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ABSTRACT We report here that L-type Ca2+ channels activate rapidly in myotubes expressing current at high density and
slowly in myotubes expressing current at low density. Partial block of the current in individual cells does not slow activation,
indicating that Ca2+ influx does not link activation rate to current density. Activation rate is positively correlated with the
density of gating charge (Qmax) associated with the L-type Ca2+ channels. The range of values for Qmax, and the relationship
between activation rate and Qmax, are similar for myotubes expressing native or recombinant L-type Ca2+ channels, whereas
peak Ca2+ current density is -3-fold higher for native channels. Taken together, these results suggest that Ca2+ channel
density can govern activation kinetics. Our findings have important implications for studies of ion channel function because
they suggest that biophysical properties can be significantly influenced by channel density, both in heterologous expression
systems and in native tissues.

INTRODUCTION

The skeletal muscle dihydropyridine receptor is now known
to be the a, subunit (a,S) of the skeletal muscle L-type
Ca2+ channel (Hoffmann et al., 1994). Previous experi-
ments have established that ajS functions as the voltage-
sensing, drug-binding, and pore-forming Ca2+ channel sub-
unit (Tanabe et al., 1988; Perez-Reyes et al., 1989) and as
the "voltage sensor" for excitation-contraction (E-C) cou-
pling in skeletal muscle (Rios and Brum, 1987; Tanabe et
al., 1988). The macroscopic currents mediated by the skel-
etal muscle L-type Ca2+ channel activate with unusual
slowness and are thus kinetically distinct from currents
carried through other Ca2+ channel types (Sanchez and
Stefani, 1978; Donaldson and Beam, 1983).
A number of different conditions have been shown to

influence the activation kinetics of voltage-gated Ca2+
channels. These include the primary sequence of the al
subunit (Tanabe et al., 1991; Nakai et al., 1994), the previ-
ous voltage history of the channels (Hoshi et al., 1984;
Artalejo et al., 1990; Feldmeyer et al., 1990; Pietrobon and
Hess, 1990), the phosphorylation state of the channels
(Sculptoreanu et al., 1993), interactions of the channels with
G-protein-dependent pathways (Hille, 1994), and the pres-
ence or absence of ancillary Ca2+ channel subunits, espe-
cially the f3 subunit (for reviews, see Snutch and Reiner,
1992; Bean, 1994).
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In our experiments with normal mouse myotubes and
with dysgenic myotubes transfected with the rabbit alS
subunit, we have observed a correlation between the acti-
vation rate of the macroscopic skeletal muscle L-type Ca2+
current and the density of the underlying Ca2+ channels. In
the present paper we have investigated the nature of this
relationship. We demonstrate here that the activation rate of
macroscopic Ca2+ currents is independent of Ca2+ influx
but is significantly correlated with the expression density of
the alS subunits, as determined by measurements of max-
imum gating charge.

MATERIALS AND METHODS

Primary cultures of myotubes were prepared from newborn normal mice or
mice with muscular dysgenesis, as previously described (Adams and
Beam, 1989). Approximately 7 days after plating, the nuclei of developing
dysgenic myotubes were microinjected with the expression plasmid
pCAC6, which carries the cDNA encoding the rabbit a1S subunit, also
known as the skeletal muscle dihydropyridine receptor (Tanabe et al.,
1987). One to three days later, while still bathed in the culture medium,
injected myotubes were tested for the ability to contract in response to
electrical stimulation via a saline/agar-filled extracellular pipette (Tanabe
et al., 1988). The culture medium was then replaced by external solution
(see below for composition), and ionic Ca21 channel currents and in-
tramembrane charge movements were recorded by the whole-cell patch-
clamp technique (Hamill et al., 1981) as previously described (Adams et

al., 1990). After establishment of the whole-cell configuration, electronic
compensation was used to minimize the access resistance (usually to <1
Mfl) and the time required to charge the cell capacitance (usually to <0.5
ms). The steady holding potential was -80 mV. Test pulses were delivered
at 5-s intervals, and each test pulse was immediately preceded by a 1-s
prepulse to -30 mV to inactivate endogenous T-type Ca21 current (Beam
et al., 1986). Linear membrane capacitance and leakage currents were

measured for each myotube during ten voltage steps from -80 to -100
mV; these control currents were averaged, scaled appropriately, and sub-
tracted from test currents. Ca21 current densities (expressed in pA/pF)
were calculated for each myotube by dividing the leak- and capacitance-
corrected test currents by whole-cell linear capacitance. The time constant

for activation (Tact) of ionic Ca21 current was derived by fitting a single
exponential function to the activating segment of test currents recorded at
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or slightly positive to the peak of the current-voltage (I-V)Oelation (Tanabe
et al., 199 1).

Gating currents (intramembrane charge movements) were recorded after
the addition of 0.5 mM Cd2' and 0.1 mM La3+ to the external solution;
this combination of Cd2+ and La3+ effectively blocked ionic Ca21 currents
carried through Ca21 channels. To isolate gating currents arising from
voltage-dependent transitions of a1S, we employed a voltage protocol
modified from the method of Bean and Rios (1989). With this protocol,
membrane potential was stepped from the holding potential (-80 mV) to
-30 mV for 1 s, then to -50 mV for 20-30 ms, and finally to a variable
test potential. As previously demonstrated (Adams et al., 1990), this
protocol inactivates endogenous voltage-gated Na+ current and T-type
Ca21 current and immobilizes the components of gating current that
presumably arise from Na+ channels and T-type Ca21 channels. The
"immobilization-resistant" gating currents that moved in response to test
pulses were corrected for linear leakage and capacitative currents by
subtracting an averaged, appropriately scaled control current, obtained
during ten voltage steps between -80 and -140 mV. The amplitude of
these control voltage steps was adjusted for each cell to maximize the
signal-to-noise ratio of the corrected gating currents. To prevent amplifier
saturation, voltage clamp command pulses were exponentially rounded
with a time constant of 50-300 ,us. For a given test pulse, the amount of
charge that moved outward after the onset of the test pulse (Qn,) was
obtained by integration. Qmax' the maximum amount of charge that could
be moved, was taken as Qon for a test pulse to +30 or +40 mV. Maximum
gating charge density (expressed in nC/,tF) was calculated by dividing
Qmax recorded from each myotube by that cell's linear capacitance.

Patch pipettes were filled with a solution containing (in mM) 140
Cs-aspartate, 10 Cs2EGTA, 5 MgCl2, and 10 HEPES, with pH adjusted to
7.4 with CsOH or HCl. When immersed in the external solution, filled
pipettes had resistances of 1.5-2.1 Mfl. The external solution contained (in
mM) 145 tetraethylammonium chloride, 10 CaCI2, 0.003 tetrodotoxin, and
10 HEPES, with pH adjusted to 7.4 with tetraethylammonium hydroxide or
HCl. All experiments were performed at room temperature (20-23°C).

The data presented in Figs. 2, 3, 6, and 7 were analyzed using linear
regression, and the significance of the Pearson product-moment correlation
coefficient r was determined by using a two-tailed t-test (Glantz, 1981).

RESULTS

Dysgenic myotubes that have been injected with an expres-
sion plasmid (pCAC6) encoding the rabbit alS subunit
express L-type Ca2+ currents that are nearly identical to
native L-type Ca2+ currents recorded from normal mouse
myotubes (Tanabe et al., 1988). Although currents mediated
by a, S activate slowly in both normal and pCAC6-injected
dysgenic myotubes, the time constant for activation (Tact) of
the current can vary over nearly a 10-fold range (Tanabe et
al., 1991). In the present study, we have attempted to
understand the basis for this variability in Tact,

Fig. 1 shows currents recorded from two different dys-
genic myotubes injected with pCAC6: the records on the
left are from a myotube expressing a relatively low density
of current (2.6 pA/pF), and those on the right are from one
expressing a significantly higher density of current (6.6
pA/pF). Activation was much slower in the cell expressing
a low-density current. Because a single exponential function
provided a reasonable description of activation time course,
the time constant (Tact) determined with such a fit was used
to quantify differences between cells. As a way of minimiz-
ing contributions of cell-to-cell variations in the voltage
dependence of activation, comparisons of Tact used the value
determined for each cell at the test potential eliciting the
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FIGURE 1 Activation is faster for higher-density Ca21 currents. Whole-
cell Ca21 currents were recorded from two pCAC6-injected dysgenic
myotubes. Test potentials are indicated next to current traces. (Left) Dys-
genic myotube BP75, linear capacitance (C) = 370 pF. (Right) Dysgenic
myotube BK3 1, C = 600 pF. Vertical calibration equals 1 nA (low density)
and 4.17 nA (high density). Single exponential functions with time con-
stants of 75 ms (low density) and 21 ms (high density) are shown super-
imposed on the peak currents (elicited by depolarizations to +40 mV).

maximum current. This test potential was +40 mV for the
two cells illustrated in Fig. 1, and a single exponential
function (crosses) is shown superimposed on the +40 mV
trace for each cell. Because Tact is only weakly voltage
dependent for test pulses greater than or equal to that
eliciting peak current (Dirksen and Beam, 1995), the differ-
ences in Tact between cells did not depend strongly upon the
potential used for comparison. For example, for the currents
illustrated in Fig. 1, at test potentials of +40, +50, +60,
and +70 mV, respectively, Tact had values of 75, 71, 66, and
65 ms (low-density cell) compared with values of 21, 15.1,
13.4, and 12.1 ms (high-density cell). This weak voltage
dependence of Tact means that the different activation rates
of low-density and high-density currents cannot be easily
explained by a difference in the voltage dependence of
activation.
We observed a consistent, inverse relationship between

the value of Tact and the maximum density of L-type Ca2+
current in pCAC6-expressing dysgenic myotubes and in
normal mouse myotubes expressing the native L-type Ca2+
channel (Fig. 2). Although current densities were lower in
pCAC6-expressing dysgenic myotubes, values of Tact were
very similar to those of normal myotubes. Consequently, the
slope of the regression between Tact and current density was
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FIGURE 2 Time constants for activation (Tact) depend on current den-
sity. tact was determined for the maximum L-type Ca2+ current recorded
from each myotube and is shown plotted against the density of that current.
For pCAC6-expressing dysgenic myotubes (n = 32), the relationship
between tac and current density (p) is described by the equation Tact = 80
- 5.5p, with a Pearson product-moment correlation coefficient (r) of
-0.70 (p < 0.001). For normal myotubes (n = 44), the relationship
between Tact and p is described by the equation Tact = 120 -3.3p; r =

-0.75 (p < 0.001).

much steeper for pCAC6-expressing dysgenic myotubes
(-5.5) than for normal myotubes (-3.3).
Not surprisingly, cells that express high-density Ca2+

currents also tend to express currents with large absolute
amplitudes (Fig. 3, top). This correlation between current
amplitude and density raises the possibility that a system-
atic, amplitude-dependent distortion of activation kinetics
might account for the correlation between Tact and current
density (Fig. 2). To examine this possibility, we plotted Tact
as a function of current amplitude for 30 normal myotubes
that expressed currents with an absolute amplitude of 4 nA
or greater (Fig. 3, middle). Because distortion of activation
kinetics should increase in proportion to the product of
absolute current amplitude and series resistance, it is ex-

pected that any current-dependent distortion of kinetics
would be most apparent in these cells. However, linear
regression analysis showed that there was no correlation
(r = 0.0863, p > 0.5) between Tact and absolute current
amplitude in these 30 normal myotubes. By way of contrast,
there was a highly significant correlation (r = 0.622, p <
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FIGURE 3 (Top) Absolute current amplitude and current density are

correlated (n = 44 normal myotubes; r = 0.59, p < 0.001). (Middle) tact

is not correlated with absolute current amplitude (r = 0.083, p > 0.5) in 30
normal myotubes expressing currents of 4 nA or more. (Bottom) Tact and
current density are significantly correlated (r = 0.622, p < 0.001) in these
same 30 normal myotubes.

0.001) between Tact and current density in these same cells
(Fig. 3, bottom). These results suggest that Tact is correlated
with current density rather than current amplitude, and
furthermore, that the correlation between Tact and current
density cannot be explained by series resistance artifacts in
the voltage clamp.
The relationship between Tact and current density sug-

gested that Ca2+ influx might somehow speed macroscopic
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current activation. To test this hypothesis, we determined
whether activation rate was slowed when the density of
L-type current in individual myotubes was reduced by three
separate experimental treatments: lowering the extracellular
Ca2+ concentration (n = 3), partially blocking the current
with extracellular Cd2+ (n = 3), or application of a long
depolarizing prepulse to partially inactivate the underlying
Ca2+ channels (n = 3). As illustrated in Fig. 4, each of these
treatments substantially reduced the current density without
appreciably altering activation kinetics. Because activation
was not exceptionally fast in these myotubes, we also par-

Normal Myotubes

A.
2 Ca.

Ca2+

B. ----
Cd2+

Control

C. - - - -_ -

Inactivated

Control

tially blocked the L-type current in a pCAC6-expressing
dysgenic myotube (Fig. 5). Although activation was quite
fast in this particular cell, reduction of the current failed to
slow activation. From these results, we conclude that Ca2+
influx per se does not govern activation of the L-type
current.
As noted above, the slope of the regression of Tact versus

current density is much steeper in pCAC6-expressing dys-
genic myotubes than in normal myotubes (Fig. 2). One
possible explanation for this difference is that the process-
(es) underlying the correlation between current density and
activation rate may differ in these two cell types. Another
possibility is that some parameter other than current density
is the most important determinant of activation. Current
density is described by the expression NPJi, where N is the
density of channel proteins, P. is the open probability, and
i is the single-channel current. If the amount of gating
charge moved is similar for channels with different PO's,
then the density of channel proteins (N) can be estimated
from Qmax, the maximum gating charge (Adams et al.,
1990; Neely et al., 1993). On this basis, the density of
L-type channel proteins is similar in normal and pCAC6-
injected myotubes, because Qmax averaged 6.8 and 6.0
nC/,F in these cell types, respectively (see also Adams et
al., 1990). However, as shown in Fig. 6, the relationship
between Ca2+ current density and Qmax was dramatically
shifted to lower current densities in pCAC6-expressing dys-
genic myotubes compared to normal myotubes, suggesting
that maximum PO is considerably lower in injected dysgenic
myotubes.

Although there is considerable scatter in the data, linear
regression indicates that the relationship between Tact and
Qmax has a similar slope in normal and pCAC6-injected
myotubes (Fig. 7). This result is consistent with the idea that
channel density, rather than current density, is the important
determinant of activation rate. If this idea is correct, then the
difference in regression slope for Tact versus current density
observed between normal and pCAC6-injected myotubes

pCAC6-expressing dysgenic myotube

50 s

FIGURE 4 tact is unaffected by partial blockade of the skeletal muscle
L-type Ca21 current. Control and partially blocked currents are shown to
scale on the left side of the figure. Partially blocked currents are shown
scaled (noisy traces) and superimposed on the control currents on the right
side of the figure. (A) External [Ca2+] was decreased from 10 to 2 mM (8
mM Mg2+ was included in the 2 mM [Ca2+] solution). Tact was 61 ms for
both control and reduced currents. Maximum current densities were 21.3
pA/pF in 10 mM Ca2+ and 4.7 pA/pF in 2 mM Ca2+. Normal myotube
BR88, C = 400 pF. (B) 25 AM CdCl2 was added to the external solution.
Tact was 51 ms for the control current and 50 ms for the slow component
of the partially blocked current. Control current density was 12.9 pA/pF.
Normal myotube BR82, C = 200 pF. (C) The holding potential was
changed from -80 to 0 mV for 60 s, then returned to -80 mV for 220 s
preceding the test pulse. Tact was 73 ms for the control and 51 ms for the
partially inactivated current. Control current density was 14.6 pA/pF.
Normal myotube BR83, C = 200 pF. Vertical calibration is 2.5 nA (A) or
1 nA (B and C). Test pulses were to +30 mV in all cases.

Control

Cd 2 nA
(scaled) 25 ms

FIGURE 5 Partial block of a relatively fast-activating current does not
slow activation. Skeletal muscle L-type current recorded from a pCAC6-
expressing dysgenic myotube was experimentally reduced by the addition
of 25 ,uM CdCl2 to the external solution. Dysgenic myotube BW38, C =
940 pF. The control current had a density of 6.6 pA/pF and a Tact of 12 ms;
tact was 8 ms for the Cd2'-blocked current.
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FIGURE 6 Ca2+ current density is linearly related to the gating charge
density. Maximum L-type Ca2+ current density is shown plotted as a

function of maximum charge movement density Qmax recorded from the
same myotube. The linear regression for pCAC6-expressing dysgenic
myotubes (n = 32) was ICa = -0.28 + 0.4(Qmax); r = 0.68; p < 0.001.
For normal myotubes (n = 44), the linear regression was 'Ca = 6.6 +

1.55(Qmax); r = 0.53; p < 0.001.

(Fig. 2) is a consequence of the difference in maximum P0
for L-type channels expressed in the two cell types.

DISCUSSION

In this paper we have shown that in both normal and
transfected myotubes, activation kinetics of the skeletal
muscle L-type Ca2+ current are more rapid in cells express-
ing a higher density of channels. This result does not appear

to be a consequence of Ca2+ influx or an electrophysiolog-
ical artifact, because activation kinetics were little affected
by manipulations that reduced current amplitude. To the
best of out knowledge, this is the first demonstration of a

link between the expression density of Ca2+ channel pro-

teins and Ca2+ channel activation kinetics. These results are

especially significant, considering the wide number of stud-

Qmax (nC4F)

FIGURE 7 Tact is inversely related to Qnmax, The linear regression for
pCAC6-expressing dysgenic myotubes (n = 32) was tact = 100
-79(Qmax); r = 0.71, p < 0.001. The linear regression for normal

myotubes (n = 44) was Tact = 103 59(Qmax); r = 0.45, p < 0.005.

ies that use heterologous systems to investigate various
properties of ion channels expressed from their cDNAs.

Previously we demonstrated that the activation rate of the
skeletal muscle L-type Ca2+ channel is determined by the
amino acid sequence of a specific region (IS3 and the
IS3-IS4 linker) within the first transmembrane domain of
the a1S subunit (Nakai et al., 1994). Our present results
demonstrating a relationship between Tact and channel den-
sity complement, rather than contradict, these previous
structural findings. For any given chimera of the cardiac and
skeletal muscle al subunits, we observed variation in both
current density and activation kinetics, yet each chimera
could be clearly classified as displaying either distinctly fast
or distinctly slow activation (Tanabe et al., 1991; Nakai et

al., 1994). Thus, the effect of channel density on activation
rate appears to be superimposed upon the more important
effect of channel structure.

Several previous studies have demonstrated a connection
between channel density and activation kinetics. For exam-

,Ca
(pA/pF)
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ple, Delbono (1992) reported that L-type Ca21 current den-
sity, activation rate, and intramembrane charge movement
density were all decreased in denervated rat skeletal muscle
fibers. Paradoxically, average current density was slightly
increased, but activation rate was decreased 4-6 days after
denervation, whereas both activation rate and current den-
sity were decreased at later times after denervation. The
apparent uncoupling of activation rate and current density at
short times after denervation might be explained by varia-
tions in current density among different groups of muscle
fibers, because it is unclear in Delbono (1992) whether
activation, current density, and charge movement were all
measured in the same group of cells, as was done in the
present study (Figs. 2, 3, 6, and 7). In another example,
Very et al. (1994) reported that current amplitudes were
larger and activation was faster when more Arabidopsis
KATI inward rectifier K+ channels were expressed in Xe-
nopus oocytes. A relationship between channel expression
level and activation kinetics has also been described for
MinK potassium channels expressed in Xenopus oocytes
(Blumenthal and Kaczmarek, 1994; Cui et al., 1994). How-
ever, in the case of MinK channels, activation was slower
when more channels were expressed. Thus, the mechanism
linking MinK channel density to activation rate is probably
not the same as that for L-type Ca2+ channels or KATI
channels. These studies each suggest, despite their differ-
ences, that the channel expression level can have significant
effects on channel gating kinetics.

It is possible that increased channel density in and of
itself causes activation to be faster. For example, channel
activation might be cooperative, either as a consequence of
direct interactions between the channels themselves or as a
consequence of interactions with other proteins, such as the
ryanodine receptor. However, our previous results with chi-
meras of a1S and a1C suggest that interactions with the
ryanodine receptor do not influence activation rate, because
values of Tact were indistinguishable between chimeras that
interacted with ryanodine receptors (i.e., mediated skeletal
muscle-type E-C coupling) and those that did not (Tanab-e et
al., 1990). Furthermore, if there were cooperative interac-
tions between adjacent channels that affected voltage-de-
pendent transitions involved in channel activation, one
would expect that strong depolarization would cause acti-
vation rates to be similar in cells of varying channel density,
which does not seem to be the case (Fig. 1). In addition,
channel opening per se does not seem to play a role in
establishing activation rate, because Tact is similar in normal
and pCAC6-injected myotubes at a given channel density
(i.e., Qmax; Fig. 7), despite a much higher maximum P0 in
normal myotubes (as reflected in the slope of peak current
density versus Qmax; Fig. 6).

Perhaps activation rate and channel density are not caus-
ally related but are instead both governed by a common
factor. For example, association of the a,S subunit with one
or more of the ancillary Ca2+ channel subunits (a2, 1, or y)
might facilitate the insertion of the channel into the surface

tion. A number of recent studies have reported that coex-
pression of the Ca2+ channel 1B subunit with the a1I subunit
increases the amplitude of the expressed Ca2+ channel
current and changes activation rate (Lacerda et al., 1991;
Varadi et al., 1991; Singer et al., 1991; Wei et al., 1991;
Hullin et al., 1992; Perez-Reyes et al., 1992; Perez-Garcia et
al., 1995). Furthermore, several studies have demonstrated
that coexpression of the a2 subunit with a1 and 1B greatly
enhances channel expression (Mori et al., 1991; Hullin et
al., 1992; Brust et al., 1993; Gurnett et al., 1996). These
observations suggest that cell-to-cell variation in the level of
ancillary subunit expression, or in the degree of association
between a 1S and the ancillary subunits, could account for a
correlation between channel density and activation rate.
However, if the total current represents an algebraic sum of
currents contributed by a1S subunits associated with ancil-
lary subunits and ajS subunits not associated with ancillary
subunits, then the total current ought to display both rapidly
and slowly activating components. In some cells and at
some test potentials, the skeletal muscle L-type current did
seem to display two components of activation, but in a great
many instances the activation of currents could be well
described by a single exponential function.
Our findings do not allow us to determine whether Tact

varies as a continuous function of channel density or

whether two separate populations of channels exist (slowly
activating and rapidly activating), with the relative propor-
tion of each type varying as a function of overall channel
density. In principal, this question might be addressed by
testing whether the currents could be better fit by varying
the proportion of a fixed slow and a fixed fast exponential.
However, in practice this test is unreliable because values of
Tact span a relatively small range (-5-fold), and the Ca2+
current displays biphasic activation kinetics at weak test
potentials. Such an analysis is further confounded by the
presence in dysgenic myotubes (and possibly normal myo-

tubes as well) of an endogenous, rapidly activating Ca2+
current (Idys), which is clearly distinct from the slowly
activating current mediated by a1S. As an alternative to the
idea that association with ancillary subunits or interchannel
interaction is the common factor affecting both channel
density and activation rate, one might suppose that other
cellular conditions could affect both variables. Among the
many possibilities are phospholipid composition of the sar-

colemma, association of the L-type channel with cytoskel-
etal proteins or G-proteins, and phosphorylation or other
posttranslational modifications of the channel.

Heterologous expression of ion channels often results in
wide variations in channel density among different trans-
fected cells. We have shown here that the kinetic behavior
of skeletal muscle L-type Ca2+ channels varies with the
expression level of the ajS subunits. These results have
important implications for studies of ion channel function
because they suggest that biophysical properties can be
significantly influenced by channel density, both in heter-
ologous expression systems and in native tissues. Thus, it

membrane and might result in a channel with faster activaa-
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tial effect of variations in expression level on the biophys-
ical properties of expressed channels.
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