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ABSTRACT

Introduction: We assessed the time-dependent changes of transient receptor potential
channel 1 (TRPC1) and TRPC3 expression and localization associated with muscle atrophy
and regrowth in vivo.

Methods: Mice were subjected to hindlimb unloading for 7 or 14 days (7U, 14U), followed
by 3, 7, or 14 days of reloading (3R, 7R, 14R).

Results: Soleus muscle mass and tetanic force were reduced significantly at 7U and 14U and
recovered by 14R. Recovery of muscle fiber cross-sectional area was observed by 28R.
TRPC1 mRNA was unaltered during the unloading-reloading period. However, protein
expression remained depressed through 14R. Decreased localization of TRPCI1 to the
sarcolemma was observed. TRPC3 mRNA and protein expression levels were decreased
significantly during the early phase of reloading.

Discussion: Given the known role of these channels in muscle development, changes
observed in TRPC1 and TRPC3 may relate closely to the muscle atrophy and remodeling

Processes.

Keywords: TRPC1; TRPC3; muscle atrophy; muscle regeneration; hindlimb suspension
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INTRODUCTION

Skeletal muscles exhibit high plasticity in response to mechanical load. Muscle growth
and maintenance processes are regulated by intracellular signaling cascades that control
transcription and protein translation. Rodents subjected to mechanical unloading
demonstrated a decrease in muscle mass, myofiber cross-sectional area (CSA), and force
generation. Subsequent reloading triggers a cascade of events involving mild muscle injury,
inflammation, regeneration, and growth that results in recovery of muscle mass and CSA.'?
A hallmark of muscle regeneration is activation of satellite cells committed to myogenesis
and induction of myogenic regulatory factors.” A more complete understanding of the
mechanisms involved in muscle atrophy and regeneration will aid in development of new
therapies for conditions and diseases such as muscular dystrophy, disuse atrophy, and aging.

The effects of mechanical unloading/reloading on expression levels of muscle-specific
transcription factors and proteins are time-dependent. Multiple catabolic and anabolic
signaling pathways are associated with alterations of muscle size.*® Evidence has
accumulated that the size of the muscle is determined by a balance between protein synthesis
and protein degradation.” Findings suggest that calcium Ca2+-dependent signaling pathways
play a role in mediating both atrophic and regrowth processes during unloading and
reloading, respectively.7'9 Evidence has shown an increase in intracellular Ca*" ([Ca®'];)
concentration as early as the second day of unloading.”'® Such an increase would promote
Ca*"-dependent proteolysis leading to significant degradation of cytoskeletal proteins."!
Muscle regrowth after a period of disuse involves both muscle hypertrophy and regeneration,
where muscle regeneration is characterized by myoblast proliferation and differentiation as
well as upregulation of muscle regulatory factors.'>"> A key role for Ca>" entry in myogenic

commitment, differentiation, and myotube fusion is well recognized.”’15
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Transient receptor potential canonical (TRPC) channels, particularly TRPC1 and TRPC3
isoforms, are expressed abundantly in adult skeletal muscle fibers. These Ca*"-permeable
non-selective channels have been shown to be associated with muscle growth and
development. TRPC1 is known to mediate Ca®* entry, thereby regulating myoblast migration
and differentiation.'®'” Previous work has also demonstrated a role for TRPC1 during muscle
regeneration by modulating the PI3K/Akt pathway.18 TRPC3, another TRPC family protein,
is highly expressed in skeletal muscle.'”*” We?' and others™ have reported that TRPC3 is
upregulated in the early phase of myotube differentiation. Furthermore, it has been suggested
that TRPC3 mediates Ca" influx leading to downstream activation of nuclear factor of
activated T cells (NFAT) in skeletal muscle remodeling.” The aim of this study, therefore,
was to determine how mechanical perturbations impact time-dependent TRPC1 and TRPC3
expression in mouse soleus muscle. We hypothesize that TRPC1 and TRPC3 levels are
related closely to the amount of muscle atrophy and regrowth observed during 14 days of

hindlimb unloading and 14 days of reloading, respectively.

MATERIALS and METHODS
Ethics Statement
All animal handling procedures and experimental protocols were approved by the Animal

Ethics Committee of the Hong Kong Polytechnic University (ASESC no. 07/24).

Animals
Male BALB/c mice (8-10 weeks old) were housed in a temperature-controlled facility
with a 12-hour light/dark cycle and had ad libitum access to food and water. The animals

were allowed to acclimatize for at least 7 days before beginning the experiments.

John Wiley & Sons, Inc.
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Group allocation

Animals were randomized into 1 of the following experimental groups (z =5 in each
group): hindlimb unloaded for 7 days (7U) or 14 days (14U); hindlimb unloaded for 14 days
followed by reloading for 3 days (3R), 7 days (7R), or 14 days (14R). In some experiments,
28 days of reloading (28R) was performed when the measured parameters did not return to
control levels. For each experimental group, weight-bearing, age-matched controls were
included (n = 5 in each control group).The body weight of the mice was measured weekly

from the start of the experiment.

Hindlimb unloading and reloading procedure

The hindlimb unloading procedure was performed as described previously.** Briefly,
orthopedic adhesive tape was applied to the proximal one-third of the tail and placed through
a metal ring that attached to a metal bar on the top of a hindlimb suspension cage. The
suspension height was adjusted to maintain a suspension angle of 30° to ensure that the
hindlimbs were unable to touch any supporting surface. The forelimbs were allowed contact
with the gridded bottom of the cage so that the animals could move and freely access food
and water. For the reloading groups, the animals were released from suspension after 14 days

and allowed to resume normal weight bearing.

Muscle wet mass and force measurements
At designated time points, the mice were sacrificed via cervical dislocation. The soleus
muscles were isolated and weighed. The muscle wet mass values were normalized to body

weight, and the data are expressed as mg/g body weight.

John Wiley & Sons, Inc.
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Dissected muscle tissue was bathed in Krebs solution (in mM): NaCl 121, KC1 5, CaCl,
1.8, MgCl; 0.5, NaH,PO4 0.4, NaHCO; 24, and glucose 5.5 (bubbled with 95 % O;- 5 %
CO,, pH 7.4 at 24 °C) for force testing as described previously.? Briefly, the proximal and
distal tendons of the muscles were gripped with T-shaped aluminum foil clips. One end of the
tendon was attached to a hook connected to the lever arm of a position feedback motor
(300B-LC, Aurora Scientific, Aurora, Canada), and the other end was attached to a force
transducer (Model BG-10, Kulite Semiconductor Products Inc., Leonia, NJ). The force
transducer was clamped to a mechanical micromanipulator for adjustment of muscle length.
The muscle was stimulated with 0.5 ms pulses of supramaximal intensity. Peak isometric
tetanic force (P,) was obtained by stimulating (S48, Grass Technologies, West Warwick, RI)
the muscle at 100 Hz for a train duration of 400 ms at optimum length. P, was normalized to

whole muscle cross-sectional area.

Histology

Isolated soleus muscles were frozen immediately in liquid nitrogen-chilled isopentane
and cryoembedded with OCT (Metronet Technology Ltd., Hong Kong, China) for sectioning.
Cross sections (6 um thick) were cut from the midbelly of the muscle. Sections were fixed in
4% paraformaldehyde in phosphate-buffered saline (PBS, pH 7.4), rinsed, and stained with
hematoxylin and eosin solution followed by dehydration and mounting. Sections were
visualized using a light microscope, and images of a muscle sections (4% objective
magnification) were captured using a Spot camera (Carl Zeiss Microlmaging, Inc., Jena,
Germany). The total muscle area and the total number of fibers were determined using Image
J software (National Institutes of Health, Bethesda, MD). Muscle fiber cross-sectional area
(CSA) was obtained by dividing the area of the entire muscle cross-section by the fiber

number and is expressed in pm>.

John Wiley & Sons, Inc.
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Real-time PCR

Total RNA of soleus muscles was extracted using the SV total RNA isolation system
(Promega, Madison, WI), and cDNA was synthesized from 0.5 pg total RNA of each soleus
sample using a SuperScript III First-Strand Synthesis Kit (Invitrogen, Carlsbad, CA)
according to manufacturer instructions. TagMan® gene expression assay with primers and
minor groove binder (MGB) probes that were specific for murine TRPC1 and TRPC3 (Assay
ID: MmO00441975 for TRPC1 and Mm00444690 for TRPC3; Applied Biosystems, Foster
City, CA) were used for real-time PCR. The amplification was performed in a 7500 real-time
PCR system (Applied Biosystems) as described previously.”! GAPDH was used as an
endogenous control for normalization. Each sample was assessed in triplicate. Relative
-AAC

changes in TRPC1 and TRPC3 receptor gene expression were determined using the

(normalized expression ratio) method of analysis.”®

Western blot analysis

Soleus muscles were collected for Western blot analysis as described previously21 with
minor modifications. Briefly, the soleus muscles were homogenized on ice in 1x RIPA buffer
(Cell Signaling Technology, Beverly, MA) containing protease inhibitor cocktail (Roche ,
Mannheim, Germany) and 1 mM PMSF (Merck, Darmstadt, Germany). After centrifugation,
the extracted protein was quantified using the Bradford Assay (Quick Start Bradford Protein
Assay Kit, Bio-Rad, Hercules, CA). Forty-five ug of protein were separated by SDS-PAGE
and transferred onto nitrocellulose membranes (Perkin Elmer, Waltham, MA). After blocking
with 5% nonfat dry milk (Bio-Rad) in Tris buffered saline (TBS) containing 0.05 % Tween
20, the membranes were probed with primary antibodies and subsequently with Near Infrared

dye-conjugated secondary IgG (LI-COR Biosciences, Lincoln, NE). Immunoreactive bands

John Wiley & Sons, Inc.
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were detected using the Odyssey® Infrared Imaging System (LI-COR) and quantified using a
1-D image analysis system (LI-COR). The primary antibodies used were monoclonal
antibody against TRPC1 and GAPDH (Santa Cruz Biotechnology, Santa Cruz, CA) and a
polyclonal antibody against TRPC3 (Alomone Labs, Jerusalem, Israel). Expression of
TRPC1 and TRPC3 was calculated by first normalizing the band intensity to GAPDH as
control. The GAPDH normalized expression of proteins from the experimental groups was
represented as a percentage of GAPDH normalized age-matched controls. The value was thus

expressed as the percentage of the age-matched control level.

Fluorescence immunohistochemistry

Muscle sections were fixed in pre-cooled acetone at 4 °C and permeabilized using 0.2 %
Triton X-100. Non-specific binding was blocked using 5% normal horse serum. Sections
were incubated with primary antibodies targeting TRPC1 (1:80; Santa Cruz Biotechnology)
and TRPC3 (1:80; Alomone Labs) receptors separately, followed by Alexa Fluor
488-conjugated secondary antibodies (Invitrogen). For TPRCI, 2 rabbit polyclonal
anti-TRPCI1 antibodies (1:50, Santa Cruz Biotechnology; 1:200, Alomone Labs) were used to
confirm the immunoreactive pattern. Anti-TRPC1 antibody was preadsorbed by incubating
the antibody with its blocking peptide serving as a negative control.

For sarcolemmal localization, TRPC1 immunostained muscle sections were incubated
with TRITC-conjugated wheat germ agglutinin (TRITC-WGA, 1: 500; Molecular Probes) for
1 h at room temperature. The washed sections were mounted with DAPI-containing
Vectorshield (Vector Labs, Burlingame, CA) for nuclei identification. The images were
visualized with a fluorescence microscope (40x objective, Eclipse 80i; Nikon, Tokyo, Japan)

and were captured using the Spot-advanced software.

John Wiley & Sons, Inc.



Page 9 of 34

©CoO~NOUTA,WNPE

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

Muscle & Nerve

Statistics

Differences in muscle mass, fiber CSA, force, and mRNA and protein expression of
TRPC1 and TRPC3 at each time point were compared to their corresponding age-matched
control groups by unpaired #-tests. To examine the differences between experimental groups
over the time course of the unloading-reloading period, one-way ANOVA and Bonferroni
post-hoc multiple comparison tests were used to examine all parameters. Pearson correlation
coefficients were calculated between fiber CSA, TRPC1, and TRPC3 under control
conditions and across all days of unloading and reloading. Values are presented as means +

SEM. P < 0.05 was considered statistically significant.

RESULTS
We investigated the cellular and molecular events that occur during muscle atrophy and
regrowth. We focus on TRPC1 and TRPC3 because of their known regulatory roles in muscle

development and function.

Body weight
At each time point of this study, the body weight of the animals in each experimental
group was compared to that of age-matched controls (Table 1). No significant differences

were observed at any time.

Soleus muscle mass
At days 7 and 14 of hindlimb suspension, the soleus muscle mass decreased to 74 + 10%
and 62 + 4%, respectively, of age-matched control levels (P < 0.05 for both) and remained

decreased after 3 and 7 days of reloading (3R: 68 + 9%, 7R: 76 + 4% with respect to

John Wiley & Sons, Inc.
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age-matched controls, P < 0.05). After 14 days of reloading, muscle mass was normalized to
that observed in age-matched control soleus muscles (14R: 103 + 14 %).

Figure 1 shows the muscle mass to body weight ratio at different periods of the
experiment. There was a significant change over time (P < 0.001, ANOVA). Similar to
muscle mass, this ratio was significantly lower in 7U and 14U (P < 0.01), 3R and 7R (P <
0.05) compared to controls. At 14U, the decrease was ~0.60-fold compared to 14R (P <

0.01). The muscle mass to body weight ratio was fully restored to control values in 14R.

Muscle fiber cross-sectional area

Changes in the mean soleus muscle fiber CSA during the experiment are shown in Figure
2. A significant change in CSA was observed (P < 0.0001, ANOVA). Following 7U and
14U, fiber CSA was reduced significantly to 63 + 3 % and 43 + 2 %, respectively, compared
to controls. Although subsequent reloading for 3, 7, and 14 days led to gradual recovery, the
mean CSA was significantly smaller than the CSA observed in controls at these time points
(BR: 48 £ 2 %; TR: 56 £2 %; 14R: 74 + 4 %; all P <0.001). The fiber CSA did not return to

control levels until after 28 days of reloading.

Peak tetanic force

Figure 3 shows changes in P, during the experimental period. P, declined significantly to
66 + 8 % and 57 = 5 % of age-matched controls following 7U and 14U, respectively (P <
0.01 for both). After 3 days of reloading, P, only recovered to approximately 63% of controls

(P <0.01). P, recovered to the levels of the age-matched controls (101 + 10%) after 14R.

TRPCI and TRPC3 mRNA expression

10
John Wiley & Sons, Inc.
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The transcript expression of TRPC1 and TRPC3 for soleus muscle relative to GAPDH
was assessed by real-time PCR. There was no change in GAPDH expression during
unloading and reloading. TRPC1 and TRPC3 mRNA transcript expression at each time point
did not differ from age-matched controls. Although the levels of TRPC1 mRNA appeared to
be lower after 7U (Fig. 4A), there was no significant change over the course of unloading and
reloading.

A significant difference in TRPC3 mRNA was observed during the experiment (P <
0.01, ANOVA). Although no change was observed in TRPC3 mRNA at 7 days or 14 days
unloading, TRPC3 mRNA levels were lower than those for controls after 3 days of reloading
(P <0.05). At 3R and 7R, TRCP3 mRNA levels were decreased significantly relative to 14R

(3R: P<0.01; 7R: P < 0.05) (Fig. 4B).

TRPCI and TRPC3 protein expression

TRPC1 and TRPC3 protein expression following unloading and reloading was detected
by Western blotting (Fig. 5). There was no change with GAPDH expression. TRPC1
expression decreased significantly to 85 + 4 % and 78 £ 5 % of age-matched control levels
after 7U and 14U, respectively (vs. age-matched control, both P < 0.05).

TRPCI1 protein expression during the experimental period was also decreased (Fig. 5SA, P
<0.001, ANOVA). Unloading for 14 days led to a significant decrease in the TRPC1
expression level (P < 0.05). During reloading, the expression remained lower after 3 days, 7
days, and even after 14 days (3R: 68 +4 %; 7R: 61 = 3 %; 14R: 78 +4 %, all P <0.01).
Expression returned to control levels after 28 days of reloading (106 + 6%).

TRPC3 protein expression varied significantly over the time course of the experiment

(Fig. 5B). TRPC3 expression decreased to 87 + 4 % of age-matched control levels following

11
John Wiley & Sons, Inc.
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14 days of unloading. At 3R, the expression of TRPC3 was still significantly lower compared

to control but completely recovered by 14R (98 + 3%).

Correlation between unloading-reloading associated changes in TRPC1, TRPC3 and fiber
CSA

A significant correlation between fiber CSA and TRPCI1 protein expression was
observed in 7U (R*= 0.89; P < 0.001) and 14U (R*= 0.85; P < 0.001). In addition, there was
a strong trend between fiber CSA and TRPC3 protein expression, but this relationship failed
to reach significance (R*= 0.63; P = 0.055). During the early period of reloading (3R, 7R),
neither TRPC1 nor TRPC3 expression was correlated with fiber CSA. During this period the
protein expression levels remained depressed, while significant increases in fiber CSA were

observed.

Immunohistochemistry of TRPC1 and TRPC3

The staining pattern of TRPC1limmunohistochemistry obtained from cross-sections was
examined. TRPC1-dependent immunoreactivity co-localized with TRITC-WGA and was
localized predominantly to the sarcolemma region (Fig. 6A). Minor punctate staining for
TRPC1 in sarcoplasm was also observed. TRPC1 immunoreactivity was downregulated
dramatically after 14U. The expression in the sarcolemma was reduced substantially; the
punctate staining disappeared in the sarcoplasm. By 14R, an increase in TRPC1 expression in
the sarcolemma was observed. However, TRPC1-dependent staining in the sarcoplasm was
still absent. After 28 days of reloading, the strong sarcomlemmal TRPC1 staining observed in
control muscles was restored, and the punctate staining of TRPC1 in the sarcoplasm was
again detected. Similar results were obtained using another antibody source indicating

TRPCl1-specificity of the observed staining.

12
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The TRPC3-dependent immunostaining pattern was distinctly different from that of
TRPCI (Fig. 6B). TRPC3 was expressed in the sarcolemma as well as within the myofibers.
Furthermore, the expression of TRPC3 was checkerboard-like, with some myofibers showing
stronger immunoreactivity than others. The expression of TRPC3 at 14U was reduced, but

the staining intensity was restored after 7 days of reloading.

DISCUSSION

TRPC1 and TRPC3 have been implicated in many pathophysiological processes in
skeletal muscle related to muscle development, Ca®* signaling, and Ca*" homeostasis.?’
Therefore, the purpose of this study was to examine time-dependent changes in TRPC1 and
TRPC3 expression in mouse soleus muscles during mechanical unloading and reloading.

The time-dependent unloading-reloading changes in the contractile properties of the
soleus muscle reported here were similar to those observed in other studies.”®* The soleus
muscle mass normalized to body weight was reduced significantly after unloading relative to
that of age-matched controls. These data imply that reduction of muscle mass was due to the
removal of mechanical stress. A significant loss in muscle mass and P, was observed after 7
or 14 days of unloading, but both parameters recovered fully to their control values after 14
days of reloading. Interestingly, the time for recovery of fiber CSA took longer. After 14 days
of reloading, fiber CSA was only 72% of that in the control group. This finding is consistent
with other studies®® and suggests that the recovery of atrophic muscle fibers involves not only
growth but also regeneration. Thus, recovery of the CSA of atrophic fibers continues after
increases of muscle mass. Recovery of muscle mass is normally complete after 14 days of
reloading even if the unloading period extends beyond 10 days, whereas processes related to

complete regeneration, such as CSA recovery, can extend up to 5 weeks.’*!

13
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In the soleus, TRPC1 is the most abundantly expressed TRPC isoform.”’ We found a
significant decrease of TRPC1 protein expression after 14 days of unloading even though the
mRNA level had not changed. Changes in mRNA level may not necessarily reflect that of the
proteins in catabolic muscle, where there is suppressed protein synthesis and increased
protein degradation.*® Reduced TPRC]1 protein expression (~78%) was not restored to control
values even after 14 days of reloading, suggesting that TRPC1 protein expression is regulated
at the post-transcriptional level.

The localization of TRPC1 at the sarcolemma, together with its assembly in a Ca*"
channel complex, is key to its function and regulation.* Localization of TRPC1 to the
sarcolemma was greatly diminished upon unloading but returned to control levels after
reloading. However, the depressed expression lagged behind recovery of the contractile
function. Although the immunostaining data were not objectively quantified, downregulation
of TRPC1 expression in the sarcolemma was more extensive and implies its known
functional role. The punctate cytoplasmic staining observed may represent the distribution of
TRPCI in the endoplasmic reticulum (ER) or endosomal compartments. Interestingly, the
punctate staining disappeared after 14 days of unloading. Whether the recycling of TRPC1
depends on other mechanosensitive mechanisms requires further investigation.

It is unclear whether TRPC1 modulation is mediated directly by a mechanical stimulus
or if it is part of a larger signaling pathway. There are 2 possible causes for downregulation of
TRPC1 during unloading. The first possibility is that TRPC1 plays a role in
mechanically-induced signal transduction in muscles and becomes downregulated when
mechanical stress is removed, such as the unloading here. Skeletal muscle growth and
development is dictated by the amount of mechanical load imposed. Removal of mechanical
stress has been shown to decrease the mechanical properties of the muscle.”**> TRPC1

channels have been implicated in mediating Ca>" entry in skeletal myoblast migration and

14
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differentiation.'’ Expression of TRPC1 is upregulated markedly during myogenesis in the
presence of sphingosine 1-phosphate,'® a pro-myogenic molecule involved in satellite cell
proliferation and muscle regeneration.’®*” TRPC1-siRNA treatment reduced store-operated
Ca’" entry (SOCE), reduced the expression of myogenic differentiation markers, and
subsequently suppressed skeletal myogenesis.'® It was recently reported that the level of
TRPC1 expression correlates with the magnitude of SOCE.’® Therefore, the decreased
TRPC1 expression observed here may lead to a reduction in SOCE, thereby affecting key

24,39

steps in myogenesis. This loss of TRPC1 may also account for the our results™ " and those of

40,41
others™

that show hindlimb unloading suppresses satellite cell proliferation and
differentiation.

The second possible explanation for the decrease in TRPC1 expression during unloading
is a negative feedback mechanism that serves to limit [Ca®"); elevation. Disrupted intracellular
Ca*" signaling is involved in muscle atrophy. Many studies support the assertion that [Ca®"];
is increased in unloaded soleus muscles.”” This increase in [Ca’']; may be related to
cytoskeletal network disruption causing an increase in sarcolemmal permeability for Ca®*, or
more likely activation of the Ca’"-activated protease calpain.42'45 Furthermore, Singh et al.*
demonstrated that overexpression of calmodulin led to a reduction in TRPC1-related SOCE,
which was achieved via calmodulin interaction with a domain in the C terminus of TRPCI.
Therefore, the expression and activity of theTRPC1 may be part of a negative feedback
mechanism poised to respond to increased [Ca®']; levels.*’

Decreased TRPC1 expression persisted for 14 days after reloading. The physiological
role of TRPC1 downregulation remains unclear, but it is well known that reloading after
disuse involves muscle regeneration and growth processes.*’ Two signaling pathways,

namely the Akt/ PKB and calcineurin (CaN) pathways, play an important role in this

regulation. A role for TRPC1 channels in modulating PI3K/Akt pathway during muscle

15
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regeneration was reported recently.'® In a cardiotoxin-induced muscle injury model, mice
lacking TRPC1 exhibited delayed regeneration accompanied by decreased expression of
myogenic factors (MyoD, Myf5 and myogenin) and reduced Akt phosphorylation,
demonstrating an essential role of TRPCI1 in muscle regeneration.

CaN-NFAT signaling is a Ca®*-dependent pathway. Several studies’"** of
time-dependent changes in signal transduction pathways involved in muscle regrowth have
shown that CaN signaling is not involved in the early stages of reloading but only become
elevated at later stages of muscle remodeling. Specifically, Sugiura et al.* examined a 10-day
hindlimb unloading period and showed that CaN levels in muscle were not elevated until 10
days after reloading. Furthermore, Oishi et al.* showed that recovery of fiber size after
reloading was inhibited in rats that were treated with a CaN inhibitor. In a functional study
Pigozzi et al.”” reported that upregulation of TRPC1 (and TRPC3) involves activation of the
Ca’’-CaN-NFAT cascade. The authors demonstrated that thapsigargin-induced
overexpression of TRPC1 (and TRPC3) was diminished in the presence of a CaN inhibitor.
They also showed that the induction of TPRC1 (and TRPC3) led to translocation of NFAT to
the nucleus. It is therefore possible that the upregulation of TRPC1 observed at the later stage
of reloading may parallel the timing of increased CaN levels and participate in recovery of
muscle fiber size. The participation of TRPC1 expression and associated Ca”" entry in
CaN-dependent muscle remodeling warrants further investigation.

TRPC3 has been implicated in mediating myogenic tone in arteries,’' but the channel is
not gated mechanically. A possible role of TRPC3 in muscle atrophy and regrowth could be
through its ability to regulate muscle cell differentiation.”"** TRPC3 expression is
upregulated in myotube differentiation and is functionally coupled to RyR1. Here, we
observe no changes in TRPC3 at the transcriptional level during unloading, but both mRNA

and protein expression levels were decreased significantly during the early phase of
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reloading. However, TRPC3 expression was restored to baseline levels upon 14 d of
mechanical reloading. The immunostaining pattern of TRPC3 was mainly intracellular. The
physiological relevance of this localization pattern requires further investigation.

TRPC3 has been demonstrated to be involved in NFAT activation in response to
exercise, suggesting that increased expression of TRPC3 mediated the rise in [Ca®'];
responsible for regulation of CaN-NFAT signaling.23 Taken together with the observations of
Pigozzi et al.”® described earlier, it is possible that TRPC3 forms a positive regulatory circuit
with the CaN-NFAT pathway during the later stage of muscle regeneration upon reloading.
TRPC3 gene transcription could be activated by the CaN-NFAT pathway with an increase in
the expression of TRPC3 further activating the CaN-NFAT pathway. In fact, a regulatory
signaling circuit of TRPC6-CaN-NFAT that coordinates cardiac hypertrophy and remodeling
in response to mechanical stress has been reported.*>

This study shows that 14 days of mechanical unloading led to significant loss in soleus
muscle mass and force. Impaired recovery during early reloading was observed, but it
improved in a time-dependent manner. TRPC1 and TRPC3 responded differently to
mechanical perturbation in vivo. Both TRPC1 and TRPC3 protein expression was reduced at
14 days of unloading, with TRPC1 being affected more. Of interest, expression of both
TRPC1 and TRPC3 showed a significant decrease during the early stages of reloading, and
the recovery of TRPC1 expression required more time. The interplay between Ca®-sensitive
signaling molecules (such as CaN) and TRPC1 and/or TRPC3 may contribute to the
activation of a Ca”"-dependent signaling pathway leading to muscle remodeling and

regrowth.

17
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Abbreviations:

7U, or 14U, 7 or 14 days of hindlimb unloading; 3R, 7R orl4R, 3, 7, or 14 days of reloading;
Ca*', calcium ions; CaN, calcineurin; [Ca2+]i, intracellular Ca®"; CSA, cross-sectional area;
NFAT, nuclear factor of activated T cells; P,, peak isometric tetanic force; PI3K-Akt,
phosphatidylinositol 3'-kinase; SOCE, store-operated Ca”" entry, TRPC1: transient receptor

potential canonical type 1;TRPC3: transient receptor potential canonical type 3.
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Table 1.
Body Weight (g)
Experimental Group Age-matched Control Group

7U 21.37+0.51 22.85+0.36
14U 2295+ 1.16 24.18 £ 0.82
3R 23.19+0.11 24.90 +£0.72
7R 22.28 +0.68 23.75+0.60
14R 25.85+0.95 26.01 +£0.93
28R 25.05 +0.58 26.70 + 1.02

John Wiley & Sons, Inc.
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TABLE LEGENDS
Table 1. Body weight for each experimental group: 7 or 14 days of unloading (7U or 14U);
3,7, 14, and 28 days of reloading (3R, 7R, 14R, 28R). Age-matched controls were compared

at termination of experiments. Values are means + SEM; n =5 for each group.
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FIGURE LEGENDS

FIGURE 1. Soleus muscle mass changes during unloading and reloading. Soleus muscle
mass normalized to body weight after 7 or 14 days of unloading (7U or 14U), followed by 3,
7, and 14 days of reloading (3R, 7R, 14R). Control, age-matched, weight-bearing controls;
Experimental, unloading and reloading groups; n = 5. Values are means + SEM. *P < 0.05,

**P <0.01 compared to controls, *P<0.01in comparison with 14U experimental group.

FIGURE 2. Changes in muscle fiber cross-sectional area during unloading and reloading.
Soleus muscle fiber cross sectional area (CSA) after 7 or 14 days of unloading (7U or 14U),
followed by 3, 7, 14, and 28 days of reloading (3R, 7R, 14R, 28R). Control: age-matched,
weight-bearing controls; Experimental: unloading and reloading groups; n = 5. Values are
means = SEM. *P <0.05, **P < (.01 in comparison with controls; P <0.05, " P <0.001 in

comparison with 14U experimental group.

FIGURE 3. Changes in peak tetanic force during unloading and reloading. Peak tetanic force
(P,) normalized to soleus muscle cross sectional area after 7 or 14 days of unloading (7U or
14U), followed by 3, 7, and 14 days of reloading (3R, 7R, 14R). Control: age-matched,
weight-bearing controls; Experimental: unloading and reloading groups; n = 5. Values are
means + SEM. *P < 0.05, **P < 0.01 in comparison to controls, P < 0.01 in comparison

with 7U, 14U and 3R experimental groups.

FIGURE 4. mRNA expression of TRPC1 and TRPC3. (A) mRNA expression of TRPC1 and
(B)TRPC3 after 7 or 14 days of unloading (7U or 14U), followed by 3, 7, and 14 days of
reloading (3R, 7R, 14R). CON: control, n = 5. Values are means = SEM. *P < (.05 in

comparison with control; P <0.05,"P<0.01in comparison with 14R.
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FIGURE 5. Western blot expression of TRPC1 and TRPC3. (A) Western blot analysis of
TRPC1 and (B) TRPC3 in soleus muscle after 7 or 14 days of unloading (7U or 14U),
followed by 3, 7, 14, and 28 days of reloading (3R, 7R, 14R, 28R). CON: control. Data were
quantified by normalizing the band intensity of TRPC to GAPDH and were expressed as the
percentage of age-matched, weight-bearing controls. Values are means = SEM. *P < (0.05;

#*¥P < (0.01; ***P < 0.001 in comparison with controls; “*P < 0.001 in comparison with 28R.

FIGURE 6. Immunostaining images for TRPC1 and TRPC3. (A) Representative
cross-sectional images of soleus muscle immunostained for TRPC1 expression (green) after
14 days unloading (14U) followed by 14 and 28 days of reloading (14R, 28R).
Counterstaining was performed with TRITC-conjugated WGA to label plasma membrane
(red). Yellow color in the merged images indicates co-localization. (B) Representative
images of TRPC3 expression (green) after 14 days unloading (14U) followed by 7 and 14

days of reloading (7R, 14R). Scale bar = 50 pm.
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Changes in muscle fiber cross-sectional area during unloading and reloading. Soleus muscle fiber cross
sectional area (CSA) after 7 or 14 days of unloading (7U or 14U), followed by 3, 7, 14, and 28 days of
reloading (3R, 7R, 14R, 28R). Control, age-matched, weight-bearing controls; Experimental, unloading and
reloading groups; n = 5. Values are means £ SEM. *P < 0.05, **P < 0.01 in comparison with controls; #P
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Figure 3.
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Figure 5.
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47 Western blot expression of TRPC1 and TRPC3. (A) Western blot analysis of TRPC1 and (B) TRPC3 in soleus
muscle after 7 or 14 days of unloading (7U or 14U), followed by 3, 7, 14, and 28 days of reloading (3R, 7R,
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Immunostaining images for TRPC1 and TRPC3. (A) Representative cross-sectional images of soleus muscle
immunostained for TRPC1 expression (green) after 14 days unloading (14U) followed by 14 and 28 days of
reloading (14R, 28R). Counterstaining was performed with TRITC-conjugated WGA to label plasma
membrane (red). Yellow color in the merged images indicates co-localization. (B) Representative images of
TRPC3 expression (green) after 14 days unloading (14U) followed by 7 and 14 days of reloading (7R, 14R).
Scale bar = 50 um.
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