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Modulating L-Type Calcium Current Affects Discontinuous Cardiac
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ABSTRACT Wehave used pairs of cardiac cells (i.e., one real guinea pig ventricular cell and a real-time simulation of a
numerical model of a guinea pig ventricular cell) to evaluate the effects on action potential conduction of a variable coupling
conductance in combination with agents that either increase or decrease the magnitude of the L-type calcium current. For
the cell pairs studied, we applied a direct repetitive stimulation to the real cell, making it the "leader" cell of the cell pair. We
have demonstrated that significant delays in action potential conduction for a cell pair can occur either with a decreased value
of coupling conductance or with an asymmetry in size such that the follower cell is larger than the leader cell. In both
conditions we have shown that isoproterenol, applied to the real cell at very low concentrations, can reversibly decrease the
critical coupling conductance (below which action potential conduction fails) for a cell pair with fixed cell sizes, or, for a fixed
value of coupling conductance, increase the maximum allowable asymmetry in cell size for successful conduction. For either
of these effects, we were able to show that treatment of the real cell with BayK 8644, which more specifically increases the
magnitude of the L-type calcium current, was able to mimic the actions of isoproterenol. Treatment of the leader cell of the
cell pair (the real cell) with nifedipine, which selectively lowers the magnitude of the L-type calcium current, had effects
opposite those of isoproterenol or BayK 8644. The actions of nifedipine, isoproterenol, and BayK 8644 are all limited to
conditions in which the conduction delay is on the order of 5 ms or more, whether this delay is caused by limited coupling
conductance or by asymmetry in size of the cells. This limitation is consistent with the time course of the L-type calcium
current and suggests that the effects of calcium channel blockers or 13-adrenergic blocking drugs, in addition to being
selective for regions of the heart that depend on the L-type calcium current for the upstroke of the action potential, would also
be somewhat selective for regions of the heart that have discontinuous conduction, either normally or because of some
pathological condition.

INTRODUCTION
Action potential conduction throughout the heart is known
to be a process that shows large variations in direction and
velocity of the propagating wavefront in different regions of
the heart because of the spatial inhomogeneity of the dis-
tribution of both cellular membrane properties and gap
junctions, which serve as low-resistance pathways for cell-
to-cell current flow. Wehave used theoretical simulations
(Joyner, 1986) and experimental studies with a "coupling
clamp" circuit to investigate discontinuous conduction in
pairs of isolated cardiac cells (Joyner et al., 1991; Sugiura
and Joyner, 1992). Westudied geometrical factors respon-
sible for unidirectional block (Joyner et al., 1991) by delib-
erately choosing cells that were either similar in size or
quite different in size (as measured quantitatively by the cell
capacitance, the current threshold, and the reciprocal of the
input resistance). In cell pairs of asymmetrical size we
showed that bidirectional block occurred at low values of
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coupling conductance (Gc), that bidirectional conduction
occurred at higher values of Gc, and that there was a
"window" of Gc values over which unidirectional block
occurred. Another interesting phenomenon also occurred in
these experiments: during the conduction delay between the
activation of the stimulated cell (leader cell) and delayed
activation of the other cell (follower cell) there was a
substantial partial repolarization of the leader cell, which
then reversed quickly when the follower cell activated. We
also noted that action potential peak amplitude and excit-
ability of the leader cell were not affected by the electrical
load that determined conduction failure or success. This
suggested that the L-type calcium current (ICa) was much
more important in the conduction process than previously
considered, at least for cells with discontinuous conduction.
We also did experiments (Sugiura and Joyner, 1992) in
which we coupled pairs of isolated guinea pig (GP) ven-
tricular cells over a wide range of Gc and compared the
conduction delay and the extent of the partial repolarization
of the leader cell in normal Tyrode's solution versus that
observed for the same cell pairs with submaximum concen-
trations of nifedipine, a calcium channel blocker. We
showed that the critical Gc (the value of Gc below which
conduction block was produced) was increased significantly
by nifedipine and that, at a given value of GC, the conduc-
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tion delay and the extent of the early repolarization were

increased by nifedipine. The extent of the early repolariza-
tion in the leader cell also suggested that the actual magni-
tude of ICa that flowed during the action potential might be
asymmetrical, with more ICa for the leader cell than for the
follower cell because of differences in the early part of the
action potential waveform. We confirmed this prediction
(Kumar and Joyner, 1995) by using action potentials re-

corded from coupled cells (in current clamp mode) as time-
varying command potentials for other cells in voltage clamp
mode. We first simultaneously recorded action potentials
from the leader cell (stimulated cell, cell 1) and the follower
cell (nonstimulated cell, cell 2) of a cell pair, with a fixed Gc
between the cells supplied by our coupling circuit. Wethen
applied these recorded action potentials as command poten-
tial waveforms for other cells studied in the voltage clamp
mode, for which we used internal and external solutions that
isolated ICa* We showed that discontinuous conduction is
associated with a directionally determined asymmetry in
ICa, with the leader cell having a larger ICa than the follower
cell, which may be significant in determining the success or
failure of conduction.

There have been many published models of the cardiac
action potential in single cardiac cells, from the Beeler-
Reuter model (Beeler and Reuter, 1977) to the recent Luo
and Rudy (LR) model (Luo and Rudy, 1994a,b). The in-
creasing speed of available computers has now made it
possible to solve these systems of differential equations in
"real time" with a reasonable time step for integration. With
an A/D and a D/A converter, the computer can thus produce
an "interactive" model in which the solution of the model is
coupled in real time by some desired Gc to a real cell from
which recordings are being made in the current clamp mode.
As shown in our recent publication (Wilders et al., 1996),
when we coupled the LR model cell to a GPventricular cell,
we obtained action potential conduction either from the LR
model cell to the real cell or from the real cell to the LR
model cell, depending on which cell received direct stimu-
lation and on the value of Gc. Weemphasized in the Wilders
et al. (1996) publication the effects of extreme uncoupling
of cells. Wehave now extended this work to examine the
consequences of variations of Gc over a wide range of
values, variations in the relative size of the leader and the
follower cell, and pharmacological modulation of the L-
type calcium current of the leader cell of the cell pair. We
have used a hybrid cell pair (one real cell and one model
cell) for these experiments instead of a pair of real cells for
several reasons. First, the cell model is entirely consistent
and reproducible in every experiment, providing a standard
"follower" cell with a constant current threshold. Second,
experiments with a real cell coupled to a model cell require
only one stable recording from a real cell, which is much
easier than achieving two simultaneously stable recordings
from real cells. Third, because we are using pharmacolog-
ical modulation of L-type calcium current, we wanted to
apply the drugs (and thus the pharmacological effects) only
to the leader cell of the cell pair to specifically evaluate the

role of the L-type calcium current of the leader cell in
modulating action potential conduction for cell pairs.

MATERIALSANDMETHODS

Isolation of ventricular cells
The enzymatic procedure for single cell isolation was similar to that
previously described by Yazawa et al. (1990). Animals used include guinea
pigs weighing 300-600 g. Each animal was anesthetized with 50 mg/kg
nembutal i.p. The trachea was cannulated for artificial respiration during a
thoracotomy, by which the heart was rapidly excised and the aorta was
cannulated for Langendorff perfusion. The heart was first perfused for 3-5
min at a rate of 6-10 mimin with normal Tyrode's solution. After the
blood had been washed out of the coronary arteries, the heart was perfused
with nominally Ca2+-free Tyrode's solution for 5-6 min. For isolation of
ventricular cells, the heart was then perfused with the nominally Ca2+-free
Tyrode solution containing collagenase (4-8 mg/100 ml; Yakult) and
protease (type XIV, 1 mg/100 ml; Sigma) for 5-10 min. The enzymes were
then washed out of the heart with a high-K+/low-Cl- storage solution for
5 min. After perfusion of the high-K+ storage solution, both ventricles
were cut into pieces and gently triturated in the high-K+ storage solution
and stored at 4°C. The isolated cells were transferred to an experimental
chamber and continuously superfused with normal Tyrode's solution at 2
ml/min at 36-37°C. Only quiescent cells with preservation of their rod-
shaped appearance were studied, using relatively high-resistance patch
pipettes (4-6 MfQ) to minimize intracellular dialysis. The composition of
solutions used was as follows (mM): normal Tyrode: NaCl 148.8, KCl 4,
CaCl2 1.8, MgCl2 0.53, NaH2PO4 0.33, HEPES 5, dextrose 5, with pH
adjusted to 7.4 using NaOH. Ca2+-free Tyrode: NaCl 148.8, KCI 4, MgCl2
0.53, NaH2PO40.33, HEPES5, dextrose 5, with pH adjusted to 7.4 using
NaOH. Storage solution: potassium glutamate 120, taurine 20, MgCl2 5,
EGTA 1, dextrose 10, HEPES 10, with pH adjusted to 7.4 using KOH.
Pipette solution for current clamp recordings: KCl 145, Mg-ATP 5, Na2
creatine phosphate 5.0, and HEPES 5.0, pH 7.2 with KOH. Nifedipine
(Sigma) was dissolved in dimethyl sulfoxide to make a 20 mMstock
solution, and isoproterenol was dissolved in 1 mMascorbic acid solution
to make a 1 mMstock solution. The stock solutions were diluted into
normal Tyrode's solution to the desired final concentration.

Electrical coupling of a real GP ventricular cell to
a cell model
Wehave developed an electrical circuit that can provide a variable effec-
tive Gc between two isolated heart cells that are not actually in direct
contact with each other (Tan and Joyner, 1990; Joyner et al., 1991). The
specification of Gc is a combination of the fixed gain of the voltage-to-
current ("V to F') converters and the variable gain of the two amplifiers,
giving us control of the Gc in our experiments. Current pulses of 2 ms
duration and amplitude of 5-10% suprathreshold are applied to the stim-
ulated cell at a frequency of 1-2 Hz. Simultaneous recordings from each
cell are made with an Axoclamp 2A (Axon Instruments, Inc.) dual ampli-
fier, using the internal V to I converters to feed back the desired currents
to each headstage from the coupling circuit. The LR model for an isolated
GP ventricular cell (Luo and Rudy, 1994a,b) includes sarcolemmal ionic
channel currents and pump currents as well as a representation of calcium
ion concentration with cytoplasmic buffers and the release and uptake of
calcium by the sarcoplasmic reticulum. Throughout this paper we use this
"LR 2" model and not the previously published "LR 1" model (Luo and
Rudy, 1991). The LR cell model has a capacitance of 153.4 pF and an
effective "input resistance" of about 20 Mfl for small depolarizations, thus
having an input time constant of about 3ms. The stimulus current threshold
for this model is 2.6 nA for a stimulus duration of 2ms. Because the LR
model contains some components with fast kinetics, it is to be expected that
the time step of 70,us imposed by our computational hardware would have

some effect on the model solution. We have done extensive testing to
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evaluate how this discrete time step affects the solution of the LR model,
showing that neither the excitability nor the action potential duration is
affected by more than a few percent. These tests are included in our recent
publication (Wilders et al., 1996).

Adjustments of the effective cell size for the
leader or follower cell
The large variation in cell size (represented by variations in the current
threshold for excitation) that is found experimentally represents an exper-
imental problem but also an opportunity to study the effects of cell size on
conduction properties. The inclusion in our coupling model of the ability to
change the effective cell size of either the computer model and/or the real
cell is necessary for normalization of the results. This capability is pro-
duced by simply scaling the coupling current that is being applied to either
the real GPventricular cell (cell 1) by Z1 and the coupling current, which
is being applied to the LR model cell (cell 2) by Z2. This produces a
time-varying coupling current equal to Z2 * (VI - V2) * Gc applied to the
LR model cell and a time-varying coupling current of Z, * (V2 - VI) * Gc
applied to the real GP ventricular cell, where V, and V2 are the time-
varying membrane potentials of the real GP ventricular cell and the LR
model cell, respectively. This produces an effective increase in the size (as
represented by an increase in the current threshold and a decrease in the
input resistance) of cell 1 by a factor of lIZ1 and of cell 2 by a factor of
1IZ2. In our experiments we have normalized the size of each of the real
cells studied by using a factor of Z, for each real GPventricular cell, such
that its effective current threshold with current pulses of 2 ms duration is
equal to that of the standard size LR model cell (2.6 nA).

RESULTS
Fig. 1 illustrates recordings from a GPventricular cell (solid
line) and a simultaneous real-time computation of the LR
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FIGURE 1 (A) Recording from a guinea pig ventricular cell ( ) and
a simultaneous real-time computation of the LR ventricular cell model
(--- ), with repetitive 1-Hz direct stimulation of the real cell with current
pulses of 2 ms duration. For the period of recording shown here, the model
is initially not coupled to the real cell, and coupling is established at Gc =

10 nS during the period marked by the horizontal arrow. The second
stimulated action propagates to the LR model cell. (B) Coupling current
recorded simultaneously with the voltage recordings of A. Positive cou-

pling current is in the direction from the real cell to the model cell. (C and
D) Recordings from the same cell after the addition of 1 ,uM nifedipine to
the external solution. Cell R090595D, records DOI and D22.

ventricular cell model (dotted line), with repetitive 1-Hz
direct stimulation of the real cell with current pulses of 2 ms
duration. For this cell the current threshold was 1.8 nA and
the input resistance was 20.7 Mfl before size normalization.
We used a Z1 factor of 0.69 (1.8/2.6, see Materials and
Methods) for the coupling current applied to the real cell to
normalize the size of the real cell to that of the LR model
cell. This resulted in an effective current threshold of 2.6 nA
and an input resistance of 14.3 MQfor the real cell during
this experiment. A similar procedure was used for all of the
real GPventricular cells we studied, with all data obtained
after normalization of the size of the real GPventricular cell
(the leader cell) to a current threshold of 2.6 nA. For Fig. 1,
we used a coupling protocol in which the GPventricular cell
was not initially coupled to the LR model cell. A Gc of 10
nS was established for the period marked by the horizontal
arrow in Fig. 1, A and C. The second stimulated action
potential of each trace occurs during the period of coupling
and propagates to the LR model cell. During the time period
after activation of the leader cell and before activation of the
follower cell, there is a prominent partial repolarization of
the membrane potential of the leader cell due to the current
flow out of the leader cell and into the follower cell. Fig. 1
B shows the coupling current recorded simultaneously with
the voltage recordings of Fig. 1 A, which was recorded in
the control external solution. Positive coupling current is in
the direction from the real cell to the model cell. Fig. 1, C
and D, shows recordings from the same cell after the addi-
tion of 1 AMnifedipine to the external solution, again with
a protocol of no coupling during the initial portion of the
trace and then a Gc of 10 nS. Nifedipine shortened the action
potential of the GP ventricular cell, when uncoupled, and
caused a greater partial repolarization of the GPventricular
cell and a greater conduction delay during the conduction
process after coupling had been established.

For this same hybrid cell pair (GP ventricular cell cou-
pled to a LR model cell) we recorded action potential
conduction from the GP ventricular cell to the LR model
cell over a wide range of values of Gc. Fig. 2 A shows
recording from a GP ventricular cell (solid line) and a
simultaneous real-time computation of the LR model cell
(dotted line), with repetitive 1-Hz direct stimulation of the
real cell with current pulses of 2 ms duration. Values of Gc
of 50, 30, 20, 15, 10, 8, 7, and 6 nS are indicated by the
letters a, b, c, d, e, f, g, and h, respectively, on the dotted
traces, which are the solutions for the LR model cell. Fig. 2
B shows the coupling currents recorded simultaneously with
the voltage recordings of the top panel. For the largest value
of Gc used (50 nS, trace a) the conduction delay is only 1
ms. As Gc was decreased, the conduction delay increased
and the slope of the initial partial repolarization of the leader
cell and the peak magnitude of the coupling current de-
creased. For the smallest value of Gc that allowed successful
conduction (7 nS, trace g), the conduction delay was 21 ms.
For each value of Gc for which conduction was successful,
the leader cell (GP ventricular cell) shows a partial repolar-
ization during the conduction process, then depolarizes
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FIGURE 2 (A) Recording from a guinea pig ventricular cell ( ) and
a simultaneous real-time computation of the LR ventricular cell model
(----), with repetitive 1-Hz direct stimulation of the real cell with current
pulses of 2 ms duration. Recording-s are from the same cell as for Fig. 1,
but at a faster sweep speed, with results for various values of Gc displayed.
Values of Gc of 50, 30, 20, 15, 10, 8, 7, and 6 nS are indicated by the letters
a, b, c, d, e, f, g, anld h, respectively, on the dotted traces, which are the
solutions for the LR model cell. (B) Coupling current recorded simulta-
neously with the voltage recordings of A. Positive coupling current is in the
direction from the real cell to the model cell. Cell R090595D, records DO1,
D02, D03, D04, D07, D08, D09, and D10.

again after the activation of the follower cell (the LR model
cell). With smaller values of Gc (and longer conduction
delays) this secondary depolarization of the leader cell
occurs with a slower time course.

Fig. 3 shows the effect of nifedipine (1 ,uM) on conduc-
tion delay (shown in Fig. 3 A) between the real GPventric-

25-

20 ~~0

15- \
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FIGURE 3 (A) Plot of the conduction delay between the real GP ven-

tricular cell (same cell as for Figs. 1 and 2) and the LR model cell as a

function of Gc in control and 1 ,uM nifedipine solution. (B) Action potential
conduction from the GP ventricular cell to the LR model cell in control
solution (C) and in 1 ,uM nifedipine solution (NIF) with a Gc of 10 nS.
Recordings from the real cell are solid lines, and the computed results for
the LR model cell are dotted lines. The upstrokes of the two real cell
recordings have been aligned in time for clarity of presentation.

ular cell (same cell as for Figs. I and 2) and the LR model
cell as a function of G, in control and 1 ,uM nifedipine
solution. For larger values of G, there is only a short
conduction delay, and this delay is not affected by the
addition of n-ifedipine. As Gc was decreased there was not
only an increase in the conduction delay in the control
solution, but also an increased effect of the nifedipine so-
lution. This effect is illustrated in Fig. 3 B, which shows
action potential conduction from the GP ventricular cell
(solid lines) to the LR model cell (dotted lines) in control
solution (C) and in 1 ,tM nifedipine solution (NIF) with a
Gc of 10 nS. The upstrokes of the two real cell recordings
(from the same cell) have been aligned in time for clarity of
presentation. Conduction in the NIF solution has a longer
delay and a larger early repolarization of the real cell. Note
that the action potential peak amplitude of the real cell is
minimally affected by nifedipine. At GQ values below 10 nS,
there is a very substantial effect of the nifedipine solution.
Conduction failure occurred for a Gc less than 7 nS in the
control solution (see Fig. 2), but occurred for a Gc less than
9 nS in the nifedipine solution (data not shown).

In addition to the effects of Gc, the relative sizes of the
two cells of a cell pair can also strongly affect the conduc-
tion delay between the cells. Fig. 4 illustrates this phenom-
enon from a hybrid cell pair in which the leader cell (with
direct stimulation through the pipette) is a GP ventricular
cell and the follower cell is the LR model cell. For this cell
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FIGURE 4 (A) Recording from a guinea pig ventricular cell ( ) and
a simultaneous real-time computation of the LR model cell model (---),
with repetitive 1-Hz direct stimulation of the real cell with current pulses
of 2 ms duration. Weadjusted the size of the real cell to be the same as the
size of the standard LR model cell. Wethen repetitively stimulated the GP
ventricular cell, using a GQ of 15 nS, while varying the size of the LR
model cell from 0.2 to 2.0 with respect to a standard size of 1.0. Recordings
are shown for various values of the size of the LR model cell with sizes of
0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.5, and 1.6 indicated by the letters a, b, c,
d, e,f, g, h, and i, respectively, on the dotted traces, which are the solutions
for the LR model cell. (B) Coupling current recorded simultaneously with
the voltage recordings of A. Positive coupling current is in the direction
from the real cell to the model cell. Cell R090695A, records A12, A13,
A14, A15, A16, A17, A18, A19, and A20.
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the current threshold was 2.9 nA before size normalization,
so we used a Z1 factor of 1.12 (2.9/2.6) for the coupling
current applied to the real cell to normalize the size of the
real cell to that of the standard LR model cell. Fig. 4 A
shows recordings from the real cell (solid line) and the LR
model cell (dotted line), with repetitive 1-Hz direct stimu-
lation of the real cell. With a size factor of 1.0 for the LR
model cell, we found the critical value of Gc below which
conduction failed to be 7.0 nS. Wethen repetitively stimu-
lated the GP ventricular cell, using a GQ of 15 nS, while
varying the size of the LR model cell from 0.2 up to a value
that produced conduction failure from the GP ventricular
cell to the LR model cell. Fig. 4 A shows recordings for
various values of the size of the LR model cell, with sizes
of 0.2, 0.4, 0,6, 0.8, 1.0, 1.2, 1.4, 1.5, and 1.6 indicated by
the letters a, b, c, d, e, f, g, h, and i, respectively, on the
dotted traces, which are the solutions for the LR model cell.
Fig. 4 B shows the coupling current recorded simulta-
neously with the voltage recordings of the top panel. Note
that the process of increasing the size of the follower cell
produces increases in conduction delay that can lead to
conduction failure, just as decreasing the coupling conduc-
tance between the two cells (compare Fig. 4 to Fig. 2).
However, the actual modulation of the action potential
shape of the leader cell and the time course and magnitude
of the coupling current are quite different for the two
methods of increasing conduction delay. For decreases in Gc
(Fig. 2), the slope of the early repolarization during the
conduction process becomes progressively less steep for the
leader cell and the peak magnitude of the coupling current
becomes smaller. For increases in the size of the follower
cell, without changing the size of the leader cell or Gc (Fig.
4), the slope of the early repolarization during the conduc-
tion process remains the same and the peak magnitude of
the coupling current remains nearly constant, but the extent
of partial repolarization of the real cell increases.

Even though the data for changing coupling conductance
(Fig. 2) and for changing the size of the follower cell (Fig.
4) were obtained by using real isolated cells from different
preparations, each of these real cells was coupled to a
standard LR model cell, allowing us to compare these two
different methods of altering conduction delay in terms of
the charge transferred to the follower cell to produce exci-
tation. For each of the coupling current traces shown in
Figs. 2 and 4, we integrated the coupling current (pA) as
applied to the follower cell, starting at the time of the
beginning of the 2-ms-duration stimulus to the leader cell
and ending at the time at which the potential of the follower
cell crosses zero voltage. Fig. 5 A shows (solid squares
connected by a solid line) the coupling current integral (pC)
for the results of Fig. 2, for which we varied the coupling
conductance from 50 nS to 7 nS, plotted against the con-
duction delay (the time delay from the zero crossing of the
leader cell to the zero crossing of the follower cell). As the
conduction delay is increased (associated with decreases in
the coupling conductance), the coupling current integral
remains nearly constant until the conduction delay exceeds
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FIGUJRE 5 Time integral of coupling current during the conduction
process as a function of conduction time as either the coupling conductance
(U, integrated data from Fig. 2 B) or the relative size of the follower cell
(0, integrated data from Fig. 4 B) is varied. For A the integral is expressed
simply as a time integral of current (pC), whereas for B the results of A are
replotted and scaled by the capacitance of the follower cell (the LR mnodel,
153.4 pF multiplied by the size factor for the follower cell).

5 ms and then progressively increases. Fig. 5 A also shows
(open circles connected by a dotted line) the coupling
current integral for the results of Fig. 4, for which we varied
the effective size of the follower cell from 0.2 to 1.5 times
the standard size. As the conduction delay is increased
(associated with increases in the relative size of the follower
cell) there is a large increase in the coupling current integral,
representing the increasing demand of the larger follower
cell for charge to achieve a threshold voltage. Note that the
two curves in Fig. 5 A intersect for a coupling conductance
of 15 nS and a size factor of 1.0, which is expected, because
we used a coupling conductance of 15 nS when varying the
size of the follower cell (Fig. 4) and we used a size factor of
1.0 while varying the coupling conductance (Fig. 2). In Fig.
5 B we have replotted the data of Fig. 5 A with a normal-
ization of the coupling current integral to the effective
capacitance of the follower cell. Because the standard size
LR model cell has 153.4 pF, this process simply divides the
coupling current integral by 153.4 pF times the size factor
for the follower cell. The data for varying the coupling
conductance (solid squares) have the same relationship to
conduction delay as shown in Fig. 5 A, whereas the data for
varying the size of the follower cell (open circles) are now
nearly superimposable over the data for varying the cou-
pling conductance.

We also found that changing the relative size of the
model cell (follower cell) with respect to the real cell (leader
cell) modulated the effects of drugs on the conduction
process. In Fig. 6 we show results for three hybrid cell pairs,
each consisting of a real GPventricular cell coupled to the
LR model cell. In each part of the figure we show results for
conduction delay (milliseconds) as a function of the relative
size of the model cell for control (C) solution, the applica-
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