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Muscular dystrophy is a general term encompassing muscle disorders
that cause weakness and wasting, typically leading to premature
death. Membrane instability, as a result of a genetic disruption within
the dystrophin-glycoprotein complex (DGC), is thought to induce
myofiber degeneration, although the downstream mechanism
whereby membrane fragility leads to disease remains controversial.
One potential mechanism that has yet to be definitively proven in
vivo is that unregulated calcium influx initiates disease in dystrophic
myofibers. Here we demonstrate that calcium itself is sufficient to
cause a dystrophic phenotype in skeletal muscle independent of
membrane fragility. For example, overexpression of transient recep-
tor potential canonical 3 (TRPC3) and the associated increase in
calcium influx resulted in a phenotype of muscular dystrophy nearly
identical to that observed in DGC-lacking dystrophic disease models,
including a highly similar molecular signature of gene expression
changes. Furthermore, transgene-mediated inhibition of TRPC chan-
nels in mice dramatically reduced calcium influx and dystrophic
disease manifestations associated with the mdx mutation (dystrophin
gene) and deletion of the �-sarcoglycan (Scgd) gene. These results
demonstrate that calcium itself is sufficient to induce muscular dys-
trophy in vivo, and that TRPC channels are key disease initiators
downstream of the unstable membrane that characterizes many
types of muscular dystrophy.
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A number of diverse genetic mutations result in muscular
dystrophy (MD), although most occur in proteins that either

reside within or are associated with the dystrophin-glycoprotein
complex (DGC) (1). For example, mutations in the dystrophin
gene in Duchenne or Becker MD or mutations in any one of the
sarcoglycans can cause destabilization of the muscle cell mem-
brane and a dystrophic phenotype (1, 2). The DGC is a large
protein complex that spans the sarolemma and affixes the basal
lamina outside the cell to the contractile proteins within the cell
and when defective, can lead to membrane damage after con-
traction (3, 4). A defect in the stability of the sarcolemma is
widely accepted as the initiating stimulus underlying most forms
of MD, although the next step in the process leading to myofiber
degeneration has long been debated. One long-standing hypoth-
esis is that defects in the membrane permit calcium entry (5, 6),
thus activating calpains and/or mitochondrial swelling (7–9).
However, that intracellular calcium levels are elevated in dys-
trophic fibers, or even within the subsarcolemmal space, remains
unproven and controversial (10–14). Another point of conten-
tion relating to the calcium hypothesis, is the route of entry.
Whether calcium enters through ‘‘microtears’’ in the sarco-
lemma, or by a more active process involving ion channels
remains to be resolved. Indeed, calcium leak channels, stretch-
activated channels, receptor-operated channels, and store-
operated calcium channels have been implicated as calcium
influx pathways in MD (15–18). While the identity of these
putative channels has been elusive, the transient receptor po-
tential canonical (TRPC) family of nonselective cation channels
has been proposed. However, it remains unknown if unregulated

calcium influx truly initiates/mediates myofiber degeneration in
MD, nor has definitive proof emerged implicating TRPC chan-
nels as mediators of this disease in vivo.

Results
Generation of TRPC3 Skeletal Muscle-Specific TG Mice. Here we
generated transgenic mice with TRPC3 overexpression specifically
in skeletal muscle using the skeletal �-actin promoter as a means of
elevating calcium influx (Fig. 1A). Multiple founder lines were
generated and one was selected for analysis that showed approxi-
mately 6-fold TRPC3 protein overexpression in skeletal muscle, but
not in other organs or tissues (Fig. 1B). Immunohistochemistry
from quadriceps of TRPC3 transgenic mice confirmed that the
overexpressed protein was appropriately localized to the sarco-
lemma, similar to endogenous TRPC3 in wild-type (WT) muscle
(Fig. 1C). To directly assess TRPC3 activity we measured calcium
entry after store depletion in flexor digitorum brevis (FDB) fibers
from 2-month-old WT and TRPC3 TG mice. Fura-2 loaded fibers
were first perfused with calcium-free buffer, and then treated with
EGTA and CPA (SERCA inhibitor) to deplete intracellular cal-
cium over several minutes. Caffeine was also applied to further
ensure store depletion. The perfusate was changed to a buffer again
containing calcium so that store-operated calcium entry (SOCE)
could be monitored. A relatively small amount of SOCE was
detectable in all WT fibers (Fig. 1 D and F). In contrast, FDB fibers
from TRPC3 TG mice exhibited a dramatic enhancement in SOCE
(Fig. 1 E and F). These results demonstrate the successful gener-
ation of transgenic mice with enhanced TRPC3-dependent calcium
entry in skeletal muscle.

TRPC3 TG Mice Develop Severe MD-Like Disease. MD has been
associated with increased expression and activation of TRPC
channels in cultured myofibers or myotubes (18–21), although their
potential role in vivo as disease mediators has never been examined.
Remarkably, TRPC3 TG mice showed profound wasting of all
skeletal muscles examined at 2 months of age by direct measure-
ment of muscle weights (Fig. 2A), reminiscent of the type of MD
observed in Lama2�/� mice that also lack a pseudohypertrophy
phase. However, the soleus muscle showed a mild pseudohyper-
trophy phase at 2 months of age that was eventually lost by 6 months
of age (Fig. 2 A and B). By 6 months of age all other skeletal muscles
examined showed even more wasting, while the heart was unaf-
fected (Fig. 2B). Histological analysis of muscle from TRPC3 TG
mice showed profound disease at 2 months of age, characterized by
increased central nucleation of fibers (due to degeneration/
regeneration cycles), increased numbers of smaller myofibers,
fibrosis, and infiltration of inflammatory cells (Fig. 2 C, E, and F,
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and see Fig. S1 A and B). By 6 months of age histological analysis
showed even more disease characterized by fatty tissue replacement
throughout the muscle, increased fibrosis, greater variations in fiber

area distributions, and prominent macrophage infiltration (Fig. 2D
and Fig. S1 C–F). All these features suggest that TRPC3 overex-
pression induces dystrophy and not myopathy, although we also
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Fig. 1. TRPC3 transgenesis enhances calcium influx. (A) Schematic of the construct used to make TRPC3 TG mice. pA represents polyA sequence. (B) Western
blotting for TRPC3 protein in wild-type (WT) and TRPC3 TG mice from quadriceps at 2 months of age. GAPDH was used as a loading control. (C) Immunohis-
tochemistry showing TRPC3 localization to the sarcolemma in WT and TRPC3 TG quadriceps. (D and E) A representative trace of fura-2 fluoresence (F340/F380) for
store-operated calcium entry (SOCE) from a WT or TRPC3 TG FDB myofiber. The bars above the tracings show the different perfusates that were used in the
3-different stages (see Methods). (F) Quantitation of fura-2 ratio changes in WT and TRPC3 TG myofibers from a total of 5 WT and 4 TRPC3 TG mice were assayed
(5–10 fibers analyzed per mouse). *, P � 0.05 vs. WT.
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Fig. 2. TRPC3-dependent calcium influx induces MD-like disease. (A and B) Muscle weights normalized to tibia length from the gastrocnemius (Gas.), quadriceps
(Quad.), soleus (sol.), and heart in WT and TRPC3 TG mice at 2 and 6 months of age. *, P � 0.05 versus WT. Number of mice analyzed is shown in the bars. (C and
D) H&E-stained sections of the quadriceps from 2- and 6-month-old WT and TRPC3 TG mice. Images are shown at 400� magnification. (E) Quantitation of the
percent of fibers containing central nuclei in the soleus, gastrocnemius, and quadriceps from 2-month-old mice. *, P � 0.05 versus WT. Six WT mice were compared
against eight TG mice. (F) Fiber areas from quadriceps of WT and TRPC3 TG mice separated into ranges. *, P � 0.05 versus WT. Six WT mice were compared against
eight TG mice. (G) Heat map of significant mRNA changes organized in clusters from skeletal muscle of the indicated mice in duplicate. Blue represents
downregulated genes from WT control and red are upregulated genes.
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performed mRNA profiling to further compare the molecular
signature of disease with an established mouse model of MD due
to deletion of �-sarcoglycan (Scgd�/�). Remarkably, of the approx-
imately 3,100 mRNAs that were significantly changed from WT
values in skeletal muscle from Scgd�/� mice, the vast majority were
similarly altered in TRPC3 transgenic mice, with the same general
pattern of altered gene clusters (Fig. 2G). Taken together these
results indicate that TRPC3 overexpression and the resultant
increase in calcium influx directly induces a dystrophic phenotype
in skeletal muscle.

Dystrophic Disease in TRPC3 TG Mice Is Not Due to an Unstable
Sarcolemma. Many genetic mutations that result in MD directly
or indirectly impact the stability of the sarcolemma with loss of
DGC components. However, immunohistological analysis of
skeletal muscle from TRPC3 TG mice and WT controls showed
no loss of DGC protein components from the membrane, such
as �-sarcoglycan, �-sarcoglycan, and dystrophin (Fig. 3A). Evans
blue dye (EBD) uptake, a measurement of membrane tears in
vivo, was only minimally increased in TRPC3 TG mice after
exercise, despite massive ongoing myofiber degeneration (Fig. 3
B and C). To put these observations into perspective, Scgd�/�

mice were used given their known uptake of EBD throughout
affected muscles (Fig. 3C). These results suggest that the minor
EBD uptake observed in TRPC3 TG muscle is marking necrotic
fibers, while EBD positivity in Scgd�/� mice likely represents
mostly transient ongoing membrane ruptures in non-necrotic
fibers. Indeed, assessment of myofiber membrane rupture by
quantifying serum creatine kinase (CK) levels showed only
minimal increases in TRPC3 TG mice compared with robust
increases in Scgd�/� mice (Fig. 3D). Even at 15 months of age,
CK release remained relatively unaffected in TRPC3 TG mice
(Fig. 3E). More importantly, 2-month-old TRPC3 mice sub-
jected to exercise stimulation to enhance membrane stress also
showed no increase in CK release (Fig. 3F). These results

indicate that TRPC3 overexpression generates dystrophic dis-
ease without major changes in sarcolemma stability.

Generation of Transgenic Mice with Inhibited TRPC Activity. While
TRPC channels have been implicated as mediators of unregu-
lated calcium influx in dystrophic myofibers or myotubes in
culture, their causative role in mediating disease in vivo is
unknown. To address this shortcoming we generated TG mice
that overexpress a dominant negative (dn) mutant of TRPC6
using the same skeletal �-actin promoter (Fig. 4A). TRPC
channels form hetero-tetramers in vivo so that overexpression of
a nonconducting mutant channel can disrupt the activity of
endogenous channel complexes. Western blot analysis demon-
strated protein overexpression in all skeletal muscles examined
from the transgene (Fig. 4B), which did not negatively impact the
development or health of skeletal muscle as assessed by histo-
logical methods (Fig. S2 A). To ascertain the effectiveness of the
dnTRPC6 transgene in antagonizing TRPC-dependent calcium
influx we crossed these mice with TRPC3 overexpressing trans-
genic mice. The dnTRPC6 transgene significantly attenuated all
aspects of disease associated with TRPC3 overexpression, such
as histopathology, the increase in number of smaller fibers, and
the number of myofibers with central nucleation (Fig. S2 B–D).
Importantly, crossing the dnTRPC6 and TRPC3 transgenes did
not result in promoter competition, as disease inducing TRPC3
protein levels remained constant (Fig. S2E). Collectively, these
results indicate that the dnTRPC6 transgene effectively antag-
onizes the activity and disease causing aspects of TRPC channels
in skeletal muscle.

The dnTRPC6 transgene also blocked the increase in SOCE
that typifies dystrophic myofibers. FDB myofibers were isolated
from WT, dnTRPC6, Scgd�/�, and Scgd�/� dnTRPC6 mice for
analysis of SOCE as described earlier. While the dnTRPC6
transgene did not demonstrate reductions in baseline SOCE in
WT fibers, mostly for sensitivity reasons, it did block the increase
in SOCE from FDB fibers of Scgd�/� mice (Fig. 4 C–G). These
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Fig. 3. Membrane leakiness is minimal in TRPC3 TG myofibers. (A) Immunohistochemistry for �-sarcoglycan, �-sarcoglycan, and dystrophin in WT and TRPC3
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results indicate that overexpression of dnTRPC6 can antagonize
calcium current changes that occur in dystrophic myofibers.

Inhibition of Endogenous TRPC Channels Attenuates MD. Given that
dnTRPC6 blocked the increase in SOCE that occurs in dystro-
phic myofibers of Scgd�/� mice, we next carefully examined the
potential effects on disease progression in the mdx and Scgd�/�

MD mouse models. Analysis of muscle weights showed a sig-
nificant reduction in pseudohypertrophy in the quadriceps of
Scgd�/� dnTRPC6 TG mice compared with Scgd�/� mice alone
at 2 months of age (Fig. 5A). Histopathology in Scgd�/� mice was
also remarkably improved by the presence of the dnTRPC6 TG
in all muscles examined (Fig. 5B). Specifically, quantitation of
myofibers with central nuclei, total area of fibrosis, number of
small fibers, and serum CK levels were all significantly reduced
by the dnTRPC6 transgene compared with Scgd�/� mice alone
(Fig. 5 C–F). Finally, most of the gene alterations observed in
Scgd�/� skeletal muscle were reversed with the dnTRPC6 trans-
gene in the Affymetrix array study shown in Fig. 2G.

A similar analysis was performed in mdx mice, which also
showed improved dystrophic disease with the dnTRPC6 trans-
gene (Fig. S3A). For example, histological examination of dis-
ease in skeletal muscle showed less central nuclei, less small
fibers, and less fibrosis in mdx mice containing the dnTRPC6 TG

(Fig. S3 B–D). Total CK release was also reduced by the
dnTRPC6 transgene in the mdx background compared with mdx
alone (Fig. S3E). Taken together, these results indicate that
TRPC channels are important disease determinants in two
defined mouse models of MD, suggesting a therapeutic vantage
point.

Discussion
Total intracellular calcium concentration in skeletal muscle cells
isolated from dystrophic mice or humans was reported as
significantly increased (6), although later studies failed to con-
firm these results (10, 12, 14, 22). A similar controversy persists
as to if subsarcolemmal calcium levels are increased in dystro-
phic myotubes or myofibers (11, 13). Thus, the original hypoth-
esis that calcium itself can promote MD by inducing myofiber
necrosis, which was proposed more than two decades ago, has yet
to be definitively evaluated in vivo. Here we showed that
overexpression of TRPC3 was sufficient to induce disease se-
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quelae that models common forms of MD, such as observed in
humans or mice lacking components of the DGC. The pheno-
type associated with TRPC3 overexpression most closely resem-
bles a dystrophy, not a myopathy, given the observation of
fibrosis, fatty tissue replacement, degeneration of myofibers
followed by cycles of regeneration, and infiltration of immune
cells. The molecular signature of gene expression changes in
diseased TRPC3 skeletal muscle is also highly similar to that
observed in Scgd�/� mice. Thus, these results demonstrate that
MD can be initiated by a calcium-dependent mechanism in vivo
(i.e., that calcium is a second messenger for disease).

Dystrophic skeletal myofibers are more prone to ‘‘microtears’’
in the sarcolemmal leading to passive calcium entry through
physical openings. For example, myofibers from mdx mice were
shown to be more susceptible to contraction- or stress-induced
calcium influx, suggesting a physical discontinuity of the sarco-
lemma as a primary mechanism (4, 23). These results are also
supported by the very basic observation that dystrophic skeletal
myofibers leak CK out, and that membrane-impermeable dyes
have access in (24). Indeed, the body of work on dysferlin
deficiency in MD (dysferlin is a calcium-activated repair protein)
suggests that simply diminishing membrane repair capacity of a
skeletal myofiber leads to MD disease, presumably due to
increased calcium influx (25, 27). In contrast to the membrane
rupture hypothesis, direct measurements of membrane currents
showed that dystrophic myofibers have increased calcium leak
across channels (16), and while the identity of these channels
remains elusive, TRPC channels have been proposed (17, 19).
Skeletal muscle fibers or myotubes also show SOCE or capac-
itative calcium entry, which is easily measured after the SR has
been depleted of calcium (28–31), although the molecular
components responsible for this type of calcium entry in skeletal
muscle is still a matter of debate (32).

TRPC1, 3, 4, 5, and 6 are each expressed in skeletal muscle
(18), of which TRPC1 and TRPC3 are upregulated in MD (18,
20, 33). TRPC channels have been previously implicated in
calcium entry associated with MD using mostly in vitro ap-
proaches. For example, antisense based inhibition of TRPC1, 4,
and 6 reduced calcium leak activity in dystrophic skeletal
myofibers in culture by 90%, strongly suggesting that TRPC
channels play a role in calcium leak in MD (18). Other data
generated with nonselective inhibitors are supportive, although
far from definitive in identifying TRPC channels as the media-
tors of disease or calcium entry. For example, the rise in
intracellular calcium after stretching skeletal myofibers from
mdx mice was prevented with gadolinium, streptomycin, or the
spider venom inhibitor GsMTx4 (21). Interestingly, treatment of
mdx mice with streptomycin (streptomycin has mild inhibitory
activity on store-operated calcium entry) for 2 weeks reduced the
uptake of a membrane-impermeable dye in skeletal myofibers,
suggesting less leakiness in vivo (34). Finally, TRPC1 was also
reported to directly complex with �1-syntrophin and dystrophin
in muscle cells, and that disruption of this interaction in mdx
mice likely promotes enhanced TRPC1 activity (20). More
recently, the related TRPV channels were also implicated in MD
pathogenesis. TRPV2 was shown to translocate to the membrane
in dystrophic fibers and overexpression of dominant negative
TRPV2 reduced disease in mdx mice (35). However, it is not
known if TRPV channels function independent of TRPC chan-
nels or form common units that coordinately regulate calcium
influx depending on the nature of the stimuli.

TRPC channels are relatively nonselective cation channels that
also permit sodium entry (usually equivalent to calcium), which is
interesting given a report that sodium levels are nearly 2-fold higher
in dystrophic fibers from mdx mice (36). Elevated sodium levels,
while not directly disease-inducing, can secondarily increase cal-
cium by a mechanism involving reverse mode calcium entry through
the sodium/calcium exchanger (NCX) (37). For example, increased

NCX reverse mode current was detected in human myotubes from
Duchenne MD patients (38). More recent data even suggest that
greater Nav1.4 activity in MD fibers causes large sodium elevations
that are associated with cell death (39). Thus, overexpression of
TRPC3 likely mimics the known physiologic profile of ion handling
disturbances in MD, such that increases in sodium would further
enhance calcium and its primary disease inducing activities. In-
creased calcium would then activate the intracellular protease
calpain, which is known to underlie myofiber necrosis in MD (8, 9),
as well as induce mitochondrial swelling and rupture through a
separate mechanism (7).

In summary, we propose a model of calcium entry in dystro-
phic fibers that begins with genetic loss of a member of the DGC,
leading to secondary influx of calcium through TRPC channels
to promote myofiber degeneration. We also present evidence for
the hypothesis that calcium is the secondary messenger for
myofiber degeneration common to many forms of MD. These
results suggest that inhibitors against TRPC channels would be
a therapeutic strategy for treating diverse forms of MD.

Methods
Animals. A modified human skeletal �-actin promoter (generous gift of Edna
C. Hardeman, University of Sydney) was used for all transgenic constructs and
allows expression in fast and slow skeletal muscle fiber types without heart
expression (40). The Human TRPC3 and dnTRPC6 cDNAs were described pre-
viously (41). Four and three lines of TRPC3 and dnTRPC6 TG mouse lines (FVBN
background) were generated, respectively, of which one line each was se-
lected based on uniform overexpression in all skeletal muscles examined,
without ectopic expression. Scgd�/� (C57BL/6 background) mice were pro-
vided by Elizabeth M. McNally (University of Chicago). Both male and female
littermates were used for analysis of all experiments shown. Female mdx mice
(C57BL/10 background) were obtained from Jackson Laboratories and crossed
with male dnTRPC6 TG mice. Because dystrophin is X-linked, only male mice
were used when crossed with the dnTRPC6 TG. All animal experiments were
approved by the Institutional Animal Care and Use Committee.

Western Blotting. Muscle extracts were prepared by homogenization in cell
lysis buffer [20 mM Tris (pH 7.4), 137 mM NaCl, 25 mM �-glycerophosphate, 2
mM sodium pyrophosphate, 2 mM EDTA, 1 mM sodium orthovanadate, 1%
Triton X-100, 10% glycerol, 1 mM phenylmethanesulphonylfluoride, 5 �g/mL
leupeptin, 5 �g/mL aprotinin and 2 mM benzamide]. Extracts were centri-
fuged at 13,000 � g for 10 min and 10–30 �g of protein was separated on a
SDS-8% polyacrylamide gel, for subsequent Western blotting by chemilumi-
nescence (Amersham Biosciences). TRPC3 was detected using a rabbit poly-
clonal antibody from Abcam at a dilution of 1:1000, and TRPC6 antibody was
used at 1:1000 (Alomone Labs).

Immunohistochemistry. Muscles were excised and snap frozen in Optimal
Cutting Temperature (O.C.T., Tissue-Tek) compound. Five-micrometer sec-
tions were cut, fixed in 100% ethanol, permeabilized with 0.1% Triton X-100
(Sigma), blocked with 5% BSA, and incubated with primary antibody (1:50
dilution) in a humidified chamber overnight at 4 °C. The dystrophin antibody
was a rabbit polyclonal from Santa Cruz Biotechnology, whereas �- and
�-sarcoglycan were mouse monoclonal antibodies purchased from Novacastra
Laboratories. To visualize each protein an Alexa secondary antibody (Molec-
ular Probes) attached to a fluorophore was used (1:400 dilution).

Store-Operated Calcium Entry Experiments. FDB muscles were excised from
mice at 6–9 weeks of age and incubated in rodent Ringer’s solution with 1
mg/mL collagenase A (Roche) for 60 min at 37 °C. Muscles were washed with
Ringer’s solution and single fibers were dissociated by triturating with Pasteur
pipettes with decreasing bore size. Fibers were then loaded with 5 �M fura-2
a.m. (Molecular Probes) in Ringer’s solution for 45 min at room temperature.
Fibers were washed and transferred to a perfusion chamber, excited at 340 nm
and 380 nm and emission at 510 nm was measured using a 40� oil objective
and a photomultiplier detection system (Photon Technology International).
Fibers were next perfused with calcium-magnesium free Ringer’s solution
with the myosin ATPase inhibitor BTS (4-Methyl-N-(phenylmethyl)benzene-
sulfonamide, Tocris Bioscience, 75 �M) and 200 �M EGTA (Sigma) for 120 s.
This was followed by application of the SERCA inhibitor cyclopiazonic acid
(CPA, Fisher, 30 �M) in the same solution with 10 mM caffeine. Once the 340
nm/380 nm ratio reached a steady state, we perfused fibers with Ringer’s with
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BTS and recorded the transient increase in SOCE as the 340/380 nm ratio. For
each genotype at least four animals were examined, with 5–10 fibers each.
Average maximal SOCE was calculated for each genotype and presented as
the �Ratio (F340/F380).

Histological Analyses. Muscles were paraffin-embedded and sections (5-�m)
were cut at the center of the muscle and stained with either H&E or Masson’s
trichrome. Between 300–400 fibers were counted for each muscle from every
animal. Fiber area was quantified using ImageJ software and broken into
ranges. At least 200 fibers were measured for each animal. Fibrosis was
quantitated using MetaMorph analysis of blue staining in Masson’s trichrome
sections.

Exercise and Evan’s Blue Dye Uptake. To stress the sarcolemma and enhance
leakiness, animals were granted access to running wheels for 6 days. On the
sixth day mice were injected with Evan’s blue dye (EBD), allowed to run
overnight, and then killed 16–18 h postinjection. EBD (10 mg/mL) was injected

I.P. (0.1 mL/10 g body weight). Quadriceps and gastrocnemius were embedded
in O.C.T. and snap-frozen in liquid nitrogen. Sectioning, staining, and viewing
were done exactly as described previously (7).

Affymetrix Microarray Analysis. mRNA collected from the quadriceps of mice,
purified and processed for hybridization on Affymetrix mouse set ST1.0 chips
for gene expression profiling as described previously (42).

Statistical Analysis. Data are represented as means � SEM. We used a two-
sample Student’s t-test in situations in which means from two independent
groups were compared. A one-way ANOVA was used when comparing means
from three or more independent groups, and we applied a Newman-Kuels
post hoc test. Values were considered significant when P � 0.05.
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