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Ca2� channels play crucial roles in cellular signal transduction and
are important targets of pharmacological agents. They are also
associated with auxiliary subunits exhibiting functions that are still
incompletely resolved. Skeletal muscle L-type Ca2� channels (di-
hydropyridine receptors, DHPRs) are specialized for the remote
voltage control of type 1 ryanodine receptors (RyR1) to release
stored Ca2�. The skeletal muscle-specific � subunit of the DHPR (�1)
down-modulates availability by altering its steady state voltage
dependence. The effect resembles the action of certain Ca2�

antagonistic drugs that are thought to stabilize inactivated states
of the DHPR. In the present study we investigated the cross
influence of �1 and Ca2� antagonists by using wild-type (��/�)
and �1 knockout (��/�) mice. We studied voltage-dependent
gating of both L-type Ca2� current and Ca2� release and the
allosteric modulation of drug binding. We found that 10 �M
diltiazem, a benzothiazepine drug, more than compensated for the
reduction in high-affinity binding of the dihydropyridine agent
isradipine caused by �1 elimination; 5 �M devapamil [(�)D888], a
phenylalkylamine Ca2� antagonist, approximately reversed the
right-shifted voltage dependence of availability and the acceler-
ated recovery kinetics of Ca2� current and Ca2� release. Moreover,
the presence of �1 altered the effect of D888 on availability and
strongly enhanced its impact on recovery kinetics demonstrating
that �1 and the drug do not act independently of each other. We
propose that the �1 subunit of the DHPR functions as an endoge-
nous Ca2� antagonist whose task may be to minimize Ca2� entry
and Ca2� release under stress-induced conditions favoring plas-
malemma depolarization.

accessory subunits � dihydropyridine receptor � excitation–contraction
coupling � mouse skeletal muscle � phenylalkylamine

Owing to the central role of Ca2� channels in cellular
signaling, Ca2� channel modulators have become impor-

tant pharmacological tools in research and clinical applications.
Prominent examples are Ca2� antagonists (Ca2� entry blockers)
used to target muscle cells of the cardiovascular system in the
treatment of hypertension, angina pectoris, and cardiac arrhyth-
mias (1, 2). In skeletal muscle, the dihydropyridine receptor
(DHPR), an L-type Ca2� channel, plays a pivotal role as a
voltage sensor for the remote control of type 1 ryanodine
receptors (RyR1). Through a unique conformational link, the
voltage-sensing �1 subunit of the DHPR (Cav1.1) activates RyR1
to rapidly mobilize Ca2� stored in the terminal cisternae of the
sarcoplasmic reticulum (SR) for the initiation of contraction. It
is not clear yet whether the same DHPRs that control Ca2�

release also generate the slow L-type Ca2� current that can be
observed in skeletal muscle. In any case, a Ca2� inward current
is not required as a trigger for Ca2� release in contrast to heart
muscle. Yet, the DHPR-dependent control mechanism of re-
lease is affected by Ca2� antagonists (for review, see ref. 3).
Depolarizing the membrane of isolated frog fibers by applying a
high-potassium solution containing the phenylalkylamine
(PAA) Ca2� channel antagonist D600 (30 �M) was shown to
cause a normal contracture followed by paralysis (4). By using

voltage-clamp conditions, it could be demonstrated that the
paralysis by D600 or by the higher-affinity PAA drug D888 was
removed by hyperpolarizing the fiber membrane to potentials
between �120 and �150 mV (5, 6). These experiments revealed
that the PAA-induced inhibition results from a concentration-
dependent shift to more negative potentials of the steady-state
voltage dependence of force availability, probably caused by a
selective binding of the drug to the inactivated conformational
state of the voltage sensor for Ca2� release (5, 7, 8).

Voltage-dependent channels are hetero-oligomeric proteins
containing several auxiliary subunits in addition to the pore-
forming �-subunits (9). Ca2� channels can be associated with up
to four nonhomologous auxiliary subunits named �2, �, �, and
�, whose functional roles are still incompletely understood (10,
11). In the skeletal muscle L-type channel, the �-subunit (�1),
shows the highest tissue specificity next to the �1-polypeptide.
Interestingly, �1 deficiency in voltage-clamped adult muscle
fibers of gene-targeted knockout mice affected both Ca2� cur-
rent and Ca2� release by shifting the steady-state availability
curves to more positive potentials (12). Thus, the �1-polypeptide
exhibits a physiological effect similar to the one reported for
PAA Ca2� channel antagonists.

In this study we examined whether there is a connection
between the Ca2� antagonist- and the �1-induced functional
changes. For this purpose, we studied the effect of D888 on Ca2�

current and Ca2� release in isolated muscle fibers of both ��/�
and ��/� mice. We report that an appropriate concentration of
D888 can compensate for the effect of eliminating the �1-
subunit, underlining the close similarity in the actions of PAA
drugs and �1. We also show that the presence of �1 alters the
pattern of action of D888. Moreover, we demonstrate that
diltiazem, a benzothiazepine Ca2� antagonist, can compensate
for changes in dihydropyridine binding caused by the �1-subunit
knockout. We propose that the Ca2� antagonists and the subunit
act by a closely connected physiological mechanism.

Results
D888 Does Not Affect Voltage-Dependent Activation. Fig. 1 shows
the protocol to study voltage-dependent activation of L-type
Ca2� current and Ca2� release in an enzymatically isolated
interosseus muscle fiber of a ��/� mouse. Test steps of 100-ms
duration, separated by intervals of 60 s, were applied covering
the voltage range from �60 to �50 mV in 10-mV increments
(Fig. 1 A). Fig. 1B shows the Ca2� inward current and Fig. 1E
shows the corresponding current–voltage relation. Fig. 1C shows
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the fura-2 fluorescence ratio signals (F380/F360) and Fig. 1D
shows the Ca2� release flux derived from them. Ca2� release flux
was calculated as described in detail by Ursu et al. (13) after
characterizing Ca2� removal by using a kinetic model to fit
relaxation following repolarization (see also refs. 14 and 15). The
flux traces exhibit a slowly sloping phase after the early peak that
had been attributed to SR depletion (16). We performed a
depletion correction as described by Gonzalez and Rı́os (17),
leading to the second set of traces in Fig. 1D exhibiting steady
plateaus. The depletion-corrected flux is proportional to the
voltage-activated Ca2� permeability of the SR. Fig. 1F shows
fractional activation as functions of voltage both for permeability
and for Ca2� conductance derived from the current–voltage
relation (13).

Fig. 2 summarizes the results of experiments testing for D888
effects on the voltage dependence of activation of L-type Ca2�

conductance and of SR permeability obtained with the protocol
of Fig. 1. A comparison for 0 �m (circles) and 10 �M D888
(diamonds) is shown. Open symbols represent ��/� fibers and
filled symbols indicate ��/�. The data confirm our previous
finding that �1 does not affect the voltage dependence of
activation of Ca2� release and L-type Ca2� conductance. They
further demonstrate that D888 at 10 �M, that is, at a higher
concentration than leading to paralysis in frog muscle, has
negligible effects on the activation curves both in the absence
and the presence of �1. The absolute values of conductance and
peak permeability are listed in the legend of Fig. 2. The mean
values are slightly smaller in D888, but the difference is not
statistically significant.

D888 Effect on Voltage-Dependent Inactivation. Whereas the volt-
age dependence of activation for both Ca2� permeability and
L-type Ca2� conductance remained unaffected by the �1-subunit
and by D888 (Fig. 2), pronounced effects were seen on inacti-
vation. Fig. 3A shows the experimental paradigm to determine
the voltage dependence of availability for activation. Prepulses
of 30-s duration changing the membrane potential to progres-
sively more depolarized values were followed by short (100 ms)
test pulses to �20 mV to assess availability. Fig. 3 B–E show
traces of two representative experiments in �1-deficient muscle
fibers, demonstrating the effect of 5 �M D888 on availability of
Ca2� release flux (Fig. 3 D vs. B) and of L-type Ca2� inward

current (Fig. 3 E vs. C). Fig. 3 F and G show the alterations in
the voltage dependence of steady-state inactivation caused by
the drug for (peak) Ca2� release and Ca2� current, respectively.
Clearly, a shift to more negative potentials by some 10 mV is
apparent in both cases.

Fig. 4 summarizes the data obtained from several experiments
like those shown in Fig. 3 performed on muscle fibers of ��/�
mice (Fig.4 A and B) and ��/� animals (Fig. 4 C and D).

Fig. 1. Voltage-dependent activation of Ca2� current and Ca2� release. (A) Successive rectangular voltage steps applied at 60-s intervals from a holding potential
of �80 mV to the indicated voltage levels. (B) Voltage-activated L-type Ca2� inward currents showing typical slow-onset kinetics. (C) Fura-2 fluorescence ratio
signals recorded simultaneously with the signals in B. (D) Calculated flux of Ca2� underlying the signals in C before and after correction for putative SR depletion
(see Materials and Methods). Traces for pulse voltages between 0 and �50 mV were corrected individually. For pulse voltages of �10 mV and smaller the average
value of the individually determined baseline SR contents was used for the correction (see ref. 13). (E) Current–voltage relation derived from the recordings in
B. (F) Ca2� conductance (circles) and SR Ca2� permeability (diamonds) during the plateau of the depletion-corrected signals in D as functions of pulse voltage.
Representative data were obtained from a ��/� muscle fiber.

Fig. 2. Voltage-dependent activation independent of D888. Normalized
activation curves for Ca2� release permeability and conductance as in Fig. 1F
for 0 �m (circles) and 10 �M D888 (diamonds). V0.5 and k values (in millivolts)
for control and drug application are as follows: (A) Permeability, ��/�,
�11.23 � 1.90; 8.2 � 0.52 (6) and �13.26 � 2.92; 8.50 � 0.7 (3). (B) Conduc-
tance, ��/�, 3.2 � 0.95; 6.3 � 0.73 (6) and 1.22 � 0.97; 5.62 � 0.3 (3). (C)
Permeability, ��/�, �8.46 � 1.40; 7.80 � 0.93 (3) and �8.24 � 1.70; 8.10 � 0.5
(8). (D) Conductance, ��/�, 3.71 � 3.20; 5.44 � 0.61 (3) and 4.81 � 0.84; 5.83 �
0.4 (6). The corresponding absolute values at �50 mV for peak permeability or
conductance are: (A) 5.73 � 0.98%ms�1 and 3.55 � 0.20%ms�1. (B) 180.34 �
38.17 S F�1 and 133.59 � 14.13 S F�1. (C) 5.39 � 1.51%ms�1 and 3.82 �
0.45%ms�1. (D) 109.09 � 29.66 S F�1 and 92.13 � 8.20 S F�1. The continuous
lines were calculated as described in Materials and Methods by using the
means of the best fit parameters.
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Availability curves obtained in the absence of drug (circles) and
in the presence of 5 �M D888 (triangles) and 10 �M D888
(diamonds) are shown. The data for each fiber were fitted by
Boltzmann functions and the mean fit parameters of each group
of experiments were used to construct the continuous curves.
The vertical dashed lines mark the voltages of half-maximal
inactivation in drug-free ��/� fibers and highlight the relative
differences between ��/� and ��/� fibers in the positions of
the curves. Note that the voltages of half-maximal inactivation in
5 �M D888 in the absence of the �1-subunit are similar to the
values in drug-free ��/� fibers. Thus, 5 �M D888 effectively
reverses the right shift caused by the �1 elimination.

Fig. 4 E and F summarize the changes in the Boltzmann fit
parameters of the inactivation curves of Fig. 4 A–D. Mean values
of the parameters V0.5 and k (which is proportional to the
reciprocal of the maximal slope) are plotted versus D888 con-
centration. The ��/� fibers in the absence of drug (open circles)
differ from the ��/� fibers (filled circles) by their more positive
V0.5 and a slightly smaller k value. The differences are almost
eliminated in the ��/� fibers by 5 �M D888 (open triangle). V0.5
(in millivolts) for L-type current was �25.33 � 1.81 (11) in
drug-free ��/� fibers, compared with �18.77 � 0.92 (13; P �
0.0027) and �29.48 � 0.87 (9; P � 0.023) in drug-free ��/�
fibers and ��/� fibers with 5 �M D888, respectively. The V0.5
value for Ca2� release was �37.60 � 1.05 (11; drug-free ��/�
fibers), compared with �30.48 � 0.71 (13; P � 0.0000093) and
�39.43 � 1.29 (10; P � 0.28), respectively. The corresponding k
values (in millivolts) were 7.52 � 0.48, 6.02 � 0.27 (P � 0.010),

and 7.43 � 0.37 (P � 0.90) for L-type current and 4.82 � 0.25,
4.18 � 0.26 (P � 0.096), and 5.6 � 0.26 (P � 0.043) for Ca2�

release.
The results of Fig. 4 indicate that (i) a concentration of �5 �M

of the PAA drug D888 can compensate for the effect of �1
elimination on the voltage dependence of inactivation and that
(ii) the dependence on D888 concentration is altered by the
presence of the �1-subunit, consistent with some kind of inter-
action between the effects of these two modulators of the
DHPR.

Both �1 and D888 Slow Recovery from Inactivation. We further
investigated the time course of recovery from voltage-dependent
inactivation by using the pulse protocol of Fig. 5A. Pulses of
100-ms duration that depolarized the membrane to �20 mV
were applied to test the degree of recovery. An initial test pulse
was followed by a 60-s depolarization to �10 mV to cause
complete voltage-dependent inactivation. After the long depo-
larization, the membrane was repolarized to �80 mV. Then, test
pulses were applied at different times (indicated in the figure) to
resolve the time course of recovery. Fig. 5 B and C show the
calculated Ca2� release flux and the recorded L-type Ca2�

current for each of the test pulses in Fig. 5A. The time course of
the increase in peak release flux and in the amplitude of the
L-type current was fitted by single exponential functions. Fig. 5
D and E show mean values from different experiments of the
recovery time constants of Ca2� release and Ca2� current,
respectively. In the absence of the drug, the time constants were
significantly shorter in ��/� fibers than in ��/� and became
larger when D888 was added (5 and 10 �M). Again, 5 �M D888
changed the recovery time constant of ��/� fibers to close to

Fig. 3. Effect of D888 on voltage-dependent inactivation. (A) Experimental
protocol to determine the voltage dependence of inactivation. (B and C)
Calculated Ca2� release fluxes and L-type Ca2� inward currents, respectively,
at different voltages in the absence of D888. (D and E) Release fluxes and
inward currents, respectively, in the presence of 5 �M D888. (F and G) Nor-
malized steady-state voltage dependence of inactivation of peak Ca2� release
and Ca2� inward current, respectively, at 0 �m (circles) and 5 �M D888
(triangles). Both fibers were from ��/� mice.

Fig. 4. Changes of steady-state availability caused by D888 in ��/� and ��/�
fibers. Mean values of normalized steady-state inactivation at different volt-
ages obtained with the experimental protocol of Fig. 3 for peak Ca2� release
flux (A and C) and L-type Ca2� current (B and D), respectively. (A and B) ��/�
fibers; (C and D) ��/� fibers. Numbers of experiments for 0 �m (circles), 5�M
(triangles), and 10 �M D888 (diamonds) were 13, 10, and 9 in Fig. 5A, 13, 9, and
9 in B, 11, 6 and 13 in C, and 11, 7, and 13 in D, respectively. Note that bars
indicating SEM are often smaller than the symbols. (E and F) Parameters V0.5

and k of voltage-dependent inactivation and their alteration by D888. Closed
symbols, ��/�; open symbols, ��/�. Asterisks indicate significant differences.
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normal values found in ��/� fibers. Remarkably, the slowing of
recovery by D888 was substantially stronger in the presence of
the �1-subunit. These results demonstrate nonadditive effects of
the two modulators and provide strong support for an interaction
between changes induced by the �1-subunit and D888.

�1 and Diltiazem Favor Dihydropyridine Binding. A different view on
drug modulation of the DHPR results from studying the binding of
specific ligands and their allosteric interaction (18, 19). In a further
series of experiments, therefore, we used this approach to look for
Ca2� antagonist-like effects of the �1-subunit. We tested the
binding of the dihydropyridine (DHP) Ca2� antagonist isradipine
and its modulation by the benzothiazepine drug diltiazem by using
microsomal membrane proteins from ��/� and ��/� mice. Fig.
6A shows that specific high-affinity binding of isradipine was
reduced in ��/� muscle. This reduction depends on temperature
and is not observed at 4°C (20). On average, Bmax showed a 58%
decrease compared with ��/�, but binding recovered to more than
normal levels after adding 10 �M diltiazem (Fig. 6B, see legend for
details). Because the allosteric effect of diltiazem on DHP-binding
is also temperature-dependent, we performed the experiments at
different temperatures. Fig. 6 C and D show the dependence of
isradipine binding on diltiazem concentration at 37 and 21°C. The
graphs demonstrate that the reduced binding in the absence of the
�1-subunit could in both cases be restored to ��/� levels by
appropriate diltiazem concentrations. This is further evidence for a
Ca2� antagonist-like effect of the �1-subunit and further demon-
stration that a Ca2� antagonistic drug can compensate for the effect
of eliminating the �1-subunit.

Discussion
In the present study we explored the impact of the �1-subunit of
the DHPR on Ca2� antagonist action by using wild-type and
�1-deficient mice. We found that D888, a phenylalkylamine drug,
(i) did not affect the voltage dependence of activation but
enhanced steady-state inactivation and slowed down recovery
from inactivation, (ii) compensated for the effect of �1 defi-
ciency, and (iii) was substantially altered in its effect by the
presence of the �1-subunit. Finally, studying drug binding to the
DHPR, we showed that a structurally unrelated Ca2� antagonist
(the benzothiazepine diltiazem) likewise compensated for the
effect of �1 elimination. Together, these results indicate that �1
can be regarded as an endogenous Ca2� antagonist.

Comparison with Previous Studies on PAA Action in Skeletal Muscle
Excitation-Contraction (EC) Coupling. Alterations of the voltage
dependence of inactivation of EC coupling induced by PAA
drugs in skeletal muscle were discovered by force recordings
from voltage-clamped frog muscle fibers (5). The changes have
been explained by different variants of the voltage-modulated
receptor concept. In analogy to the effects of local anesthetics on
Na� channels (21), the proposed models suggest preferential
binding of PAA drugs to inactivated states of the voltage sensor
(6, 7, 22). For frog fibers, Erdmann and Lüttgau (6) reported a
change of V0.5 of the voltage dependence of availability by �46
mV induced by 5 �M (�)D888. In the mouse fibers studied here,
the same concentration caused a maximal shift by 10.5 mV (Fig.
4). Much of the difference is likely due to the experimental
temperature (10°C in the frog experiments vs. 20–22°C in our
case), because low temperatures have been shown to augment
paralysis in frog fibers (4, 23). Low temperatures also favored
binding of D888 to the purified rabbit DHPR (24). A further
reason for the stronger D888 effect in the frog experiments may
be the fact that availability at different potentials was studied by
determining the degree of recovery from a preceding complete

Fig. 5. Alterations of the time course of recovery from depolarization-
induced inactivation caused by D888 in ��/� and ��/� fibers. (A) Experimen-
tal protocol for studying recovery. (B and C) Representative recordings (��/�)
showing recovery at �80 mV of Ca2� release and Ca2� current, respectively. (D
and E) Mean time constants of recovery of peak Ca2� release flux and Ca2�

current (end of pulse), respectively, in the absence and in the presence of 5 and
10 �M D888. Asterisks indicate significant differences between ��/� (filled
columns) and in ��/� (open columns) for identical drug concentration. The
values at 5 �M D888 in ��/� were not significantly different from the controls
in ��/� (#, P � 0.56 and P � 0.28 for release and current, respectively). Error
bars indicate SEM. Numbers of experiments are indicated in the figure.

Fig. 6. Interaction of �1-subunit with allosteric modulation of isradipine
binding by diltiazem. (A and B) Equilibrium isotherms of [3H]isradipine bind-
ing to skeletal muscle microsomes from ��/� (filled symbols) and ��/�
animals (open symbols) in the absence (A) and presence (B) of D-cis-diltiazem
(10 �M) at 37°C. Least-squares fitting of canonical binding curves to the data
resulted in the following values for Bmax (pmol/mg). Control, ��/�: 1.71 � 0.12
(4); control, ��/�: 0.72 � 0.09 (4); diltiazem, ��/�: 3.28 � 0.15 (4); diltiazem,
��/�: 2.97 � 0.25 (4). Except for the difference between the latter two values,
all pairwise differences were highly significant (P � 0.001). Kd values (nM)
were as follows: 2.08 � 0.37, 2.93 � 0.79, 2.25 � 0.26, and 2.54 � 0.50. They
showed no significant differences. (C and D) Effect of increasing concentra-
tions of D-cis-diltiazem on the amount of [3H]isradipine (0.5 nM) bound to
microsomes from ��/� (filled symbols) and ��/� animals (open symbols) at
37°C (C) and 21°C (D). The figure shows representative data from individual
experiments that were repeated at least twice.
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inactivation. Because D888 significantly slows recovery kinetics,
a true steady state may not have been attained in the observation
interval, causing an overestimation of the left shift in the voltage
dependence.

�1-Subunit Interference with Drug Effects. Ursu et al. (12) estab-
lished that in muscle fibers deficient in the DHPR �-subunit the
voltage dependence of availability was shifted to more positive
potentials for both Ca2� current and Ca2� release, whereas the
voltage dependence of activation remained unchanged. Consid-
ering the PAA effects on EC coupling, these findings indicate a
PAA-like effect of the �1-subunit. Accordingly, we could show
that D888 fully reversed the consequences of the subunit knock-
out: �5 �M D888 (when applied to ��/� fibers) was equivalent
to the presence of �1, essentially restoring normal EC coupling
and L-type channel function. It is interesting to note that Ca2�

release and L-type Ca2� current were affected in a very similar
way. This observation adds to evidence (see ref. 25) in support
of the hypothesis that there are not two different pools of
DHPRs for the voltage control of Ca2� release and Ca2� entry,
respectively, but that an individual DHPR can perform both
functions.

Furthermore, comparing the effect of D888 in ��/� and
��/� fibers, we noticed clear differences. Not only did the drug
affect the voltage dependence of availability differently in the
two types of fibers, but also the slowing of recovery caused by
D888 was substantially augmented in the presence of the �1-
subunit. This reveals a combined but nonadditive effect of the
drug and the auxiliary polypeptide. It is well known that mem-
bers of the chemically heterogeneous groups of Ca2� channel
agents, dihydropyridines, benzothiazepines and phenylalkyl-
amines, and metal ions show characteristic noncompetitive
interactions when binding to the �1-subunit of the DHPR (18, 19,
26). For instance, diltiazem (a benzothiazepine Ca2� antagonist)
favors the binding of DHPs in skeletal muscle (27–29). Perform-
ing similar investigations, our aim was to back up the conclusion
that the auxiliary subunit �1 is an endogenous Ca2� antagonist
by using an independent experimental setting (i.e., binding
studies) and drugs different from D888 (i.e., the DHP isradipine
and D-cis-diltiazem). We showed that an effect on isradipine
binding similar to the one found for diltiazem can be attributed
to the �1-subunit and that diltiazem compensates for the effect
of �1 knockout. Like diltiazem, �1 accomplished recovery of the
intact drug binding domain of the DHPR, preferentially by
increasing Bmax rather than by affecting binding affinities (Fig.
6). Also, the PAA drug D600 has been reported to stimulate
high-affinity DHP binding, thus mimicking the effect of �1 in a
heterologous expression system (30, 31). Therefore, the results
on drug binding are consistent with our functional data indicat-
ing a cross-influence between �1 and the drug binding sites.

Several amino acid residues in segments IIIS6, IVS6, and the
S5-S6 linkers of domains III and IV contribute to Ca2� antag-
onist binding in L-type Ca2� channels (reviewed in ref. 26). The
available data suggested a drug binding pocket near the pore
region (32) and led to the proposal of a ‘‘domain interface
model’’ in which the drugs affect gating by binding to the contact
region between the homologous repeats III and IV of the
�1-subunit (19, 33). As for the common Ca2� antagonistic drugs,
�1 has been shown to interact directly with �1S (34). Little is
known about the structural determinants of the interaction,
however, except that the first (N-terminal) half of �1 is required
for association (34). Given the very similar effect of �1 and Ca2�

antagonistic drugs, the C-terminal repeats of the �1-subunit that
form the drug binding sites may also contain the receptor for
�1-subunit binding. This receptor, once occupied, seems to foster
slow inactivation like a PAA drug. For steric reasons, it may
seem unlikely that �1 reaches the putative drug binding pocket
near the selectivity filter. However, it is conceivable that a

domain interface effect may also arise by binding of the polypep-
tide to the outer region of the III–IV interface.

It has been suggested (for a summary, see ref. 35) that the
L-type channel drugs might mimic effects of endogenous mod-
ulators (possibly peptides) in analogy to morphine and its
derivatives acting on receptors for intrinsic endorphins and
enkephalins. We suppose that �1 is such an endogenous ligand.
Like Ca2� antagonists, �1 might modulate voltage-dependent
inactivation by association to and dissociation from the �1-
polypeptide. Shifting back and forward the voltage dependence
of inactivation, �1 has the potential to act as a modulator of EC
coupling and consequently contractile force. Intensive activation
of skeletal muscle leads to substantial K� release from the fibers
(36). The ensuing accumulation of K� ions in the extracellular
space and in the narrow transverse tubules, possibly in conjunc-
tion with local fiber damage, leads to membrane depolarization.
When strong enough, steady depolarization would cause main-
tained Ca2� release and consequently involuntary muscle con-
tractures. The slow inactivation process of the DHPR can be
envisaged as a mechanism to counteract such effects, but it
leaves a window of voltages in which steady activation is possible
(12, 37). Agents with the functional characteristics of Ca2�

antagonists will narrow this window. The purpose of the �1-
subunit as an endogenous Ca2� antagonist can therefore be
regarded as protection against uncontrolled Ca2� release and
Ca2� entry under certain highly fatiguing conditions that would
lead to partial membrane depolarization.

Materials and Methods
Preparation. Male littermates of ��/� (between 45 and 70 weeks
of age) and ��/� mice (50–77 weeks of age) carrying the 129SVJ
genetic background (see ref. 20) were used for the electrophys-
iological experiments. Mice were killed by rapid exposure to CO2
followed by cervical dislocation. Procedures were approved by
the local animal care committee. Fibers of the interosseus
muscles of the hind legs were enzymatically dissociated by using
a Krebs–Ringer solution containing 2 mg/ml collagenase as
described in ref. 13. Microsomal membrane proteins were pre-
pared from hind leg skeletal muscle of adult mice at 4°C in the
presence of 5 mM EGTA. All buffers used in binding experi-
ments contained a protease-inhibitor mix as described in ref. 20.

Experimental Solutions for Electrophysiological Experiments. Exter-
nal bathing solution for voltage-clamp experiments contained
130 mM tetraethylammonium-OH, 130 mM HCH3SO3, 2 mM
MgCl2, 10 mM CaCl2, 5 mM 4-aminopyridine, 10 mM Hepes,
0.001 mM Tetrodotoxin, 5 mM glucose, and 0.05 mM N-benzyl-
p-toluene sulfonamide (pH 7.4). (�)D888 (desmethoxyvera-
pamil, devapamil) was added from a 10 mM stock. Pipette
solution for intracellular perfusion contained 145 mM CsOH,
110 mM aspartic acid, 0.75 mM Na2ATP, MgATP (5.16 mM
Mg2�, 4.25 mM ATP), 1.5 mM CaCl2, 10 mM Hepes, 15 mM
EGTA, 0.2 mM fura-2, and 5 mM Na2creatinePO4 (pH 7.2).

Voltage Clamping and Data Analysis. The experiments were per-
formed at room temperature (20–22°C). The experimental
chamber was mounted on an inverted fluorescence microscope
(Axiovert 135 TV, Zeiss, Thornwood, NY). Fibers bathed in
external solution were imaged with a �40/0.75W objective
(Zeiss) after attaching to the glass coverslip in the bottom of the
chamber. They were voltage-clamped in a two-electrode config-
uration by use of an Axoclamp 2B amplifier (Axon Instruments,
Union City, CA) as described in refs. 12 and 13. Fibers were
perfused by the fura-2-containing solution in the current-passing
electrode. The general holding potential during loading with the
pipette solution, and throughout the experiment, was �80 mV.
Between experimental protocols that included long-lasting de-
polarizations, the fiber membrane was hyperpolarized to �100
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mV to speed up recovery. Global Ca2� signals (fura-2 fluores-
cence) and L-type Ca2� currents were simultaneously recorded
at 2-kHz sampling frequency. For constructing current–voltage
relations, the measured values during the last 10 ms of step
depolarizations (100 ms) were averaged and plotted vs. step
voltage. Ratiometric Ca2� transients were analyzed with a
removal model fit approach as originally described by Melzer et
al. (38) to calculate the flux of Ca2� from the SR (see refs. 13
and 39). The estimates of Ca2� release flux and of the SR-
luminal Ca2� concentrations are proportional to the assumed
intracellular EGTA concentration (39). For the removal analysis
we used the pipette concentrations of EGTA and fura-2 and
subsequently scaled down the resulting flux amplitudes and
SR-luminal Ca2� concentrations by a factor of 0.4 to account for
mean fractional loading of the cell at the time of recording (12).
The voltage-activated Ca2� permeability of the SR (in % ms�1)
was calculated according to Gonzalez and Rı́os (17) under the
assumption that the slow decline in the plateau phase of the Ca2�

release flux results exclusively from SR depletion. The voltage
dependence of activation and inactivation was described by
canonical Boltzmann functions with voltage at half-maximum
V0.5 and steepness parameter k, except for the activation of Ca2�

release and permeability in which a linear term was included to
account for the behavior at large depolarizations (13).

Binding Experiments. The binding of the DHP (�)[3H]isradipine
((�)-[methyl-3H]PN200-110, 69.0 Ci/mmol; Amersham GE

Healthcare, Princeton, NJ) was determined in 0.25 ml of 50 mM
Tris�Cl, pH 7.4/5 mM EGTA, containing 45–75 �g of micro-
somes (microsomal protein) in the absence or presence of 1 �M
(�)-isradipine. Seventy to 95% of total binding was specific.
D-cis-diltiazem was added as indicated. Reactions were stopped
after 60 min (21°C) and 30 min (37°C), respectively, by addition
of 3 ml of ice-cold 8.5% (mass/volume) polyethyleneglycol
6000/100 mM Hepes, pH 7.4, as described in ref. 20. Single
binding values were determined in triplicate and experiments
were repeated at least twice by using different skeletal muscle
membrane protein preparations.

Statistics. Averaged data are presented and plotted as means �
SEM (n � number of experiments). To test for significant
differences of mean values, we used Student’s two-sided t test for
two independent populations (P � 0.05).
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