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Ca Channel Kinetics during the Spontaneous Heart Beat in Embryonic
Chick Ventricle Cells
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ABSTRACT The ability of Caions to inhibit Ca channels presents one of the most intriguing problems in membrane biophysics.
Because of this negative feedback, Ca channels can regulate the current that flows through them. The kinetics of the channels
depend on voltage, and, because the voltage controls the current, a strong interaction exists between voltage dependence and
Ca dependence. In addition to this interaction, the proximity of pores and the local concentration of ions also determine how
effectively the Ca ions influence channel kinetics. The present article proposes a model that incorporates voltage-dependent
kinetics, current-dependent kinetics, and channel clustering. We have based the model on previous voltage-clamp data and on
Ca and Ba action currents measured during the action potential in beating heart cells. In general we observe that great variability
exists in channel kinetics from patch to patch: Ba or Ca currents have low or high amplitudes and slow or fast kinetics during
essentially the same voltage regime, either applied step-protocols or spontaneous cell action potentials. To explain this variability,
we have postulated that Ca channels interact through shared ions. The model we propose expands on our previous model for
Ba currents. We use the same voltage-dependent rate constants for the Ca currents that we did for the Ba currents. However,
we vary the current-dependent rate constants according to the species of the conducting ion. The model reproduces the main
features of our data, and we use it to predict Ca channel kinetics under physiological conditions. Preliminary reports of this work

have appeared (DeFelice et al., 1991, Biophys. J. 59:551a; Risso et al., 1992, Biophys. J. 61:248a).

INTRODUCTION
Diversity of Ca channels

The flow of Ca ions into excitable cells directly modulates
the membrane voltage, and it acts as a messenger to regulate
vesicle secretion, muscle contraction, gene expression, and
a variety of other functions essential to the cell. The various
roles of Ca ions depend on the spatial distribution and the
temporal activity of Ca channels, i.e., where and when the Ca
enters the cell, propagates through it, and initiates its action.
Ca channels come in various types, and nervous tissue, skel-
etal muscle, smooth muscle, and the myocardium usually
contain diverse categories. To explain the diversity of these
excitable tissues, we usually assume that different kinds of
Ca channels reside in specific locations: channel types have
particular kinetics that facilitate their identification and de-
fine their function. For the most part, we equate functionally
distinct channels with structurally distinct molecular entities.
Indeed, evidence mounts in support of the molecular diver-
sity of Ca channels (Mikami et al., 1989; Catterall, 1991;
Morietal., 1991; Singer et al., 1991; Tsien et al., 1991; Varadi
et al., 1991; Nargeot et al., 1992; Perez-Reyes et al., 1992;
Williams et al., 1992; Soong et al., 1993).

In cardiac cells, two types of Ca channels exist, the L-type
and the T-type (Nilius et al., 1985; Bean, 1985, 1989; Hirano
et al., 1989). Dihydropyridines modulate L channels, and
isoproterenol increases their activity (Trautwein, 1984;
Kokubun and Reuter, 1984; Hess et al., 1984; Nowycky et
al., 1985; Hartzell, 1988; Lacerda and Brown, 1989; Joseph-
son and Sperelakis, 1990; Yue et al., 1990; Lew et al., 1991).
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Dihydropyridines and isoproterenol have little effect on T
channels (Tytgat et al., 1988; Hirano et al., 1989). Further-
more, L and T channels differ in their voltage-dependence:
L currents have a low threshold and a slow inactivation,
whereas T currents have a high threshold and a fast inacti-
vation. Finally we note that the relative distribution of L and
T channels may correlate with the development of cardiac
tissues (Kawano and DeHaan, 1989; Osaka and Joyner,
1991). Thus the myocardium, as other tissues, appears to
conform to general pattern of diversity of channels for dis-
parate function.

Ca-induced inactivation

Another feature that distinguishes L and T channels is their
permeability. L channels have larger conductances for Ca,
Ba, or Na ions (Hess and Tsien, 1984; Nilius et al., 1985;
Hess et al., 1986; Lansman et al., 1986, Levi and DeFelice,
1986; Mazzanti and DeFelice, 1987a, 1990; Yue and Marban,
1990). Ca and Ba ions themselves play a role in the inac-
tivation of L channels, but apparently this is not true not for
T channels (Hirano et al., 1989; Mazzanti et al., 1991). Thus,
these two categories of Ca channel that are found in cardiac
tissue seem solidly separable.

The significant property of Ca-mediated inactivation has
an extended literature. Hagiwara and Najaima (1966) first
showed that Ca alters the excitable of muscle fibers. Brehm
and Eckert (1978), Tillotson (1979), Brehm et al. (1980),
Ashcroft and Standfield (1981), and Chad and Eckert (1984)
followed this suggestion with direct evidence for the involve-
ment of internal Ca in the permeability of membranes to Ca.
This work eventually led to the general concept that Ca ions,
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as they enter the cell through Ca channels, can inactivate
those same channels, and Ca-induced inactivation of Ca
channels is demonstrable in a variety of cells that contain
many Ca channels. The question remains whether one Ca
channel can inactivate itself, or whether some form of co-
operation must exist between channels for Ca-induced in-
activation to occur. To discuss this issue, we have first to
distinguish between voltage inactivation and Ca-induced in-
activation. In cardiac cells, both kinds of inactivation would
appear to exist as separate mechanisms (Hadley and Lederer,
1991). Although voltage-dependent inactivation has a well-
understood role in membrane excitability, the role of Ca-
inactivation remains speculative (Mentrard et al., 1984; Kass
and Sanguinetti, 1984; Lee et al., 1985; Hadley and Hume,
1987; Argibay et al., 1988, Hadley and Lederer, 1991;
Mazzanti et al., 1991; Yue et al, 1991; Imredy and Yue,
1992). This paper focuses on the interactions that occur
between voltage inactivation and Ca-induced inactivation,
and it suggests a role for this interplay under physiological
conditions.

Channel-channel interactions

Heart cells conveniently demonstrate these interactions be-
cause the potential, the current, and the amount of available
Ca influence one another during every beat cycle. The prox-
imity of channels, which we refer to as channel clustering,
should also play a role. For example, we would expect ad-
jacent channels to interact more strongly than distant chan-
nels. In this case, Ca-induced inactivation would also depend
on channel clustering. Even voltage-clamped membranes
should demonstrate channel-channel interactions. As an il-
lustration, discussed in more detail in DeFelice (1993), imag-
ine a high (but uniform) channel density for which the in-
terchannel distances were still too great for Ca-mediated
interactions. Compare that situation with a low (but non-
uniform) channel density in which clusters of channels exist
that permit such interactions. The kinetics and therefore the
functional characteristics of these two distributions would be
quite different, even if the channels themselves were indi-
vidually identical.

Models

This picture of channel-channel interaction raises the fol-
lowing possibility: functional diversity may result not only
from molecular differences but also from the interactions
between intrinsically similar channels. Standen and Stanfield
(1982) have proposed a model in which Ca currents inac-
tivate, because the Ca in a submembrane compartment binds
to the channel. They assumed that binding either occurs in-
stantly, or that an inactivation variable analogous to 4 in the
Hodgkin and Huxley description (1952) depends on Ca.
Thus, in the Standen and Stanfield model, Ca-induced in-
activation is an intrinsic property of every Ca channel. In
their macroscopic model, Ca enters a compartment via the
membrane, leaves at a rate proportional to its concentration,
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and the current feeds back on itself uniformly. We have pro-
posed a stochastic model of Ca channel interactions based on
single-channel data (Mazzanti and DeFelice, 1990; Mazzanti
et al., 1991). These data provided the initial evidence for
cross-talk between Ca channels. In the earlier versions of the
experiment, we used Na, Ba, or high concentrations of Ca to
increase the single-channel conductance (Reuter et al., 1983;
Cavalie et al., 1983, 1986; Nilius et al., 1985; McDonald et
al., 1986; Klockner et al., 1990). If we used Na or Ba ions
to carry the current, the channels uniformly remain open for
very long times, practically throughout the entire plateau and
carly repolarization phase of the cardiac action potential. If
we used Ca to carry the current, the Ca the channels have
rather assorted kinetics: the channels generally close rapidly
after voltage stimulation, although they occasionally stay
open for periods that rival the regular Na or Ba opening.
Thus, while Na and Ba conveniently increase the conduc-
tance of Ca channels, they significantly perturb the kinetics
of the channels. A possible alternative would be to use high
concentrations of Ca ions to increase conductance. However,
it remains controversial whether high Ca concentration alters
Ca channels kinetics. At any rate, it seems rather difficult to
record from individual Ca channels without perturbing them.
One of the unsolved dilemmas of these biophysical ap-
proaches to Ca channel function is to understand how they
work in a normal environment from data obtained in abnor-
mal conditions.

In this paper, we do experiments in 3 mM Ba, 4.5 mM
Ba, 20 Ca, and 50 mM Ca, and, from these data, we con-
struct a model that predicts the kinetics of Ca channels in
physiological Ca. We use the patch-clamp applied to beat-
ing cells, as we have in previous studies on Na and K
channels (Mazzanti and DeFelice, 1987b, 1988). The
model we arrive at includes an intrinsic voltage inactiva-
tion in the channel itself, an intrinsic Ca-induced inacti-
vation mechanism, and an extrinsic coupling that exists be-
tween the channels via Ca. Thus, our model is similar to
the Standen and Standfield model. However, it differs from
that model in the following respects. We presume that Ca
channels are stochastic pores that open and close ran-
domly. In our model, when a channel opens, Ca ions flow
into the cell, and this Ca can inactivate that very channel.
This Ca can also inactivate other channels that are close to
the one that opened. Even so, some very long openings
may occur by chance. The present model also describes the
generally slow Ba kinetics and rapid Ca kinetics by essen-
tially the same mechanism. Channel-channel coupling oc-
curs by assuming a transition rate to a nonconducting
(blocked) state and letting that rate increase in proportion
to the Ca that flows through N open channels in a cluster.
Ca ions diffuse away from the cluster without ever binding
to the channels. Because the concentration of Ca changes
from moment to moment, the reversal potential of the
channel also changes, and we have included the two
effects of inactivation and reversal potential into the same
formulation.



1008

METHODS

We prepared the cardiac ventricle cells used in this study by an enzymatic
digestion of 7-day chick embryo hearts Fujii et al. (1988). After 12-24 h in
tissue culture medium, we wash the cells with bath solution at room tem-
perature. The bath contains (in millimolar): 130 Na, 1.3 K, 1.5 Ca, 0.5 Mg,
135.3 Cl, S dextrose, 10 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES), pH 7.35. In these experiments, the cell-attached electrode
contains various solutions, which are summarized in Table 1. We made the
electrodes from borosilicate glass (Corning 7052, Novato, CA) using a pro-
grammable puller (Sachs-Flaming, PC-84, Sutter Instrument). After coating
the pipettes with Sylgard (Dow Corning, Midland, MI), and after fire pol-
ishing the tips to 1-3-um diameter, the electrodes had resistances in the
range of 4-10 megohms. With these electrodes, the isolated patch has a
measured area of 57 um? (Mazzanti and DeFelice, 1987b; Wellis et al.,
1990). Although a 20% size range exists from patch to patch, we attribute
the variability in action currents to membrane channel density or to channel
clustering, rather than to variable patch area. After forming a seal, we always
examine the patch for Iy,, Ik, and Ik, channels and exclude patches that
contain either these channels or any unidentified channels (Fig. 1). From
previous studies, we know that these particular cardiac cells contain only
dihydropyridine-sensitive Ca currents. To increase the conductance of the
L-type channels underlying the dihydropyridine-sensitive currents, we use
Ba or high concentration of Ca in the pipette solution (Table 1). To measure
the action potential, we generally break the patch at the end of an experiment
and record the first few action potentials that occur. We assume that this
time-varying membrane voltage corresponds to the potential of the cell
before breaking the patch. We also use blank action current traces,
in which no channel openings occur, to estimate the shape of the action
potential.

In previous experiments we measured leak conductance of the patch
membrane by an iteration routine, in which we fit patch currents to the
equation: c(dV/dt) + gV + i, where c is the patch capacitance, g is the
patch conductance, and i, is the baseline current (Wellis et al., 1990). Based
on this procedure, we used the noise levels of the blank traces to estimate
the leak pathway, g, approximately 250 gigohms in the data reported here.
The cells have a diameter of 10~13 pum, and they have resistances between
1 and 10 gigohms. For this report, we used single cells exclusively.

We used a List EPC-7 to measure the current. We bandlimit the data at
1000 Hz and applied a subtraction routine to all traces (omitting Figs. 1 and
2, which illustrate the raw data). In cell-attached patch experiments, with
the bath potential set at 0 mV, the cell action potential appears across the
patch membrane. Adding positive 20 mV to the pipette shifts the action
potential negative by 20 mV, etc. In this way, we are able to shift the voltage

TABLE 1 Solutions
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across the patch to test our theory against the data. We store the data on a
VCR and use a Nicolet 4094 oscilloscope and IBM-AT computer to analyze
them. The modeling procedures make use of MCHAN, a program written
by Bill Goolsby and Lou DeFelice (DeFelice et al., 1989) for IBM-
compatible machines running DOS 3.0 (or later) with 640K RAM, a math
coprocessor, and Hercules CGA, VGA, EGA, or compatible color graphics.
MCHAN outputs an ASCII format that can transfer to other programs for
further processing. We will provide copies of this program on request.

RESULTS

All of the data presented in this paper come from cell-
attached patch experiments on individual cells isolated in
primary tissue cultures from 7-day chick ventricle. We use
a physiological solution in the bath to sustain cell beating.
The pipette solution (see Methods) is designed to discrimi-
nate against all channels other than Ca channels. However,
we often see K channels in the patch, or unidentified chan-
nels, and we simply reject these. To enhance the current
through Ca channels, we use a variable concentration of Ba
or Ca (Table 1). Fig. 1 shows consecutive action currents
(rows) from different patches (columns) recorded from spon-
taneously active cells. The pipette solution in this case con-
tains 3 mM Ba, and we have not subtracted the capacitive
transient. The action potentials remained virtually identical
from beat to beat throughout a given experiment; neverthe-
less, action currents appear to have rather different kinetics.
The top row shows action currents from patches that contain
both inward and outward currents. This exemplifies an ex-
periment that we would reject. We accept patches for analysis
that contain only downward currents, like those shown in the
bottom three rows, which we assign as Ca channel openings
by elimination. The traces illustrated in Fig. 1 attempt to
show the range of action currents that we see in our experi-
ments, viz., 1) brief openings that occur somewhat randomly
throughout the action potential; 2) relatively short-lived cur-
rents that occur just after the upstroke; and 3) bursts of open-
ings that last for hundreds of milliseconds. The theory of Ca

Pipette
Bath Internal 3.0 Ba 4.5 Ba 20 Ca 50 Ca
mM

NaCl 130.0 0 124 121 88 28
CaCl, 1.5 0.1 0 0 20 50
BaCl, 0 0 3 4.5 0 0
MgCl, 0 2 0.5 0.5 0.5 0.5
MgSO, 0.5 0 0 0 0 0
KH,PO, 1.3 0 0 0 0 0
KCl1 0 120 1.3 1.3 1.3 1.3
HEPES 10 10 10 10 10 10
EGTA 0 1.1 0 0 0 0
Dextrose 34 30 5 5 10 40
pH 7.35 7.35 7.35 7.35 7.35 7.35
Osm (mOsm) 300 270 280 280 270 270
4-AP 0 0 10 10 10 10
TEA 0 0 5 5 5 5
TTX 0 0 0.001 0.001 0.001 0.001




Risso and DeFelice

FIGURE 1 3 mM Ba: sample action currents be-
fore capacitive and leak subtraction. Sequential ac-
tion currents from four different patches on sponta-
neously beating, 7-day chick ventricle cells at room
temperature. The bath contains a physiological so-
lution, and the pipette contains a 3 mM Ba solution
(see Methods). These action currents represent the
range that we see in our experiments: the top row
illustrates a patch that we discard, because the cur-
rents are upward, and downward in spite of our at-
tempt to select for Ca channels with the pipette so-
lution; the bottom three rows show patches we would
retain for analysis. They illustrate the wide variability
in channel openings, not only from patch to patch, but
also from beat to beat.

100 msec

—

100 msec

FIGURE 2 Method of consecutive-beat subtraction. Illustration of the
consecutive-beat subtraction method use in the remainder of the paper. Top
traces: two sequential action currents from a cell-attached patch on a spon-
taneously beating 7-day chick ventricle cell at room temperature. Bottom
trace: the difference current. The bath contains a physiological solution; the
pipette contains a 3 mM Ba solution. The fast upstroke of the action potential
causes the sharp outward current, seen near the beginning of each of the top
two traces in Fig. 2. This current, which is largely a capacitive current from
the patch, allows us to line up the two traces for subtraction. (The slow
inward current, seen toward the end of each of the top two traces, represents
the repolarization of the action potential.) By merely subtracting each action
current from the previous one, we eliminate background currents but retain
the randomly opening, and closing ionic currents. Using consecutive beats
insures that we subtract virtually identical capacitive and leak currents. This
procedure causes the ionic currents, which are downward as raw data (Fig.
1), to become downward and upward deflections.

channel kinetics that we present here accounts for these dif-
ferent kinetics and offers an explanation for the underlying
cause of this incongruous behavior.

Ca Channel Kinetics during Spontaneous Heart Beat 1009

3 mM Ba

NI SN NS S U M
A b e b b L
A A S N N A

S R S MU A

Consecutive-beat subtraction method

We have found it convenient in these experiments to elimi-
nate background currents by subtracting consecutive action
currents. This method assumes that capacitive and leak cur-
rents remain constant over adjacent beats, and it assumes that
channel openings occur randomly. The difference trace that
results from the subtraction of course inverts one set of chan-
nel currents; nevertheless, the difference trace shows the tem-
poral activity of the channels and the amplitude of the current
rather well (Fig. 2), and the data can easily be compared with
the theory if we perform the same manipulation on the simu-
lated data. All of the subsequent experiments after Fig. 3
use the method of consecutive-beat subtraction, and in Fig.
7 we use the same representation to compare the data with
a model.

Fig. 3 contrasts two cells under nearly identical conditions.
Both patch pipettes contain the 50 mM Ca solution, and the
action potentials have very nearly the same shape and du-
ration. In spite of these similarities, the action currents have
rather different kinetics. When the pipette voltage equals 0
mV, the patch membrane experiences the same action po-
tential as the cell. In the experiment illustrated on the left, the
channels open early and they remain active quite late in the
action potential. Hyperpolarization of the patch action po-
tential causes the channels to close earlier and the open times
to become shorter. For the experiment on the right, the action
currents have a larger amplitude initially. These channels also
close earlier, and their kinetics do not change much when we
hyperpolarize the patch. Fig. 4 repeats the protocol of Fig.
3, but with the 20 mM Ca solution in the pipettes. For the
experiment on the left, small currents last throughout the
action potential when the offset potential is set to 0 mV.
Hyperpolarization of the patch promotes the occurrence of
late openings with large amplitudes, and some channels even
open before the action potential upstroke. For the experiment
on the right, the currents are generally smaller than on the
left, and they are hardly measurable unless we hyperpolarize
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FIGURE 3 50 mM Ca: consecutive-beat subtraction. Selected action cur-
rents from cell-attached patches on two different spontaneously beating
7-day chick ventricle cells at room temperature. The bath contains a physi-
ological solution. The pipette contains 50 mM Ca. Each trace results from
the procedure illustrated in Fig. 2. The pipette potential, V,,, hyperpolarizes
the action potential in the patch without disturbing the rest of the cell. Left
column: in this cell, the activity change with V,: at 0 mV; openings persist
into the late plateau, and early repolarization phase; at 20- and 40-mV hyper-
polarization the openings become more brief and occur mainly during the
early plateau phase. Right column: in another cell under the same conditions,
the kinetics show a different pattern; at 0 mV the initial current stands out
clearly, but channels close sooner; hyperpolarization has little effect. The left
edge of the 100-ms time scale indicates the upstroke of the action potential.

the patch by 20 or 40 mV. Fig. 5 again repeats the protocol
of Fig. 3, but now with two electrodes on the same cell rather
than two different cells. This experiment essentially guar-
antees that the action potentials are identical for the two
patches, something we have no assurance of in two different
cells. Though the action potentials are the same, two different
kinds of action currents occur in the separated patches. For
the patch represented on the left, rather small action currents
last throughout the action potential; for the patch on the right,
the initial currents are larger and their amplitude falls off
noticeably during the late action potential. For each of these
patches, we show sample action currents as well as the av-
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FIGURE 4 20 mM Ca: consecutive-beat subtraction. This experiment re-
peats Fig. 3, but with 20 mM Ca in the pipettes. Left column: in this cell,
the activity of the Ca channels change as V,, changes; at 0 mV openings occur
through action potential into the late plateau and early repolarization phase;
at 20- and 40-mV hyperpolarization the openings continue throughout the
action potential, but they become briefer during the late phase. Right col-
umn: another cell shows a different pattern; at 0 mV no initial current ap-
pears; hyperpolarization has a small effect on amplitude.

erage current from 60 sequential traces. Although the indi-
vidual traces show great variability, the average traces seem
only slightly different. However, the average current from the
patch on the right decays faster from a larger initial value. In
the remaining data figures, we have selected individual traces
from characteristic experiments to illustrate this variability.
Fig. 6 is an experiment with 4.5 mM Ba in the pipette. In the
patch represented on the left, the channels open early and
have only small currents that remain active throughout the
action potential. On the right, we illustrate another extreme
in which large action currents appear late in the action po-
tential. These late currents increase in amplitude and close
more rapidly if we hyperpolarize the patch action potential.

Thus, we have presented a very incongruous set of data
that would seem to defy any attempt to describe them with
a uniform theory. The following model attempts to apply a
voltage-dependent and Ca-dependent stochastic representa-
tion of Ca channels to explain these diverse experiments. We
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pipettes on the same cell. Otherwise the conditions 100 mséc

exactly repeat those in Fig. 3. In the patch on the left,
the initial current remains throughout the action po-
tential. On the right, the initial current declines within
the first 100 ms. Below each set of examples, we show
the average current from 60 sequential action currents.
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begin with a state diagram based on our previous voltage-
clamp data for Ba currents (see Fig. 9 in this paper, from
Mazzanti et al. 1991). We have, in the present model, retained
the purely voltage-dependent rate constants, oy, B, &, Be,
oy, Bi, ag, By, that we derived for Ca channels conducting Ba.
However, we have let the current-dependent rates, ay, and By,
change according to whether we use Ba as the charge carrier,
or Ca (Table 2). In either case, the current through the chan-
nels causes charge to collect according to the equation:

Q0 = exp(—1/9) f exp(u/0)I(u) du,
0

where 0 is the time constant of integration, and « is a dummy
variable of integration. If J(¢) remains constant over the com-
putation step A¢, and if At is small compared to 6, then the
initial charge is:

Qo ~ IpAty,

and the subsequent charge is:

01~ Qp + Ay — QyAs/0.

We use this iteration to update the rate constant 3, every At
as follows.

By = kQ(?)

Iis in pA, ¢ is in ms, and Q is in ncoul; & is a constant that
converts ncoul to ms™!. The constant ay, describes the un-
blocking rate B — O. It is a constant. All voltage-dependent
rate constants obey the equation:

Rate = ¢ exp“(v - ”)/[1 + V- b)].

Table 2 lists the values that we have used for &, a, and b, the
voltage-dependent rate constants, and 0 and k, the current-
dependent parameters. For the open-channel current, we use
the equations

(V) =yV - E)
v = 10 pS in 50 mM Ca** or 5 pS in 1.5 mM Ca>*.

For the reversal potential, we let
E = —kT/2e In[Ca,;/Ca,],
Ca,(t) = 1 uM + 0.5 uM fcoul™ Q(r)
Ca, = 50 mM Ca®>* or 1.5mM Ca**.

Yue and Marban (1990) and Mazzanti and DeFelice (1990)
have shown that cardiac L channels have a conductance of
8-10 pS in 10 mM Ca. Yue and Marban (1990) and Imredy
and Yue (1992) show that very high Ca (160 mM) elevates
the conductance only slightly to 10-13 pS. Complete data on
single Ca channel conductance in normal Ca concentrations
do not exist (see, however, Klockner and Isenberg (1991),
who report 8 pS for long openings in 2 mM Ca at 36°C).
Therefore, we have extrapolated the value of 5 pS used above
from Yue and Marban (1990; their Fig. 5). We used the nomi-
nal values of y = 5 pS in 1.5 mM Ca and 10 pS in 50 mM
Ca in our calculations. We used in the simulations the nomi-
nal value of 10 pS for L-type Ca channels in 4.5 mM Ba (Fig.
7). The value of 10 pS for 4.5 mM Ba agrees with the single-
channel conductances we have obtained in our cells. We let
external Ca remain constant and equal to the Ca concentra-
tion in the bath solution, but we allow internal Ca to vary with
the total current (7). I is the current that passes through N
channels which are theoretically at the same spot in the mem-
brane and experience exactly the same voltage. Thus, the
number N determines both the rate to the blocked state for
each channel at that place, as well as the dynamic reversal
potential for each channel at that same place. This group of
channels we refer to as a cluster.

In Fig. 7, we use the model to plot the expected currents
from four patches: two of the simulations correspond to the
experimental protocol in Fig. 3 (50 mM Ca), and two of the
simulations correspond to the experimental protocol in Fig.
6 (4.5 mM Ba). We have subtracted adjacent simulated traces
(which are, of course, different by the nature of the model).
This procedure duplicates the consecutive-beat subtraction
method and provides us with direct visual comparison with
the data. The theoretical patches contain either one or five
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FIGURE 6 4.5 mM Ba: consecutive-beat subtraction. The experimental
conditions repeat Fig. 3, but with 4.5 mM Ba in the pipettes. Left column:
in this cell, the channels remain active throughout the action potential at all
pipette potentials; hyperpolarization increases the current amplitude. Right
column: currents are generally larger than on the left; at 0 mV activity seems
greatest during the late phases of the action potential; as we hyperpolarize,
amplitude increases, activity shifts to the left, and channels close sooner.

channels, and we hyperpolarize the patch action potentials by
0, 20, or 40 mV to correspond to the experiments. Compare
the left column of Fig. 3 with the upper left quadrant of Fig.
7. For 50 mM Ca in the patch pipette and one channel in the
patch, the model predicts that the Ca channel will open and
close more or less continually throughout the action poten-
tial. This pattern occurs because the Ca currents through the
single channel are generally too small to inactivate the chan-
nel (i.e., too small to shift the channel to the blocked state,
B, although this may occasionally happen). As we hyperpo-
larize the patch, the rate to the voltage-inactivated state be-
comes larger and the channels close sooner for that reason.
For the same 50 mM Ca condition, but now with five chan-
nels in the patch, the Ca current of course increases. How-
ever, the Ca-induced block is now much stronger, and hyper-
polarization has relatively less effect on channel kinetics
dominated by the blocked state. This general behavior ap-
proximates the experimental situation shown in Fig. 3. With
4.5 mM Ba in the simulated condition, and with one channel
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TABLE 2 Model parameters: all rates (except B8,) = fe2Vb)/
[1 + eaVD)] B, = k exp(-t/6) O exp(u/6)/(u)du

a(mV)~! b(mV) &ms)™!
Voltage-dependent states (CIOF)
Ba or Ca
ag 0.20 -15 0.2
Bo -0.05 -40 20
a; -0.05 -60 0.005
B 0.20 -50 0.005
ap = B -0.10 -10 1.0
Current-dependent state (B)
Ba
ap -0.06 -80 1.0
B k = 1 (ncoul ms)™! 0=1s
Ca
ay 0.0 0.0 0.001
By k = 0.01 (ncoul ms)™! 6 = 100 ms

in the patch, the model predicts a small Ba current during the
action potential. If we hyperpolarize the patch, the Ba cur-
rents become larger. The rate to Ba block is much slower than
the rate to Ca block, and the Ba currents occur throughout
the action potential. Notice, however, that with five channels
in the patch, the Ba currents become more and more evident
as the action potential repolarizes. Hyperpolarization of the
patch action potential causes a shift of the Ba currents toward
early openings. These kinetics approximate the data that we
show in a corresponding experiment in Fig. 6.

To summarize these results, Fig. 8 shows a measured ac-
tion potential and theoretical action currents for two Ca con-
centrations and two sets of Ca channels. In 50 mM Ca, 40
channels develop a large initial current that is followed by
strong inactivation. The simulation shows that late openings
of rather short-duration occur, and that these late currents
give rise to a second phase of the Ca current, which is char-
acteristic of cardiac cells during the action potential.

In 1.5 mM Ca, the current is, of course, generally smaller.
With 40 channels in a cluster in 1.5 mM Ca, the total current
shows a sharp, initial peak followed by a late phase, but the
peak is relatively smaller than it is in 50 mM Ca. With only
two channels in the cluster, the Ca current tends to have a
more uniform activity throughout the action potential. The
openings that occur during the plateau phase are generally
longer than those that occur during repolarization. On av-
erage, therefore, the currents from two channels in 1.5 mM
Ca are also biphasic. Fig. 9 plots the theoretical Ca current
in 1.5 mM Ca from clusters of channels containing two or
40 pores. The kinetics of the current from either two or 40
channels show two phases, a sharp initial current followed
by a slow late current. With 40 channels, the initial current
is more pronounced than the repolarization current. To show
this better, we normalized the two currents and plotted them
together on the same time scale as the action potential (the
dotted and solid traces in the bottom panel of Fig. 9). The
absolute values for the peaks of these two currents are ap-
proximately 0.25 and 3.5 pA. The middle panels in Fig. 9
show the occupancy of the open state, the inactivated state,
and blocked state of an average channel in a two-channel
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FIGURE 7 Model: trial runs. A theo-
retical summary of the experimental pro-
tocols used in Figs. 3 and 6. We use time 40
increments of Dt = 0.3 ms for all cal- [l I
culations. The top panels simulate 50 ﬁ[ LURL LR [
mM external Ca in the pipette, and either «
one or five channels in the patch. We off-
set the patch action potential by 0-, 20-,
or 40-mV hyperpolarization, as indi-
cated. The action potential is shown in
Fig. 8. The bottom two panels repeat the 4.5 mM Ba
simulation with 4.5 mM Ba in the pipette.
The single-channel conductance of L- 0
type Ca channels in 50 mM Ca or 4.5 mM
Ba have the same nominal value of 10 pS NW""“’HH———W
(see text). Each trace in Fig. 7 represents
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cluster, and a 40-channel cluster, during the action potential.
For either case, typically half of the channels in the cluster
open during the initial depolarization. In the two-channel
case, voltage inactivation dominates during the repolariza-
tion phase, and Ca inactivation plays a relatively minor role.
However, in the 40-channel case, voltage and Ca inactivation
play approximately equal roles. In this model, therefore, both
the incomplete voltage inactivation and the incomplete Ca
inactivation may contribute to the late, repolarization current.
The relative contribution of these two mechanisms depends
on the number of channels that interact in a cluster.

DISCUSSION

In our analysis, we have assumed that the Ca channel popu-
lation consists of L-type currents, because 20 uM nifedipine
abolishes all of the whole-cell Ca current or the whole-cell
Ba current, and 30 uM cAMP in the patch pipette enhances
these currents 2-3-fold (Mazzanti et al., 1991). By this defi-
nition, T-type channels do not exist in the 7-day chick ven-
tricle cells that we have used in these experiments. Therefore,
our model consists of a population of intrinsically identical
channels. The rate constants that we have used here for the

Ca channels differ from our previous model for Ba currents,
but only in the extrinsic variables that depend on current.
Thus, the intrinsic voltage dependence of the Ca-conducting
Ca channel and the Ba-conducting Ca channel remains the
same. The single-channel conductances also differ in Ba or
Ca, and we have included this effect. Finally, we have al-
lowed the Ca reversal potential to vary with the current fol-
lowing the same formulation as the Ca-induced inactivation.
These changes in our previous model have produced a uni-
fied description for both Ba and Ca currents during either
voltage-clamp experiments or spontaneous action potentials
experiments.

Another method to study Ca currents during action po-
tentials requires clamping the cell with a voltage that mimics
the shape of the action potential. This method involves block-
ing all the currents in the cell except the Ca currents (Doerr
etal., 1989, 1990; Arreola et al., 1991). The procedure, there-
fore, precludes any interactions that may occur between Ca
channels and other channels, and it assigns all the effects to
one primary cause, viz., voltage. Furthermore, the whole-cell
recording electrode in such experiments perfuses the cell,
which changes the ion concentrations and the metabolites
near the membrane. Such differences could alter channel
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activity (Hartzell, 1988; Ochi and Kawashima, 1990;
Armstrong et al., 1991; Hartzell et al., 1991). We generally
think that studying the kinetics of channels in a cell-attached
patches, without using a whole-cell electrode, introduces less
perturbation. Applying the method to Ca channels, however,
has presented us with some unique obstacles.

The first problem comes because the measurement of
single-channel events in Ca channels usually requires ions
that are more penetrating than Ca itself. Thus, researchers
generally use Na or Ba ions to replace Ca in single-channel
experiments. Another solution to the problem is to use high
concentrations of external Ca. This seems unwarranted, how-
ever, because Yue and Marban (1990) and Mazzanti and
DeFelice (1990) have shown that cardiac L. channels have the
reasonably high conductance (8-10 pS) in 10 mM Ca.
(Klockner and Isenberg 1991, in a preliminary report, give
a value of 8 pS in 2 mM Ca at 36°C, but we have cannot

reproduce these data in our preparation.) Indeed, a very high
concentrations of external Ca (160 mM) elevates the channel
conductance by only 25% (Imredy and Yue, 1992). Thus, the
idea that experiments on individual L-type Ca channels au-
tomatically requires Ba or high concentrations of Ca, would
seem to warrant re-examination. Nevertheless, we have used
Ba and high Ca in our present experiments. Part of the reason
is to be able to compare our experiments with previous work.
However, we generally cannot observe single-channel events
during action potentials with normal concentration of Ca in
our pipette (1.5 mM). During the action potential, the main
activity of the channels occurs during the plateau phase and,
therefore, near the reversal potential of the channels. Thus,
during action potentials, Ca channels simply do not conduct
much current: they are essentially off when the driving force
is large and on when the driving force is small. Occasionally,
however, they do open from states with low probability, and
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FIGURE 9 Model: average currents. Average
theoretical Ca action currents for 1.5 mM Ca
with two or 40 channels in a cluster. The inset
shows the model we use in the present study, as
originally proposed by Mazzanti et al. (1991). As
in all the calculations, Table 2 gives the rate con-
stants. The relevant equations appear in the text.
The middle panels show the occupancy of states
0, I, and B on the same time scale as the action
potential. The bottom panel compares the two-
channel current with the 40-channel current on
a normalized scale. The absolute values for the
peaks of these currents are approximately 0.25
and 3.5 pA.
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we include this possibility in our model. We easily detect Ca
channel activity with 3 mM Ba in the pipette, or with Ca in
the pipette above 10 mM and extrapolated these results to
predict behavior in normal Ca. For this extrapolation, we
assume that our previously measured voltage-dependent rate
constants apply to Ba-conducting or Ca-conducting channels
at any concentration of the transported ion. Such a model
suggests that voltage-dependent inactivation operates
through a mechanism that is separate from current-dependent
inactivation. Separation of the two mechanisms has reason-
able experimental support (Kass and Sanguinetti, 1984;
Bean, 1985; McDonald et al., 1986; Hadley and Hume, 1987,
Hirano et al., 1989; Hadley and Lederer, 1991). In our model,
we have let the rate to the Ca-blocked state occur at 100 times
the intrinsic rate of Ba to the analogous state (k in Table 2).
For Ca, we also let the recovery from block occur 1000 times
slower (ay), and the concentration decay occur 10 times
faster (6 in Table 2) than for Ba. These nominal changes
result in strong, Ca-induced inactivation compared to the
smaller, but nevertheless detectable, Ba-induced inactiva-
tion. In addition, we let the Ca reversal potential depend on
the Ca gradient across the channel by keeping external Ca
constant and letting internal Ca vary with the total current

through a cluster. The Ca that controls inactivation, and the
Ca determines the reversal potential, are thus handled by
exactly same formulation. The model we have developed
gives a range of Ca channel kinetics that agrees with our
experiments, whether we use Ba or Ca as the conducting ion
(Fig. 7). Using this approach, we can predict the kinetics of
Ca channels under other conditions, including physiological
conditions for which it is difficult to obtain data (Fig. 9).
Asecond problem arises for Ca channels because the usual
assumption of channel independence does not apply to Ca
channels, at lease not under all circumstances. To illustrate
what we mean here by independence, consider the experi-
ments of Sigworth and Neher (1980), who showed that, for
Na channels, the average kinetics of individual Na channel
currents, i(z), do approximate the macroscopic Na channel
current, I(¢). This idea is usually summarized by the identity,
I = Nip. This equation generally assumes that the same i and
the same p hold for each one of the N independent channels.
The relationship (viewed as representing N independent
events) holds for a number of different kinds of ion channels,
and one might have expected it to hold for Ca channels. Ca
channels, however, do not sum independently. The identity
I = Nip still applies, of course, but now contingent rela-
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tionships exist between i, p, and /. In voltage-clamp experi-
ments, we have shown that one or two channels in a patch
have slowly inactivating currents that are typical of L-type
currents; however, eight or more channels in a patch have
more rapidly inactivating currents (Mazzanti et al. (1991); 20
mM Ba). (Klockner and Isenberg (1991) mention similar
effects in 2 mM Ca at 36°C.) We have modeled this coop-
erativity by the simple assumption that the blocking rate for

each channel depends on the total current through N chan-

nels. Thus, Ca-mediated inactivation increases with the num-
ber of channels in a cluster.

Our present experiments and attempt to model the physi-
ological condition of Ca channels in beating heart cells con-
ducting Ca. These experiments indicate that great variability
exists in Ca channel activity. We have suggested that this
variability comes about because cardiac cells have an uneven
distribution of Ca channels, which we sample by our tech-
nique more or less indiscriminately. Although we have no
direct evidence for Ca channel clustering in the heart, we
have nevertheless made channel clustering and channel-
channel interactions a central feature of the model. In our
view, individual Ca channels sufficiently isolated from other
Ca channels would show very little Ca-induced inactivation,
and that such inactivation is a consequence of channel clus-
tering. We believe that the conditions under which previous
experiments were done may have caused the conflicting re-
sults reported in the literature (no Ca-mediated single-
channel inactivation in 40 mM Ca (Lux and Brown, 1984);
Ca-mediated single-channel inactivation in 160 mM Ca (Yue
et al., 1990)). In any case, more recent data supports the idea
that interactions can exist between Ca channels (Imredy and
Yue, 1992), and they may provide additional evidence for the
presence of the submembrane spaces proposed for Na/Ca
exchange currents (Lederer et al., 1990).

We propose that inactivation depends on the local clus-
tering of Ca channels and on the buildup and removal of Ca
from submembrane spaces. In cardiac cells, internal Ca may
elevate from baseline values of 0.05 uM to peak values of
16 uM (Cannell et al., 1987; Arreola et al., 1991; Cleemann
and Morad, 1991). In nerve, the internal Ca in submembra-
neous domains may be as high as 300-1000 uM (Roberts et
al., 1990; Llinas et al., 1992). We selected 1 uM as the base-
line concentration of Ca near the membrane of beating cells.
The submembraneous concentration in spontaneously active
cells will exceed the global concentration, but estimates for
values adjacent to the plasma membrane do not exist for
heart. In our model, Ca increases by 0.5 uM for every fcoul
of integrated Ca current through the plasma membrane; at the
same time Ca is building up, we let it decay with a time
constant of 100 ms. We chose 0.5 uM/fcoul, because it gave
peak values of 30—150 ;M during an action potential. These
nominal values are higher than the available estimates in
heart and lower than the same estimates in nerve. Although
a variety of processes must contribute to Ca dynamics under
the membrane, we have lumped them together in a first order
process with one decay constant, 8, and one current source,
I. A more complete model might include cytosol buffering,
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electrostatic repulsion, diffusion, and reabsorption into the
sarcoplasmic reticulum as separate decay mechanisms, and
the sarcoplasmic reticulum as an additional source of current.
At present, however, we do not have enough information to
include these processes as independent terms in our expres-
sion for Q(¢).

It follows that wide diversity may result from intrinsically
similar channels. Experimental conditions such as Ba or high
Ca influence channel kinetics. But physiological conditions,
too, such as Ca channel clustering and ion chelation, also play
important roles. This view would imply that large, transient
currents as well as small, long-lasting currents can arise from
the same kind of channel, and it could help explain the wide
dissimilarities in kinetics reported among the channels cat-
egorized as L-type.
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