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The skeletal muscle L-type Ca2� channel (CaV1.1), which is respon-
sible for initiating muscle contraction, is regulated by phosphory-
lation by cAMP-dependent protein kinase (PKA) in a voltage-
dependent manner that requires direct physical association
between the channel and the kinase mediated through A-kinase
anchoring proteins (AKAPs). The role of the actin cytoskeleton in
channel regulation was investigated in skeletal myocytes cultured
from wild-type mice, mdx mice that lack the cytoskeletal linkage
protein dystrophin, and a skeletal muscle cell line, 129 CB3. Voltage
dependence of channel activation was shifted positively, and
potentiation was greatly diminished in mdx myocytes and in 129
CB3 cells treated with the microfilament stabilizer phalloidin.
Voltage-dependent potentiation by strong depolarizing prepulses
was reduced in mdx myocytes but could be restored by positively
shifting the stimulus potentials to compensate for the positive shift
in the voltage dependence of gating. Inclusion of PKA in the
pipette caused a negative shift in the voltage dependence of
activation and restored voltage-dependent potentiation in mdx
myocytes. These results show that skeletal muscle Ca2� channel
activity and voltage-dependent potentiation are controlled by PKA
and microfilaments in a convergent manner. Regulation of Ca2�

channel activity by hormones and neurotransmitters that use the
PKA signal transduction pathway may interact in a critical way with
the cytoskeleton and may be impaired by deletion of dystrophin,
contributing to abnormal regulation of intracellular calcium con-
centrations in dystrophic muscle.

calcium channel � protein phosphorylation � muscular dystrophy

Voltage-gated Ca2� channels present in most cells play a
critical role in converting cellular electrical activity into an

intracellular Ca2� signal. Neurotransmitter and hormone release
from neurons and endocrine cells, gene expression in many cell
types, and contraction of cardiac, smooth, and skeletal muscle
are all dependent on the activity of voltage-gated Ca2� channels.
In skeletal muscle cells, the CaV1.1 channels in transverse
tubules have two distinct functional roles. They serve as the
voltage sensor for excitation–contraction coupling and trans-
duce a voltage-dependent conformational change into activation
of the ryanodine-sensitive Ca2� release channels in the sarco-
plasmic reticulum (1, 2). Ca2� release from the sarcoplasmic
reticulum rapidly initiates contraction. In addition, on a slower
time scale, the L-type Ca2� current conducted by these channels
is activated, and the resulting Ca2� influx increases contractile
force in subsequent contractions (3, 4) and regulates gene
expression and other muscle activities (5).

Activation of skeletal muscle Ca2� channels is increased by
cAMP-dependent phosphorylation in response to adrenergic
stimulation (3, 6) and is further potentiated by strong depolar-
ization (7–9), which requires cAMP-dependent protein kinase
(PKA) phosphorylation (7). PKA is often anchored near sub-
strates by A-kinase anchoring proteins (AKAPs), which bind the
kinase through interaction with its regulatory subunits (10, 11).
Voltage-dependent potentiation of Ca2� channel activity re-
quires anchored PKA (12, 13) interacting with AKAP-15, a Ca2�

channel-associated AKAP (14, 15). Direct binding of AKAP-15
to skeletal muscle Ca2� channels via a leucine zipper motif is
required for regulation of Ca2� channel function (16).

The actin cytoskeleton affects multiple ion channels, including
voltage-gated Na� channels (17–19), Ca2� channels (19–22), K�

channels (23, 24), Cl� channels (25–28), amiloride-sensitive epi-
thelial Na� channels (26, 29, 30), mechanosensitive Na� channels
(31), GABAA receptors (32), and glutamate receptors (33, 34). The
cytoskeleton is composed of the following three primary types of
filaments: microfilaments composed of actin monomers, interme-
diate filaments composed of intermediate filament proteins, and
microtubules composed of �- and �-tubulin dimers. In the exper-
iments reported here, we examined the effects on Ca2� channel
function of mutation of the submembrane microfilament cytoskel-
etal linker protein dystrophin, treatment with compounds that alter
the structure of actin microfilaments, and treatment with com-
pounds that influence PKA phosphorylation. Our results suggest
that actin microfilaments regulate the activity of the skeletal muscle
L-type Ca2� channel, allowing the contractility and morphology of
the cell to influence Ca2� channel function. Failure of this regu-
lation of Ca2� channel activity may contribute to degeneration of
muscle fibers in muscular dystrophy.

Materials and Methods
Cell Culture. Mouse skeletal muscle myotubes were prepared
from either primary cultures of neonatal mouse muscle (C57bl�
10SnJ control mice, mdx mice; The Jackson Laboratory) or the
immortalized mouse skeletal muscle cell line, 129 CB3 (35).
Primary cultures were prepared from 1- to 3-day-old mice by
using the Worthington Neonatal Cardiomyocyte Isolation Sys-
tem. Briefly, skeletal muscle was removed from forelimbs,
minced, then incubated overnight in 50 �g�ml trypsin at 5°C in
Ca- and Mg-free Hanks’ balanced salt solution. Then, 0.2 mg�ml
trypsin inhibitor was added, and the tissue was warmed to 37°C.
Next, 1,500 units of collagenase in 5 ml of Leibovitz L-15
medium was added, and the tissue was incubated at 37°C for 35
min. After incubation, tissue was triturated, and dissociated
myoblasts were filtered through a Falcon cell strainer, sedi-
mented at 100 � g, then plated in medium containing 10%
heat-inactivated horse serum and 5% FBS. Myoblasts differen-
tiated in this medium after 4–6 days in culture in a 5% CO2
incubator at 37°C. We grew 129 CB3 myoblasts in DMEM
supplemented with 10% FBS (HyClone) in a 5% CO2 incubator
at 37°C. When cells reached confluence, medium containing
FBS was replaced with medium containing 2% heat-inactivated
horse serum (GIBCO�BRL) to promote differentiation into
myotubes. Nearly spherical myotubes �50 �m were chosen for
recording.

Abbreviations: PKA, cAMP-dependent protein kinase; PKI, protein kinase inhibitor; AKAP,
A-kinase anchoring protein.
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Electrophysiology. Barium currents through skeletal muscle Ca2�

channels were recorded by using the whole-cell configuration of
the patch-clamp technique. Patch electrodes were pulled from
VWR Scientific micropipettes and fire-polished to produce an
inner tip diameter of 4–6 �m. Currents were recorded by using
a List EPC-7 patch clamp amplifier (List Electronics, Darmstadt,
Germany) and filtered at 2 kHz (8-pole Bessel filter, �3 dB).
Data were acquired by using FASTLAB software (Indec Systems,
Santa Cruz, CA). Voltage-dependent currents have been cor-
rected for leak by using an on-line P�4 subtraction paradigm. The
extracellular bath saline contained 150 mM Tris, 2 mM MgCl2,
and 10 mM BaCl2, pH-adjusted to 7.3 with methanesulfonic acid.
The intracellular patch electrode saline contained 130 mM
N-methyl-D-glucamine, 10 mM EGTA, 60 mM Hepes, 2 mM
MgATP, and 1 mM MgCl2, pH-adjusted to 7.3 with methane-
sulfonic acid. All experiments were performed at room temper-
ature (20–23°C). No nonlinear outward currents were detected
under these conditions.

Reagents. Protein kinase inhibitor (PKI) (5–24) amide, calyculin
A, and cytochalasin D were obtained from LC Laboratories
(Woburn, MA), and phalloidin and protein phosphatase inhib-
itor 2 were obtained from Calbiochem. The catalytic subunit of
PKA was purified from bovine heart as described in ref. 36.

Results and Discussion
Altered Ca2� Channel Activation and Potentiation in Myocytes Lacking
Dystrophin. Skeletal muscle myocytes were dissociated from WT
and mdx mice and analyzed by whole-cell voltage-clamp record-
ing. Barium currents activated by depolarization were similar in
WT and mutant mice (Fig. 1 A and B). However, these ion
currents did not activate until more positive potentials in the mdx
mouse myotubes, resulting in a mean conductance–voltage
relationship that was shifted 6 mV in the depolarizing direction
(Fig. 1C).

Ca channels in skeletal muscle are subject to marked voltage-
dependent potentiation after a depolarizing prepulse (Fig. 2A).
For myotubes from control mice, the current measured after a
conditioning prepulse to �80 mV for 200 ms was 22-fold larger
than before the prepulse, in contrast to potentiation in myotubes
from mdx mice, which was only 6-fold larger (Fig. 2 A). This
striking reduction in voltage-dependent potentiation suggests a
fundamental alteration in Ca2� channel regulation in dystrophic
mice.

Voltage-dependent potentiation is a result of strong channel
activation during the conditioning prepulse, from which the
channel does not completely recover before the second test
pulse (7, 8). Therefore, potentiation is greatest at potentials

where the channel is only weakly activated under control
conditions (�30 to 0 mV) and does not occur at potentials
where the channel is fully activated (�10 to �50 mV). This
effect can be seen by plotting current–voltage relations for
control myotubes before and after a conditioning prepulse as
in Fig. 2B (filled circles, before; open circles, after). The
conditioning prepulse causes a negative shift in the current-
voltage relationship, but the same level of current was ob-
served at potentials more positive than �10 mV. The same
protocol applied to mdx myotubes (Fig. 2B, triangles) pro-
duced little potentiation in the sensitive range of potentials
(�30 to 0 mV) and a small reduction in Ca2� channel current
at positive potentials (�10 to �50 mV), presumably resulting
from channel inactivation. These results show that potentia-
tion of Ca2� channel activity in mdx myotubes is decreased for
all test pulse potentials.

Two other membrane potentials are relevant for potentia-
tion, the potential at which potentiation is induced (the
prepulse potential) and the repolarized potential between the
prepulse and the test pulse. To examine the contribution of
overall membrane potential to the loss of potentiation, we
tested whether potentiation could be restored by shifting all
potentials in the protocol positively by 5 to 30 mV in 5-mV
increments to compensate for the positive shift of the voltage
dependence of activation. Under these conditions, current
during the first test pulse increased little, whereas current
measured after the conditioning prepulse increased
dramatically (Fig. 3A). Shifting membrane potential positively
in 5-mV increments restored potentiation for shifts of �5 and
�10 mV (Fig. 3B). This result indicated that the shift in the
voltage dependence of Ca2� channel gating in mdx myocytes
was sufficient to cause the reduction in voltage-dependent
potentiation.

Restoration of Normal Voltage Dependence by PKA in mdx Myocytes.
The level of intracellular PKA activity controls voltage-
dependent potentiation. When PKA localization was disrupted
by intracellular application of a peptide that inhibited anchoring
of PKA (12), the addition of 2 �M PKA catalytic subunit
restored potentiation to control levels. When 2-�M PKA cata-

Fig. 1. Voltage dependence of Ca2� channel activation in mdx skeletal
muscle. (A) Currents recorded from a control mouse myotube in response to
500-ms-long pulses to the indicated potentials. (B) Current traces from an
mdx myotube. (C) Mean current–voltage relationships from control (F) and
mdx (■ ) mouse myotubes. The mean peak Ba2� currents for control and mdx
myocytes were not significantly different in this sample of cells (954 pA for
control and 737 pA for mdx), minimizing possible contributions of series
resistance to the voltage shifts measured.

Fig. 2. Reduced voltage-dependent potentiation in mdx skeletal muscle.
Ca2� channel current was recorded in the whole-cell patch clamp mode from
control and mdx mouse skeletal muscle myocytes. (A) Examples of Ca2�

channel potentiation after a conditioning prepulse in control and mdx muscle.
From a holding potential of �80 mV, cells were depolarized to �20 mV for 300
ms in test pulse 1 and returned to the holding potential. A prepulse to �80 mV
for 200 ms was applied, the cells were briefly repolarized to �60 mV, and Ba2�

currents were recorded during a second identical test pulse. Currents in test
pulse 1 were normalized to the same amplitudes (control, F; mdx, Œ). To allow
direct comparison of potentiation after the prepulse the currents in test pulse
2 were normalized by the same factor (control, E; mdx, ‚). The rapidly
activated and inactivated current in the ‘‘Before prepulse’’ trace is T-type
current, which was observed in a subset of the cells. Data are representative
of 10 and 12 experiments, respectively. (B) Ca2� channel current–voltage
relations measured before (control, F; mdx, Œ) and after (control, E; mdx, ‚)
conditioning prepulses are shown to compare channel potentiation at the
indicated test potentials. Data are mean � SEM (n � 9 for each).
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lytic subunit was perfused into mdx myotubes from the patch
pipette, voltage-dependent potentiation was restored to control
level over the sensitive range of membrane potentials (Fig. 4 A
and B). Thus, PKA can restore voltage-dependent potentiation
of Ca2� channel activity in mdx myotubes with disrupted cy-
toskeletal function.

PKA shifts the voltage dependence of activation of skeletal
muscle Ca2� channels to more negative membrane potentials
(13, 37). A similar negative shift in the voltage dependence of
activation was observed in mdx myotubes perfused with 2 �M
PKA (Fig. 4C). This negative shift of the voltage dependence of
activation may contribute to restoration of voltage-dependent
potentiation by PKA in mdx myotubes, because potentiation also
was substantially restored by a comparable depolarization (Fig.
3B). These results show that disruption of cytoskeletal interac-

tion with the Ca2� channel by the mdx mutation alters the
voltage dependence of activation and therefore blocks normal
voltage-dependent potentiation. The Ca2� channel in the mutant
mice still can be modulated by activation of PKA, which shifts the
voltage dependence of activation toward negative potentials and
restores voltage-dependent potentiation.

Effects of PKA on Voltage Dependence of Ca2� Channel Activity in
Wild-Type (WT) Myocytes. Our experiments with mdx mice showed
that permanent loss of dystrophin in mdx mutant mice and acute
activation of PKA had opposing functional effects on activation
of the Ca2� channel. To test whether acute inhibition of cy-
toskeletal function has similar effects, we examined functional
interactions between the actin cytoskeleton and PKA in WT 129
CB3 myocytes (35). Perfusion of PKA into untreated 129 CB3
myotubes under whole-cell voltage clamp shifted the conduc-
tance–voltage relationship 10 mV in the negative direction in
comparison with control (Fig. 5A), confirming that PKA can
modulate the voltage dependence of Ca2� channel activation. To
assess the full range of PKA modulation on Ca2� channel
activity, the effect of PKA inhibition on voltage dependence and
potentiation was studied in experiments where the inhibitor
peptide PKI (5–24) amide was included in the recording pipette.
The mean voltage dependence of Ca channel activation was
shifted toward positive potentials by PKI, but the change did not
reach statistical significance (Fig. 5A). Thus, there is little basal
modulation of Ca2� channel activity by PKA at the resting
membrane potential of 129 CB3 myocytes under our experimen-
tal conditions. Inhibition of PKA with PKI substantially reduced
voltage-dependent potentiation (Fig. 5B). Thus, the results of
these experiments are consistent with our previous findings that
activation of PKA shifts the voltage dependence of activation of
skeletal muscle Ca2� channels toward more negative potentials
and is required for voltage-dependent potentiation (13, 37).

As for the mdx myocytes, voltage-dependent potentiation
could be restored in the presence of PKI by imposing a positive
shift in all of the potentials applied during the potentiation
protocol (Fig. 6). Potentiation was fully restored by a 5-mV
positive shift. In this respect, inhibition of PKA and disruption
of the dystrophin gene have the same effect on the voltage
dependence of Ca2� channel activation and on voltage-
dependent potentiation.

Effect of Disruption of the Actin Cytoskeleton. Loss of dystrophin by
mutation in mdx mice breaks the connection of the actin
cytoskeleton to the plasma membrane and causes marked rear-
rangement of the protein components of the cytoskeleton
throughout the life of the mdx myocytes (38). Does acute
impairment of the organization of the actin cytoskeleton also
impair Ca2� channel regulation? To examine this question, we
tested whether direct pharmacological alteration of the actin

Fig. 3. Recovery of voltage-dependent potentiation in mdx myocytes by
compensation for the positive shift of the voltage dependence of activation.
(A) Ca2� channel potentiation in mdx myocytes measured with the same
protocol as in Fig. 2 but with all potentials shifted by the indicated amounts.
(B) Mean potentiation (� SEM, n � 5) in mdx muscle vs. shift in membrane
potential is shown.

Fig. 4. Restoration of voltage-dependent potentiation in mdx skeletal
muscle by PKA. (A) Ca2� channel current–voltage relations measured before
(■ ) and after (�) conditioning prepulses are shown for mdx muscle to which
additional catalytic subunit of PKA (2 �M) was applied through the patch
pipette. (B) Mean potentiation (� SEM, n � 5–12) measured at �20 mV for
control muscle, mdx muscle, and mdx muscle with 2 �M added PKA are shown.
(C) Voltage dependence of Ca2� channel activation is shown for control muscle
(F, n � 14), mdx muscle (�, n � 12), and mdx muscle with 2 �M added PKA (■ ,
n � 6).

Fig. 5. Effect of PKA activity on voltage dependence of Ca2� channel
activation. (A) Mean conductance–voltage relationships in control mouse 129
CB3 myotubes (E), myotubes dialyzed intracellularly with PKA (Œ), and myo-
cytes dialyzed intracellularly with the PKA inhibitor peptide, PKI (■ ). (B) Mean
potentiation of Ca2� channels in 129 CB3 cells (� SEM, n � 20, 9) measured by
using the voltage-clamp protocol of Fig. 2.
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cytoskeleton in WT myocytes could cause similar effects. Intra-
cellular application of 20 �M cytochalasin D, a filamentous actin
disrupter, had no effect on the voltage dependence of Ca2�

channel activation (Fig. 7A), even though concentrations as low
as 2 �M disrupt the cytoskeleton of cultured myotubes (39).
Intracellular application of 2 �M PKA in the presence of
cytochalasin D caused a normal negative shift of 5.9 mV in the
voltage dependence of activation (Fig. 7A). Thus, acute disrup-
tion of the actin cytoskeleton with cytochalasin D has little effect
on basal Ca2� channel activity and does not prevent regulation
by PKA.

The function of the cytoskeleton is dynamic and can be
impaired by compounds that cause either stabilization or desta-
bilization (40). To test the effects of cytoskeletal stabilization,
voltage-dependent potentiation was examined in myotubes
treated with the microfilament stabilizer phalloidin. Phalloidin
shifted Ca2� channel conductance–voltage relationships toward
more positive potentials by 7.6 mV (Fig. 7B). When PKA also
was included in the pipette in the presence of phalloidin, the
voltage dependence of activation was shifted 5.8 mV toward
negative potentials, similar to the negative shift in the presence
of cytochalasin D. Thus, although stabilization of the actin
cytoskeleton by phalloidin inhibits Ca2� channel activation,
regulation of the channel by PKA remains intact. These results
support the conclusion that the dynamic activity of the cytoskel-
eton, which is inhibited by phalloidin, is essential for normal
Ca2� channel activity. Stabilization of the actin cytoskeleton by
phalloidin may result in a mechanical force that stabilizes the
Ca2� channel in the closed conformation.

Convergent Regulation of Skeletal Muscle Ca2� Channels by PKA and
the Actin Cytoskeleton. The cytoskeleton has been shown pre-
viously to regulate neuronal (20, 22) and cardiac (21) CaV1.2
channels, and regulation of the CaV1 family of channels by
PKA has been demonstrated in many different systems (41,
42). Our results extend these findings by demonstrating func-
tional effects of the cytoskeleton on the skeletal muscle Ca2�

channel and interaction of those functional effects with reg-
ulation by PKA. By using multiple approaches to perturb the
actin cytoskeleton (dystrophin mutation, destabilization by
cytochalasin, and stabilization by phalloidin), we found that
perturbation of the membrane interaction and dynamic func-
tion of the cytoskeleton impairs the normal voltage depen-
dence of gating and normal voltage-dependent potentiation of
the skeletal muscle Ca2� channel. Deletion of dystrophin
prevents normal attachment of the actin cytoskeleton to the
plasma membrane and causes reorganization of the proteins of
the submembrane cytoskeleton but does not alter the local-
ization of CaV1.1 channels at the transverse tubule–
sarcoplasmic reticulum junction (38). Our results indicate that
this detachment of functional actin filaments shifts the voltage
dependence of Ca2� channel activation positively and impairs
voltage-dependent potentiation in mdx myocytes. Depolymer-
ization of the actin cytoskeleton with cytochalasin does not
affect Ca2� channel function, indicating that normal function
of the cytoskeleton is not required for the function and
regulation of CaV1.1 channels in myocytes. However, stabili-
zation of the filamentous actin cytoskeleton in a polymerized
state with phalloidin shifts the voltage dependence of activa-
tion positively and impairs voltage-dependent potentiation.
Thus, stabilization of the actin cytoskeleton in a polymerized
state and release of the actin cytoskeleton from its membrane
attachment sites, with consequent reorganization of the cy-
toskeleton, both stabilize the closed state of Ca2� channels and
prevent potentiation. We speculate that detachment of the
filamentous actin cytoskeleton from its membrane attachment
with dystrophin favors the polymerized state of those micro-
filaments that modulate CaV1.1 channels, resulting in a similar
functional state as stabilization of polymerized microfilaments
with phalloidin. These effects might be mediated by direct
interactions between Ca2� channels and polymerized filamen-
tous actin microfilaments or through intermediary proteins
that bridge them.

The positive shift in the voltage dependence of channel activation
caused by mutation of dystrophin or stabilization of the cytoskel-
eton by phalloidin can be reversed by protein phosphorylation by
PKA. These results demonstrate a complex, interactive regulation
of Ca2� channel gating by the cytoskeleton and cAMP-dependent
protein phosphorylation. PKA enhances Ca2� channel activity by
increasing peak Ca2� current, shifting the voltage dependence of
activation to more negative potentials and increasing the probability
and duration of openings of the skeletal muscle Ca2� channel, as
recorded in skeletal muscle cells (3, 6, 7), purified and reconstituted
Ca2� channel preparations (37, 43, 44), and transfected cells
expressing cloned Ca2� channels (13). Both the �1 and � subunits
are phosphorylated by PKA (44–50), but the sites responsible for
regulation are not yet known.

Voltage-dependent potentiation of the skeletal muscle L-type
Ca2� channel by brief depolarizing prepulses also requires
protein phosphorylation (7, 12, 13), but our current results
indicate that PKA plays a modulatory rather than a direct role
in the potentiation process. We found that voltage-dependent
potentiation did not absolutely require PKA activity because it
could be restored in the presence of the PKA inhibitor peptide
PKI by appropriate adjustment of the voltage in the stimulation
protocol. PKA was found to restore normal voltage dependence
of activation after it was shifted to more positive potentials by
manipulations that disrupted microfilament function, and this

Fig. 6. Recovery of potentiation in the presence of PKI by compensation for
the shift in the voltage dependence of activation. (A) Examples of Ca2�

channel potentiation measured in PKI-treated muscle cells with increasing
shift in membrane potential. Ca2� channel potentiation was first measured by
using the voltage-clamp protocol of Fig. 2, then all membrane potentials were
shifted as indicated on the abscissa, and potentiation was measured again. (B)
Mean potentiation (� SEM) vs. shift in membrane potential in the potentia-
tion protocol (n � 13) is shown.

Fig. 7. Effect of actin filament stabilization and destabilization. (A) Desta-
bilization of actin filaments with cytochalasin D. Shown are mean conduc-
tance–voltage relationships as in Fig. 5 for control myocytes (E), myocytes
treated with 20 �M cytochalasin D (■ ), and myocytes treated with cytochalasin
D and intracellularly dialyzed with PKA during recording (Œ). (B) Stabilization
of actin filaments with phalloidin. Shown are mean conductance–voltage
relationships in control myocytes (E), myocytes treated with phalloidin (■ ),
and myocytes treated with phalloidin plus intracellular PKA (Œ).
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effect also was correlated with restoration of voltage-dependent
potentiation. Thus, the role of PKA in voltage-dependent po-
tentiation is to maintain the voltage dependence and kinetics of
activation in an appropriate voltage range. We propose that
kinase anchoring is required for effective phosphorylation of the
Ca2� channel by PKA catalytic subunit stochastically released
from nearby holoenzyme�AKAP15 complexes and that this
steady-state phosphorylation of the Ca2� channel is required for
normal voltage dependence of gating and normal voltage-
dependent potentiation.

Skeletal myocytes in cell culture do not have the complex
architecture of mature muscle fibers. In mature muscle fibers,
voltage-gated Ca2� channels in transverse tubules are segregated
from most of dystrophin, which is primarily located in the
costamers in the sarcolemma. Nevertheless, loss of organization
or dimensional stability of the actin cytoskeleton by deletion of
dystrophin may have long-range effects on the interactions of the
actin cytoskeleton with Ca2� channels in transverse tubules,
which then may impair Ca2� channel regulation and may po-
tentially contribute to cell damage and death in muscular
dystrophy.

Significance for Muscular Dystrophy. Duchenne and Becker mus-
cular dystrophies are X-linked disorders caused by mutation or
deletion of dystrophin (51). We have found that deletion of
dystrophin in the mdx mouse causes a shift in Ca2� channel
voltage dependence toward more positive potentials and re-
duces channel potentiation. A similar positive shift of 9 mV
was reported by Hocherman and Bezanilla (23) for the skeletal
muscle delayed rectifier K� channel in mdx muscle. If similar
disruption of Ca2� channel activity occurs in individuals with
muscular dystrophy, it would lead to a disruption in Ca2�-

regulated gene expression. In addition to being the voltage
sensor for excitation-contraction coupling, the skeletal muscle
Ca2� channel has a privileged connection to regulation of gene
expression that bypasses the Ca2� signal generated by the
sarcoplasmic reticulum and ryanodine-sensitive Ca2� release
channels (5). Reduction in this Ca2� current may be partially
responsible for the disruptions in gene expression observed in
the mdx mouse and in individuals with Duchenne and Becker
muscular dystrophies (52–56). Because trophic effects on gene
expression are important in maintenance of muscle fiber
function and structural integrity, alteration in the regulation of
gene expression by voltage-gated L-type Ca2� currents may
contribute significantly to the progressive muscle dysfunction
and cell death associated with these diseases.

In addition to these effects on gene regulation, deletion of
the dystrophin gene and the resulting alteration in Ca2�

channel regulation may alter Ca2� homeostasis in dystrophic
muscle fibers. Muscle fibers in mdx mice have an unusually
high resting Ca2� level and impaired Ca2� homeostasis. Sub-
sarcolemmal Ca2� concentration is increased, as assessed in
patch clamp studies, the activity of Ca leak channels is
increased; and there is increased Ca2� in the sarcoplasmic
reticulum (57–59). The molecular basis for this impairment in
Ca2� homeostasis is unknown, but it may be a consequence of
or a response to the impaired regulation of voltage-gated Ca2�

channel.
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