura. The
number of these channels depends on the depth as well
as the duration of the incisura. According to our results a
deeper and longer incisura may yield a larger population
of calcium channels ready to reopen during the dome.
Thus, ultimately, the large density of I,, known to be
present in human EPI myocytes, is responsible for the
spike-and-dome configuration of the AP in these cells
(Wettwer et al. 1994, Nabauer et al. 1996).

We have shown in this study that L-type calcium
channels can, in fact, reopen during the AP plateau in
human ventricular cells, which, in turn, may have
secondary effects on AP configuration by controlling the
activity of several voltage- and calcium-dependent ion
currents. Indeed, reopening of calcium channels has
been proposed to be involved in generation of early
afterdepolarizations (January et al. 1988, January &
Riddle 1990, Wit & Rosen 1992). Although we did not
analyse afterdepolarizations under AP clamp condi-
tions, our results are congruent with this hypothesis as
early afterdepolarizations usually arise from membrane
potentials more negative than the deepest point of the
incisura.
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