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Abstract The transient receptor potential canonical (TRPC) family consists of
seven isoforms that have been proposed as molecular components essential for
nonselective calcium (Ca2C) entry. TRPC1 proteins are expressed in the sarcolemma
of skeletal muscles, and TRPC1 is important and necessary for stretch-activated
and store-operated channels for Ca2C entry. Studies have established the essential
role of TRPC1 in maintaining Ca2C homeostasis, regulating myoblast migration
and differentiation, regenerating muscle, and contributing to the pathogenesis of
muscular dystrophy. This chapter summarizes the evidence for the regulation of
TRPC1 to fulfill specific physiological functions in skeletal muscles.
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10.1 Introduction

Skeletal muscles exhibit high plasticity in response to mechanical stimuli. Cal-
cium (Ca2C) signaling plays a crucial role in translating mechanical signals
into intracellular signaling cascades that control transcription and translation of
phenotype-specific genes that affect muscle growth and development [1]. Of partic-
ular interest, the transient receptor potential canonical (TRPC) proteins are a family
of Ca2C-permeable nonselective cation channels that participate in mechanotrans-
duction in different cell types [2]. TRPC1 is widely expressed in skeletal muscle
[3], myoblasts, and myotubes [4, 5]. Even though the physiological function of
TRPC1 channels is not yet fully understood, they may contribute to or form stretch-
activated (mechanosensitive) channels (SACs) as well as store-operated channels
(SOCs) for Ca2C entry [3, 6, 7]. In addition to interacting with other members of
the TRPC family to form heteromeric channels [8], TRPC1 also associates with a
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range of cytoskeletal and scaffolding proteins to form a macromolecular complex
based at the costamere [4, 9]. These associations are critical for the localization,
activation, and function of the channel and, subsequently, TRPC1-mediated Ca2C
influx. Moreover, TRPC1 regulates muscle development and regeneration [10]. In
this chapter, we will review the biological functions of TRPC1 and its regulatory
roles in skeletal muscle physiopathological processes.

10.2 Involvement of TRPC1 in Skeletal Myogenesis

Skeletal muscle stem cells, or satellite cells, were first identified in 1961 and
are located underneath the basal lamina between the myofiber sarcolemmas [11].
Satellite cells are the predominant source of myoblasts for replenishing muscle
fibers upon muscle injury and regrowth during postnatal life [12]. Satellite cells
exist in heterogeneous populations that are able to differentiate and give rise to new
myonuclei, as well as to undergo self-renewal to repopulate themselves. In normal,
uninjured muscle, satellite cells remain in a quiescent state and are mitotically
inactive, expressing the transcription factor Pax7. Upon mechanical or biochemical
stimulation, a majority of the satellite cells become activated, express MyoD, and
then undergo active proliferation to increase their population. After several rounds
of cell division, the satellite cell progeny, which are now called myoblasts, exit
from the cell cycle and undergo myogenic differentiation to become post-mitotic
myonuclei. The newly differentiated myocytes then fuse with the nearby existing
myofibers to form new muscle fibers [13, 14]. Unlike the majority of satellite
cells (80%), which commit to myogenic differentiation, a subpopulation of satellite
cells (20%) undergo asymmetric cell division, downregulate MyoD expression
to replenish the satellite cell niche, and eventually become quiescent again [15,
16]. Adult postnatal myogenesis, sequentially comprising satellite cell activation,
migration, and differentiation, as well as the self-renewal processes, is a tightly
coordinated biological event that ensures successful skeletal muscle regeneration
in response to injury. Extensive research has focused on the signaling cascades that
regulate different stages of myogenesis, among which Ca2C signaling has been a
hotspot. This section presents an overview of the involvement of TRPC1-mediated
Ca2C entry in the myogenic program.

10.2.1 Activation of Satellite Cells

In intact muscle, satellite cells are mitotically inactive, expressing Pax7 but not
MyoD or myogenin [17]. In the absence of muscle injury, satellite cells are
tightly associated with the juxtaposed muscle fibers. In response to muscle injury,
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biochemical factors released from the damaged tissue trigger the activation of
satellite cells, causing the satellite cells to exit their quiescent state [18]. The satellite
cells then begin to express the transcription factor MyoD, which is essential for
progression from quiescence into S phase of the cell cycle, and thereby become
proliferating myoblasts [19]. One soluble factor, fibroblast growth factor 2 (FGF2),
is a strong activator that binds to FGF receptors on the satellite cells and triggers
a downstream signaling pathway that ultimately leads to active proliferation [20].
Although the FGF-associated downstream signaling events are not fully understood,
Ca2C signaling mediated by TRPC channels has a role in regulating satellite cell
activation. FGF2 induces an increase in [Ca2C]i in satellite cells, and the influx
of Ca2C activates nuclear translocation of the members of the nuclear factor
of activated T cell (NFAT) family, namely, NFATc2 and NFATc3. NFATc2-null
mice display impaired muscle regeneration, while NFATc3�/� mice exhibit altered
primary myogenesis [21, 22] resulting in a more than twofold increase in MyoD
immunopositive cells and a concomitant increase in satellite cell proliferation [23].
FGF2-induced intracellular Ca2C influx in satellite cells was suppressed by SKF
96365, a TRPC channel blocker. Furthermore, SKF 96365 attenuates the nuclear
translocation of NFATc3 in satellite cells and the number of MyoD immunoreactive
cells [23]. These data suggest that the TRPC channel plays a central role in
FGF-2-mediated satellite cell activation. SKF 96365 is, however, a nonselective
TRPC channel blocker; it is possible that other TRPC members are involved. We
previously reported physical interaction of TRPC1-TRPC3 in C2C12 myotubes, but
the absence of TRPC3 in myoblasts and in ex vivo satellite cells makes it unlikely
to be directly related in satellite cell activation [23, 24]. Expression of TRPC4 or
TRPC6 channel has not been demonstrated in satellite cells. TRPC1 channel is
strongly expressed in satellite cells on freshly isolated adult FDB myofibers [23]
raising the possibility that TRPC1 channel for responding to the effects of FGF
during muscle regeneration.

In embryonic rat neural stem cells, the contribution of TRPC1 in stem cell
activation has clearly been determined [25]. TRPC1 and FGF receptor 1 (FGFR-
1) are co-expressed in a subpopulation of actively proliferating neuroepithelial
cells in the lateral ventricle of the developing rat telencephalon, one of the known
domains of neural stem cells. Co-immunoprecipitation experiments show that
TRPC1 and FGFR-1 interact either directly or indirectly in a complex present
in the telencephalic membrane fraction, where the active functional forms of
FGF receptors are located. Basic FGF induces Ca2C entry into embryonic neural
stem cells and promotes stem cell proliferation. The influx of Ca2C and the
associated cell proliferation are antagonized by SKF 96365 and, more importantly,
by antisense oligos specifically targeting TRPC1, suggesting that FGF-triggered
stem cell proliferation occurs via TRPC1-mediated Ca2C entry. Thus it is possible,
and perhaps likely, that the activation of muscle satellite cells in response to FGF2-
induced Ca2C entry also occurs through TRPC1 channel.
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10.2.2 Migration of Satellite Cells

During early stage of myogenesis, satellite cells activate from the quiescent state and
commit to active proliferation to generate myoblasts that express MyoD. Although
skeletal muscle damage usually occurs in a localized region, satellite cell activation
is not restricted to only the site of muscle injury. In fact, satellite cells are capable of
migrating not only from adjacent non-injured regions to damage sites on the same
muscle fiber but also across the basal lamina between myofibers [26, 27]. Therefore,
activated satellite cells, also termed MyoD-positive myoblasts, possess migratory
features. In order to migrate, myoblasts must reorganize their contractile and
cytoskeletal components to attain structural asymmetry or, in other words, polarity.
Moreover, directional cell movement depends on tight spatiotemporal coordination
of protrusion and retraction in different parts of the cell as well as the presence
of mechanosensitive machinery, which is required to sense mechanical stimuli in
the nearby environment. Cells experiencing different substrate rigidities exhibit
fluctuations in [Ca2C]i, which is regulated by mechanosensitive channels, and Ca2C
gradients confer the cellular polarity necessary for the directional migration process
[28, 29]. Repetitive Ca2C transients, particularly mediated via mechanosensitive
TRPC1 channels, are involved in myoblast migration.

TRPC1 gene silencing by gene-specific siRNA in the transformed renal epithelial
cell line MDCK alters the morphology and the polarity of MDCK cells in a dose-
dependent manner [30]. While mock-transfected or TRPC1-overexpressing MDCK
cells exhibit clear polarity in the form of persistent directional protrusion, cells trans-
fected with siRNAs targeting TRPC1 show a random orientation and a significant
reduction in their distance displaced from original position. TRPC1-knockdown
endothelial progenitor cells [31] and synovial fibroblasts from TRPC1�/� mice
[32] give similar results, suggesting that TRPC1-associated Ca2C transients have
a regulatory role in cell migration across cell types.

TRPC1 complexed with STIM1 and Orai1 constitutes the core component of
store-operated Ca2C entry (SOCE), the Ca2C entry mechanism that is activated by
depletion of Ca2C stores [33]. It has been demonstrated that SOCE-mediated Ca2C
signaling regulates cell polarity [28]. A study using multiple fluorescence labeling
and siRNA strategy have demonstrated that TRPC1, but not Orai1, displays a high
degree of co-localization with STIM1 and is responsible for regulating cell polarity.
The crucial role of TRPC1 in regulating myoblast migration was revealed in a study
showing that stimulation of C2C12 myoblasts with IGF-1 triggers Ca2C influx,
activates calpain, and accelerates migration [34]. The presence of a calpain inhibitor
significantly impairs the effect of IGF-1 on myoblast migration. GsMTx-4, a specific
inhibitor of SACs, completely abolishes IGF-1-induced Ca2C entry. Similarly, when
myoblasts are treated with TRPC1-specific siRNA and shRNA, the effect of IGF-
1 on calpain activity is completely lost and the percentage of migrating cells
diminishes significantly, confirming that Ca2C influx through TRPC1 is responsible
for calpain activity and myoblast migration [34].
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In addition, calpain-dependent myristoylated alanine-rich C kinase substrate
(MARCKS), an actin-binding protein expressed at the focal adhesion sites of
myoblasts, is important in regulating cell adhesion and migration processes [35].
Treatment with calpain blocks MARCKS accumulation resulting in enhanced
myoblast migration. Conversely, inhibition of calpain activity with siRNA leads
to MARCKS accumulation, accompanied with retardation of myoblast migration
[36]. TRPC1-knockdown myoblasts exhibit accumulated MARCKS expression
in the cytosol, indicating that IGF-1 promotes myoblast migration by regulating
calpain activity via TRPC1-mediated Ca2C influx and possibly through inhibition
of MARCKS accumulation [34].

10.2.3 Differentiation of Satellite Cells

TRPC1 has been implicated in satellite cell differentiation because of its upregula-
tion during C2C12 myogenesis [24, 37]. During C2C12 differentiation, proliferative
MyoD-expressing myoblasts switch on myogenin, a basic helix-loop-helix tran-
scription factor that regulates myogenic differentiation through transactivation of
muscle-specific genes such as myosin heavy chains (MHCs). Soon after expressing
myogenin, the myoblasts exit from the cell cycle and commit to differentiating into
myocytes. The myocytes become elongated, align with adjacent myocytes, and fuse
to form multinucleated myotubes. We previously reported the dynamic expression
of TRPC1 in C2C12 cells in which TRPC1 is initially expressed in all proliferating
myoblasts but is soon restricted to multinucleated myotubes upon terminal differ-
entiation and is totally absent from the undifferentiated mononucleated myocytes,
suggesting its differential roles in myogenesis [24]. Indeed, a significant increase
in Ca2C influx is observed 24 h post-differentiation in both C2C12 and primary
myoblasts [38]; however, this Ca2C influx is abolished in TRPC1-knockdown
C2C12 and in primary myoblasts derived from TRPC1�/� mice. Unlike TRPC1C/C
myoblasts, TRPC1�/� myoblasts do not line up with each other [38]. In addition,
other studies show that myocyte fusion in TRPC1-knockdown cells occurs much
more slowly than in control cells [34, 37]. A possible explanation for these findings
is that loss of TRPC1-mediated Ca2C influx impairs the fusion process. In vitro
myogenic cell fusion can be characterized as undergoing two phases: the first
phase is the fusion between individual myoblasts to generate nascent myotubes,
followed by the second phase, which is the incorporation of the newly differ-
entiated myocytes into nascent myotubes [39]. In TRPC1-knockdown myoblasts,
siTRPC1 treatment does not alter the fusion index but significantly reduces the
number of nuclei per myotube, implying that the second fusion phase requires
the regulation of TRPC1 [40]. Another possibility is a defect in cell migration
or downregulation of MyoD and myogenin. The transcriptional activity of MyoD
is known to be inhibited by a myogenic repressor prohibitin 2 [41]. It has been
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demonstrated that phosphorylated Akt interacts specifically with prohibitin 2 and
partially decreases the binding of prohibitin 2 to MyoD, thereby increasing MyoD
transcriptional activity and subsequently increasing expression of myogenin and the
MHC [38, 41]. In addition the phosphoinositide 3-kinase (PI3K)/Akt pathway plays
a major role in the transcriptional activity of MyoD in muscle hypertrophy and
regeneration. Inhibition of TRPC1 expression attenuates subsequent activation of
Akt and the p85 unit of PI3K during early myogenic differentiation in myoblasts
[38]. TRPC1�/� mice present delays in skeletal muscle regeneration in response to
cardiotoxin-induced injury, with smaller fiber size and reduced myofibrillar protein
content. Therefore, impairment of the Akt/PI3K pathway may account for the poor
regenerative capacity in TRPC1�/� muscles.

TRPC1- and TRPC4-mediated SOCE are necessary for the expression of a cru-
cial player in myogenesis, myocyte enhancer factor 2 (MEF2), in human postnatal
myoblasts [40]. Overexpression of STIM1 with TRPC1 or TRPC4 increases SOCE
and enhances myoblast fusion, leading to hypertrophic myotubes. Nevertheless,
in cells that are deficient in TRPC1 or TRPC4 expression, overexpression of
STIM1 or Orai1 to normalize Ca2C concentration for SOCE is insufficient to
restore the normal size of myotubes unless TRPC channels are reexpressed. This
evidence further confirms the importance of TRPC1-mediated SOCE in myocyte
fusion.

In yeast two-hybrid screening, TRPC1 is an interacting partner of the a-
isoform of the inhibitor of the MyoD family (I-mfa) [42]. I-mfa directly represses
myogenic regulator factors such as MyoD and myogenin. I-mfa binds MyoD and
myogenin, allowing MyoD and myogenin to retain their subcellular localization
in the cytosol, and inhibits the transactivation activity of the MyoD family, thus
repressing myogenesis [43]. TRPC1 interacts with I-mfa both in vitro and in vivo
[42]. Ectopic expression of I-mfa in CHO-K1 cells suppresses endogenous TRPC1-
mediated SOCE. Conversely, inactivating endogenous I-mfa expression through
RNAi enhances SOCE in A431 human epidermoid carcinoma cells. Although
TRPC1 is present in A431 cells and the protein level appears unaltered after I-
mfa knockdown, thapsigargin (TG)-induced SOCE is dramatically enhanced in
I-mfa-knockdown cells, and such enhancement can be reduced substantially in
the presence of TRPC1-neutralizing antibody. This suggests that I-mfa inhibits
TRPC1-mediated SOCE not by modulating the transcription or translation of
TRPC1 but instead most likely through physical interaction. Importantly, myogenin
transfection reduces the association between TRPC1 and I-mfa in a concentration-
dependent manner, suggesting that I-mfa may not bind to myogenin and TRPC1
simultaneously. Instead, myogenin appears to compete with TRPC1 for I-mfa. As
such, we believe that during early differentiation, TRPC1 may physically interact
with I-mfa, compete with myogenin for binding to I-mfa, and thus release myogenin
for the subsequent myogenic differentiation program. We share this view with other
investigators [38].
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10.2.4 Regulation of Quiescent Satellite Cells

In an in vitro mass myoblast culture, whether it is a primary myoblast culture or a
well-established myogenic cell line (e.g., C2C12), myoblasts are highly proliferative
upon serum stimulation and express MyoD just like activated satellite cells in vivo
[44, 45]. Nevertheless, the generation of differentiation-resistant, mononucleated
cells that may be analogous to quiescent satellite cells in vivo always accom-
panies the formation of multinucleated myotubes [44]. This undifferentiated cell
population, the reserve cells, is characterized by the absence of MyoD expression.
When isolated, reserve cells retain the capacity to reexpress MyoD and reinitiate
the myogenic program [44]. Therefore, generation of reserve cells is considered
essential to maintaining a consistent, self-sustained population in the face of
repeated injury [46].

We have previously revealed that, although TRPC1 expression in C2C12
increases upon differentiation, the channel is present only in multinucleated
myotubes. The mononucleated cells that represent the majority (if not all) of
the reserve cells in a differentiated C2C12 culture do not express the TRPC1
channel [24], raising the possibility that downregulation of TRPC1 may play a
role in maintaining the reserve-cell population. In fact, as discussed previously,
persistent expression of MyoD requires TRPC1 expression. Downregulation of
TRPC1 may be required to suppress expression of MyoD in the reserve-cell
population and prevent the cells from progressing into S phase, instead arresting
in G0 phase. A cyclin-dependent kinase inhibitor, p27, is expressed at a high
level in the quiescent reserve cells, whereas its expression decreases following
mitogen stimulation [47, 48]. In a thyroid cancer cell model, p27 expression is
significantly elevated in TRPC1-knockdown cells [49], raising the question of
whether TRPC1 downregulation in reserve cells would also enhance p27 and
downregulate MyoD. The underlying mechanism that governs the selection of
either maintenance or downregulation of TRPC1 expression is entirely unknown,
but asymmetric cell division that regulates differential cell fates in satellite cells
may be involved [50]. Since TRPC1 channel activity and expression is responsive
to growth factors such as IGF-1 and FGF2, the presence or absence of receptors
for growth factors or even of the TRPC1 channel itself, as a result of asymmetric
cell division, may alter the ultimate daughter cell fates, determining whether a cell
fuses to myotubes or remains an undifferentiated reserve cell. Another possibility
is that the absence of TRPC1 channels releases l-mfa that may then bind to MyoD
and prevent transcriptional activity. The role of TRPC1-mediated Ca2C signaling
in potentially regulating cell fate, and its possible involvement in asymmetric cell
division, remained to be explored.
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10.3 Involvement of TRPC1 in Muscle Regeneration

Skeletal muscle demonstrates high adaptability to altered mechanical loading and
also possesses a remarkable capacity for regeneration [51, 52]. Muscle disuse
(or unloading) leads to muscle atrophy, fiber-type transition, and compromised
contractile function, as seen in astronauts and patients on bedrest. Subjecting
disused muscles to mechanical reloading can restore muscle mass, cross-sectional
area, fiber-type transition, and contractile function. However, disused muscles are
also prone to reloading-induced muscle injury, and improper rehabilitation may lead
to further functional deterioration and impaired muscle regrowth [53].

Skeletal muscle regeneration is a coordinated process that involves an early phase
of tissue inflammation to scavenge necrotic cell debris and establish a favorable
environment for myogenic cell activities and a late phase of myofiber regeneration.
Infiltrating inflammatory cells triggers the recruitment and activation of myogenic
cells [54]. Activated myogenic cells proliferate and migrate to the injured site in
order to repair injured myofibers. During the late stage, anti-inflammatory responses
resolve inflammation and confer a favorable microenvironment for myoblasts to
commit to myogenic differentiation and subsequent fusion [54, 55]. Regeneration is
considered completed upon resolution of inflammation, absence of central nucleated
myofibers at the injured area, and recovery of contractile functions. This section
focuses on the role of TRPC1 in muscle regeneration following disuse and injury.

10.3.1 Muscle Regeneration Following Reduced Mechanical
Load

Skeletal muscle is well known for its mechanosensitive responsiveness; sensors
recognize mechanical stimuli and translate the inputs into biochemical signals
that undergo complicated molecular cascades and ultimately elicit an appropriate
cellular response. The mechanosensitive nature of skeletal muscle is best demon-
strated by the response during gravitational unloading and reloading. In response to
gravitational unloading, postural muscles, such as the soleus that is composed pre-
dominantly of slow-twitch fibers, display the most prominent phenotypic changes,
including an increase in fast MHC fibers due to slow-to-fast fiber-type shifting,
accompanied by a reduction in muscle mass and fiber cross-sectional area due to
atrophy [56]. Such remodeling occurs only very mildly in fast-twitch muscles [57].

TRPC1 channel-mediated Ca2C entry is mechanosensitive [28, 58–60]. Involve-
ment of TRPC1 signaling in unloading-induced atrophy is evident in a C2C12
model exposed to simulated microgravity [59]. This condition retards myoblast pro-
liferation and inhibits terminal differentiation concomitant with repressed TRPC1
expression. The TRPC blocker SKF 96365 retards proliferation and retains myoblast
at the G2/M phase of the cell cycle in a dose-dependent manner, similar to
microgravity conditions. Yet the role of TRPC1 in mechanical unloading was
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unclear until our group reported dynamic TRPC1 expression in the soleus muscle
when mice were subjected to hind limb unloading [61]. Despite a rather stable
expression of TRPC1 mRNA transcript, the TRPC1 protein level significantly
decreases after 14 days of hind limb unloading; we confirmed the reduction
by immunohistochemistry, in which TRPC1 immunoreactivity was significantly
diminished in the sarcolemma of the soleus muscle. These in vivo data echo
the in vitro observation [59] that C2C12 cells under microgravity downregulate
TRPC1, indicating that TRPC1 expression in skeletal muscle is mechanosensitive.
This notion is further supported by the findings that TRPC1 transcripts in the
soleus muscle were seven times higher than those in fast-twitch EDL muscle
(unpublished data), corroborated by immunohistochemical staining. In contrast, the
TRPC3 channel, which is the predominant TRPC isoform in EDL muscle [62],
displays rather stable expression during hind limb unloading [61]. The preferential
expression of TRPC1 in slow muscles rather than in fast muscles fits well with the
response of the channel expression upon mechanical unloading.

Given the evidence that TRPC1 is mechanosensitive, we initially expected that
when the unloaded mouse was allowed to resume normal weight bearing, TRPC1
expression would immediately revert. Surprisingly, TRPC1 expression decreases
further in the first few days of reloading [61]. Restoration of TRPC1 expression
commences at around 7 days of reloading; however, we are unsure by which day
the expression of TRPC1 reaches its lowest point, because we have not examined
the time points between day 3 and day 7 of reloading. The expression does not fully
return to control level until day 28 of reloading. The time window of TRPC1 protein
restoration correlates strongly with the recovery of muscle mass and fiber cross-
sectional area and the fiber-type shifting that unloading alters [63]. This correlation
prompted us to hypothesize that TRPC1 expression is related to reloading-induced
muscle regrowth. The hypothesis led us to further experiments on in vivo TRPC1
silencing in soleus muscles immediately following reloading [63]. By employing
focal electroporation of siRNA, we achieved specific downregulation of TRPC1
only within the target muscle, while the TRPC1 channel expression in other regions
and even in adjacent muscles remained unaltered. Inhibition of TRPC1 expression
lasted for at least 7 days post-electroporation, which allowed sufficient time to
observe the effects of TRPC1 suppression in reloaded muscle regrowth. Our hypoth-
esis was confirmed by the observation that silencing of TRPC1 in soleus muscle
impairs the overall muscle regrowth process. We demonstrate significant reductions
in muscle size, mass, and fiber cross-sectional area in TRPC1-knockdown soleus
muscles, compared to control oligo-electroporated reloaded soleus muscles [63].
Moreover, TRPC1 silencing blocks the typical fast-to-slow fiber remodeling in
the reloaded soleus, thus establishing the physiological relevance of TRPC1 in
reloading-induced muscle regrowth. We subsequently correlated the expression
of TRPC1 during the unloading-reloading process with expression of calcineurin
(CaN) and NFATc1, which are well known for their roles in fiber-type conversion.

A temporal increase in CaN expression and NFAT nuclear translocation precedes
the onset of TRPC1 upregulation during the reloading process [63]. CaN inhibitors
(FK506 and cyclosporine A) suppress CaN activity and block the recovery of
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the percentage of MHC I fiber and fiber cross-sectional area in reloaded mice,
which is consistent with results from previous reports [64–66]. We considered
the possibility that CaN/NFAT activity modulates TRPC1 expression in reloading
muscle. Inhibition of CaN activity results in repression of TRPC1 compared with the
vehicle control. This novel finding helps establish the possible role of CaN/NFAT
in regulating TRPC1 expression in reloaded muscle, suggesting that the TRPC1
channel participates in CaN/NFAT-mediated muscle regrowth. SOCE regulates gene
expression via TRPC1 when Ca2C entry triggers the activation of CaN followed
by dephosphorylation of NFAT, NFAT nuclear translocation, and transactivation of
gene expression [67–70]. The possibility that TRPC1 expression being regulated
by CaN/NFAT may represent a novel pathway deserves further investigation.
The detailed pathway of CaN/NFAT leading to TRPC1-mediated SOCE and the
involvement of SOCE in fiber-type conversion have yet to be explored, though it
is possible that the PI3K/Akt pathway could be involved in the muscle mass and
fiber cross-sectional area recovery mediated by TRPC1. Nevertheless, the research
thus far strongly indicates that TRPC1 is a mechanosensitive channel and that Ca2C
entry via TRPC1 plays an important role in muscle remodeling during mechanical
reloading [38].

10.3.2 Muscle Regeneration Following Injury

Under normal circumstances, muscle repair after injury follows a finely coordi-
nated process that involves inflammation, removal of necrotic cellular debris, and
regeneration. Intracellular signaling cascades that control transcription and protein
translation of phenotype-specific genes regulate this process. Reloading from disuse
induces muscle damage similar to that as in stretch-induced or eccentric muscle
contractions [71]. Eccentric contraction-induced muscle damage is characterized
by immediate muscle weakness with prolonged stiffness. Eccentric contractions
cause leakage of soluble cytosolic proteins from the muscle into the plasma due to
increased membrane permeability [72]. They also trigger a rise in resting [Ca2C]i,
possibly caused by SACs [73, 74]. We previously demonstrated that the eccentric
contraction-induced proteolysis of cytoskeletal proteins coincides with a reduction
in muscle force, while the absence of extracellular Ca2C or treatment with a calpain
inhibitor attenuates the damage of cytoskeletal proteins and improves muscle
tetanic force [75]. These data indicate that muscle cytoskeletal damage following
eccentric contraction is due to an increase in Ca2C influx that activates calpain
and its associated proteolytic activity. In addition, the loss of immunogenicity of
cytoskeletal proteins was reduced in muscles treated with SAC blocker streptomycin
as well as in TRPC1 knockout muscles [7], suggesting that the channel responsible
for Ca2C entry after eccentric contraction is possibly the SAC-TRPC1 channel. All
these evidence support the hypothesis that TRPC1 functions as SAC to increase
Ca2C influx and activate calpain-mediated proteolysis of cytoskeletal proteins.
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Apart from the loss of cytoskeletal proteins by eccentric contractions, inflamma-
tion, such as infiltration of neutrophils into injured fibers, contributes a significant
proportion of muscle damage during eccentric contractions or reloading following
disuse atrophy [76]. Inflammation is a critical biological event and a prerequisite to
muscle regeneration; blocking the inflammatory response results in poor or subopti-
mal muscle regeneration [77, 78]. Proinflammatory cytokines provide an important
stimulus in the early phase of reloading that modulates satellite cell activation and
the eventual recovery of muscle mass. There are two classes of macrophages that
are implicated in muscle regeneration, M1 and M2 macrophages. The invasion
of phagocytic M1 macrophages (in addition to neutrophils) regulates satellite cell
activation, proliferation, and migration, while non-phagocytic M2 macrophages in
the second phase of infiltration may modulate muscle regrowth during regener-
ation [79]. Tumor necrosis factor-’ (TNF-’), which is primarily synthesized by
macrophages, has been described as a “master regulator” of inflammatory cytokine
production. TNF-˛ receptor�/� mice exhibit a reduction in MyoD expression and
a slower recovery of muscle force [80], as well as suppression of transactivation of
early myogenic markers and a consequent decrease in expression of myosin heavy
chain [81]. TNF-’ is important in promoting satellite cell proliferation and avoiding
premature myogenic differentiation following injury [82]. In spite of the critical role
of inflammation in muscle regeneration, prolonged inflammatory responses (e.g.,
responses to chronic injury) impair muscle regeneration by delaying myogenesis
[54], suggesting that the cross talk between inflammatory cells and skeletal muscle
helps tightly regulate the timing of muscle regeneration.

Despite the established involvement of TRPC1 in muscle regeneration upon
injury, there is a lack of data supporting the participation of TRPC1-induced Ca2C
entry during the initial inflammatory response following skeletal muscle injury.
Indirect evidence, however, can shed light on the potential interactions between
TRPC1 and inflammatory responses during the regenerative process. For example,
treatment of cultured rat hippocampal astrocytes with proinflammatory cytokines
such as TNF-’, IL-1“, and LPS significantly suppresses endogenous TRPC1 expres-
sion [83]. Similarly, in gene manipulation studies, there is a negative association
between TRPC1 and TNF-’, where inhibition of TRPC1 expression using siRNA
impairs TRPC1-associated Ca2C influx. This results in the enhancement of TNF-’-
induced COX2 and prostaglandin E2 production, whereas overexpression of TRPC1
suppressed PGE2 release and inhibits COX-2 expression [84]. Blocking TRPC1-
associated SOCE produces identical results [84]. Interestingly, TNF-’ treatment
drives TRPC1-mediated SOCE, suggesting that either the two processes are not
entirely mutually exclusive or there might be a negative feedback mechanism in the
immune response. In an induced inflammatory setting, antigen-induced elevation
of systemic TNF-’ levels is more profound in TRPC1�/�-knockdown mice than in
wild-type mice [85]. During the initial stage of muscle regeneration, the inflam-
matory response is mediated by proinflammatory cytokines such as TNF-’ and
IL-1“. Considering that TNF-’ and IL-1“ promote satellite cell activation but inhibit
myogenic differentiation [55, 86, 87] and are dominant during the initial phase of
muscle injury, TNF-’ may possibly act on TRPC1-associated satellite cell activation
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and proliferation. Following inflammation, TNF-’ may trigger the activation of
TRPC1 expression and its associated SOCE, and TRPC1-mediated SOCE, in turn,
may suppress the activity of TNF-’ and take charge of the subsequent regenerative
muscle regrowth program. Another possibility is that activation of TRPC1 leads to
inhibition of the TNF-’-mediated inflammatory response and thus initiates the onset
of the regenerative process.

Though cardiotoxin-injured TRPC1�/� mice show deficient muscle regeneration,
it is also essential to investigate whether they exhibit prolonged inflammatory
responses that delay muscle regeneration. We believe that investigating the inter-
action between proinflammatory cytokines and TRPC1 during skeletal muscle
injury will enrich our understanding of muscle plasticity and the role of TRPC1
in muscle regeneration. Nevertheless, this proposed hypothesis may be an oversim-
plification of the interaction between TRPC1-mediated SOCE and inflammatory
responses, considering that the inflammation-muscle regeneration process is a
very complicated biological concert involving multiple components (e.g., TRPC1
for migration and chemotaxis of neutrophils [88], macrophage phagocytosis [89],
and caspase-dependent cytokine secretion [90]), all of which are important in
the regulation of the muscle injury and regeneration process. Furthermore, the
unidentified relationships between TRPC1 and other important inflammatory sig-
nals such as interferon-gamma (IFN”), IL-6, and other immune chemokines limit
our understanding and await further investigation.

10.4 Involvement of TRPC1 in Muscular Dystrophy

Duchenne muscular dystrophy (DMD), a devastating X-linked recessive disease,
is a rapidly progressing form of muscular dystrophy. The pathogenic mechanisms
are complex and there is currently no cure. This disease is caused by the lack
of the cytoskeletal protein dystrophin [91] and is characterized by unremitting
degeneration-regeneration cycles with chronic inflammation, progressive degener-
ation, and fibrosis. It has long been suggested that excessive intracellular Ca2C
directly initiates a cascade of pathological events causing activation of proteases
and muscle degeneration in DMD [92].

The disruption of dystrophin alters the protein and activity levels of TRPC1,
causing excessive Ca2C influx into the dystrophic muscles. Dystrophin and its
associated glycoprotein complex (DAGC) link the actin cytoskeleton to laminin
in the extracellular matrix [93]. Apart from providing structural stability during
muscle contraction, there is clear evidence that dystrophin and the DAGC anchor
signaling molecules for various signaling pathways [94]. TRPC1 channels are likely
part of the costameric macromolecular complex linked to cytoskeletal dystrophin-
DAGC, and they interact with many scaffolding proteins such as Homer 1 and
caveolin-3, among others [4]. The channels are regulated by the presence of this
complex, and therefore the absence of dystrophin leads to channel dysregulation
and increased Ca2C influx, as observed in mdx (a mouse model of DMD) muscles.



10 Biological Role of TRPC1 in Myogenesis, Regeneration, and Disease 223

TRPC1 is localized on the plasma membrane. TRPC1/TRPC4 channels interact
with the ’1-syntrophin-dystrophin complex and regulate the activity of SACs
and SOCs [95]. ’1-Syntrophin-deficient myotubes display abnormal Ca2C influx
dependent on TRPC1 [4]. The scaffolding protein Homer 1 is linked to and
stabilizes TRPC1, and Homer 1�/� mice exhibit myopathy associated with aberrant
Ca2C entry due to TRPC1 overactivity [96]. The scaffolding protein caveolin-
3 also regulates TRPC1 expression. Caveolin-3 expression assists in localizing
TRPC1 to the plasma membrane and mediates SOCE [97]. Together, these results
provide evidence that intact dystrophin-macromolecular complex is required for the
expression, localization, and activation of TRPC1 channels to regulate Ca2C influx.

Increased expression and function of TRPC1 in mdx muscles [97, 98] may
contribute to disease onset and progression. TRPC1-mediated Ca2C entry induces
muscle damage in mdx mice. It appears that the channel can be directly or indirectly
activated from membrane stretch or Ca2C store depletion. Even though there is no
clear conclusion about whether TRPC1 contributes to SACs in skeletal muscle [99,
100], the activation of SACs following stretch-induced muscle contractions provides
evidence that the influx of Ca2C is likely to be caused by SACs. A substantial
increase in intracellular Ca2C concentration follows eccentric contractions in mdx
muscle fibers; more importantly, SAC blockers (Gd3C, streptomycin, and GsMTx-
4) prevent muscle damage and the early rise in Ca2C concentration [6]. In vivo,
streptomycin-treated mdx mice show less muscle damage and membrane perme-
ability when subjected to downhill treadmill running [101]. Higher levels of TRPC1
protein in the mdx diaphragm muscles correlate with a more severe dystrophic
phenotype, while daily injections of streptomycin significantly reduce Evans Blue
uptake and blood CK levels [98]. These studies all support the view that TRPC1
contributes to SAC-Ca2C entry and is part of the mechanism underlying the muscle
damage process in dystrophic muscles.

The association of Orai1 and TRPC1 to form distinct STIM1-gated channels
that are activated following store depletion may be a source of Ca2C overload in
mdx muscle. The contribution of TRPC1 channels to SOCE in DMD is supported
by studies showing that SOCE is more active in mdx muscles and contributes to
elevated intracellular Ca2C [102, 103]. STIM1 and Orai1 are also upregulated in
mdx muscles [103]. Furthermore, RNA silencing of either TRPC1 [3] or Orai1 [104]
restores aberrant SOCE in mdx muscles. Other families of TRP channels, such as
TRPC3, TRPV2, and TRPV4, are also sources of Ca2C entry and stretch-induced
muscle damage in mdx muscles [62, 105, 106]. An increase in reactive oxygen
species (ROS) production could provide another pathway for SOCE activation, and
details of the regulatory signaling pathways involved have been reviewed recently
[107].

The inflammatory response to muscle injury is of considerable importance
in physiological and pathological contexts. Inflammation is a major pathogenic
feature that significantly contributes to disease progression in DMD [108–110].
Emerging evidence indicates that the complex roles myeloid cells play can influence
DMD pathology. The temporal and spatial patterns of macrophage distribution
are disturbed in dystrophic muscle; for instance, M1 macrophages persist in mdx
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muscles and cause further muscle damage due to the continuous inflammatory
response [111]. This disrupts the timing and balance of the M1-M2 transition and
leads to aberrant regeneration [112]. Given the possibility that TRPC1 has roles
in inflammation and the muscle regenerative process (as described earlier), further
studies are needed to elucidate its regulation in DMD in order to attenuate the
pathogenic process without affecting muscle regeneration.

10.5 Concluding Remarks

TRPC1 channel is reported to contribute to both store-operated and stretch-
activated Ca2C entry pathways. The channel functions on its own or may interact
with other TRP channels and scaffolding proteins for numerous physiological
functions in skeletal muscles. In vivo and in vitro studies demonstrate that TRPC1
contributes to muscle cell proliferation, differentiation, and regeneration. TRPC1
has also been implicated in muscle regeneration following disuse atrophy. Moreover,
dysregulation of TRPC1 channel causes disturbances in Ca2C homeostasis and is
involved in the pathogenesis and progression of Duchenne muscular dystrophy.
There are numerous studies that highlight the interactions between TRPC1 and
inflammatory responses in other cell types during the regenerative process. It
remains to be elucidated to explore the roles of inflammatory cells in modulating
TRPC1 in muscle diseases. Further understanding of the mechanism in regulating
the channel may provide therapeutic implications targeting TRPC1 or its upstream
or downstream pathways to promote muscle regeneration.
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