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Abstract 

Effects of myostatin (MSTN)-suppression on the regeneration of injured skeletal muscle under 
unloading condition were investigated by using transgenic mice expressing a dominant-negative form of 
MSTN (MSTN-DN). Both MSTN-DN and wild-type (WT) mice were subjected to continuous hindlimb 
suspension (HS) for 6 weeks. Cardiotoxin (CTX) was injected into left soleus muscle under anesthesia 
2 weeks after the initiation of HS. Then, the soleus muscles were excised following 6-week HS (4 weeks 
after CTX-injection). CTX-injection caused to reduce the soleus fiber cross-sectional area (CSA) in 
WT mice under both unloading and weight-bearing conditions, but not in MSTN-DN mice. Under 
unloading condition, CTX-injected muscle weight and fiber CSA in MSTN-DN mice were significantly 
higher than those in WT mice. CTX-injected muscle had many damaged and regenerating fibers having 
central nuclei in both WT and MSTN-DN mice. Significant increase in the population of Pax7-positive 
nuclei in CTX-injected muscle was observed in MSTN-DN mice, but not in WT mice. Evidences indicate 
that the suppression of MSTN cause to increase the regenerative potential of injured soleus muscle via 
the increase in the population of muscle satellite cells regardless of unloading conditions. 
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Introduction 
Regenerative potential of injured skeletal muscle 

is mostly attributed to skeletal muscle-specific stem 
cells, so-called muscle satellite cells, which are located 
between the basal lamina and the sarcolemma of 
mature myofibers [1]. Muscle satellite cells, which 
have crucial roles in skeletal muscle regeneration, 
express the paired box transcription factor 7 (Pax7) in 
their nuclei [2,3]. Skeletal muscle regeneration after 
injury occurs via activation of muscle satellite cells 
which are normally quiescent [4,5]. After damage to 
skeletal muscle, activated muscle satellite cells 
proliferate and undergo differentiation into 

myoblasts. Subsequently, the myoblasts from satellite 
cells differentiate and fuse to form new regenerated 
myofibers [6]. 

Loading is well known as a regulatory factor for 
skeletal muscle size. Atrophy of skeletal muscle, 
especially in anti-gravitational soleus, is induced by 
unloading [7-10]. Loading also plays an important 
role in the regulation of regenerative potential of 
injured skeletal muscle. Functional overloading 
stimulates the regenerative potential of injured mouse 
soleus muscle with the increase in the number of 
muscle satellite cells [11]. On the contrary, hindlimb 
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unloading suppresses injury-associated increase in 
muscle satellite cells [7] and inhibits the regeneration 
of injured soleus muscle in mice [7,12]. Therefore, the 
regenerative potential of injured skeletal muscle may 
be highly sensitive to loading. 

Myostatin (MSTN) is a member of the 
transforming growth factor-β (TGF-β) superfamily 
and acts as a negative regulator of skeletal muscle 
mass in mice, cattle, and humans [13-15], as well as 
other mammals via the regulation of both 
proliferation and differentiation of muscle satellite 
cells [16]. Presence of MSTN maintains the quiescent 
state of satellite cells but absence of MSTN leads to 
proliferation of active satellite cells [16,17]. Deficiency 
of MSTN gene exhibits an increase in skeletal muscle 
mass that is attributed to a combination of muscle cell 
hyperplasia and hypertrophy [13]. On the contrary, 
overexpression of MSTN causes severe muscle 
atrophy [18,19]. Furthermore, the regeneration of 
injured tibialis anterior muscle in MSTN-null mice 
was facilitated via the activation of muscle satellite 
cells [17,20]. However, it is still unclear whether 
MSTN-associated regulation of regenerative potential 
in injured skeletal muscle exhibits in the unloading 
condition. In the present study, therefore, we 
investigated the effects of MSTN on the regeneration 
of injured skeletal muscle under unloading condition 
by using mutant mice expressing dominant-negative 
form of MSTN (MSTN-DN). 

Materials and Methods 

Animals 
All experimental procedures were carried out in 

accordance with the Guide for the Care and Use of 
Laboratory Animals as adopted and promulgated by 
the National Institutes of Health (Bethesda, MD) and 
were approved by National Institute for Longevity 
Sciences. MSTN-DN mice (n = 9) were prepared as 
described previously [21] and used in this experiment. 
In addition, wild-type (WT) mice (C57BL/6J, n = 20) 
were also used. All mice were housed in a clean room 
controlled at approximately 23°C with a 12/12 hours 
light-dark cycle. Solid diet and water were provided 
ad libitum. 

Experimental protocol 
In the present study, we investigated the 

regenerative potential of injured skeletal muscle in 
MSTN-DN mice under unloading condition, 
compared with that under weight-bearing condition. 
Both kinds of mice were randomly divided into 1) 
unloading (WT: n=10; MSTN-DN: n=5) and 2) 
weight-bearing (WT: n=10; MSTN-DN: n=4) groups. 
WT and MSTN-DN mice in the unloading group were 
subjected to continuous hindlimb suspension (HS) for 

6 weeks as following the methods described 
previously [7,22]. Briefly, tails of the mice were 
cleaned, and were loosely surrounded by adhesive 
tapes cross-sectionally, fixing a string at the dorsal 
side of the tail, to maintain the blood flow intact. The 
string was fastened to the roof of the cage at a height 
allowing the forelimbs to support the weight, yet 
preventing the hindlimbs from touching the floor and 
the sides of the cage. The mice could reach food and 
water freely by using their forelimbs. 

To induce muscle injury followed by 
regeneration, 0.1 mL cardiotoxin (CTX, 10 μmol/L in 
physiological saline, Sigma-Aldrich, St. Louis, MO, 
USA) of Naja naja atra venom was injected into left 
soleus muscle of WT (unloading: n=5; weight-bearing: 
n=5) and MSTN-DN (unloading: n=5; weight-bearing: 
n=4) mice 2 weeks after initiation of HS. Injection of 
CTX was performed using a 27-gauge needle under 
anesthesia with i.p. injection of sodium pentobarbital 
(50 mg/kg) [7,23]. This procedure for the initiation of 
necrosis-regeneration was performed carefully to 
avoid the damage to the nerves and blood vessels, as 
was suggested elsewhere [24,25]. The left soleus 
muscle of uninjected WT mice (unloading: n=5; 
weight-bearing: n=5) and the right soleus muscle of 
MSTN-DN mice were assigned as the control, 
respectively. 

Sampling 
Six weeks after initiation of HS (4 weeks after 

CTX-injection), all mice were sacrificed by cervical 
dislocation under anesthesia with i.p. injection of 
sodium pentobarbital (50 mg/kg). Immediately after 
the scarification, the left soleus muscle of WT mice 
and both soleus muscles of MSTN-DN mice were 
excised from each hindlimb. Dissected soleus muscles 
were rapidly weighed and frozen in isopentane 
cooled by liquid nitrogen. The muscle samples were 
stored at −80°C until analyses. 

Immunohistochemical analyses 
 Frozen soleus muscles were cut cross-sectionally 

into halves. Serial transverse cryosections (8-μm thick) 
of the proximal portion of soleus muscles were cut at 
−20°C and mounted on the slide glasses. The sections 
were air-dried and stained to analyze the 
cross-sectional area (CSA) of muscle fibers by 
hematoxylin and eosin (H&E), and the profiles of 
Pax7-positive nuclei by the standard 
immunohistochemical technique, respectively [7,26]. 
Monoclonal anti-Pax7 antibody (undiluted tissue 
culture supernatant of hybridoma cells obtained from 
the Developmental Studies Hybridoma Bank, Iowa, 
IA, USA) was used for the detection of muscle satellite 
cells [2]. Cross sections were fixed with 4% 
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paraformaldehyde, and then were post-fixed in 
ice-cold methanol. After blocking by using a reagent 
(1% Roche blocking reagent, Roche Diagnostic, 
Penzberg, Germany), samples were incubated with 
the primary antibodies for Pax7 and rabbit polyclonal 
anti-laminin (Z0097, DakoCytomation, Glostrup, 
Denmark). Sections were also incubated with the 
secondary antibodies for Cy3-conjugated anti-mouse 
IgG (dilution 1:100; Jackson Immuno Research, West 
Grove, PA, USA) and with fluorescein isothiocyanate- 
conjugated anti-rabbit IgG (dilution 1:200; Sigma- 
Aldrich). Then nuclei were stained in a solution of 
4’,6-diamidino-2-phenylindole dihydrochloride 
(DAPI, 1 μg/ml; Sigma-Aldrich). 

The images of muscle sections were incorporated 
into a personal computer (DP-BSW version 02.02, 
Olympus, Tokyo, Japan) using a microscope (IX81 
with DP70, Olympus). In H&E staining, the CSAs of 
approximately 200 fibers from each muscle were 
analyzed using the National Institutes of Health 
Image J 1.38X (NIH, Bethesda, MD, USA) software for 
Windows. In immunohistochemical staining, the 
percentage of Pax7-positive nuclei located within the 
laminin-positive basal membrane relative to the total 
number of DAPI-positive nuclei in ~200 muscle fibers 
from each muscle was calculated. 

Statistical analysis 
All values were expressed as means ± SEM. 

Significant levels in each loading condition were 
analyzed using a two-way (mouse and injection) 
analysis of variance (ANOVA) for multiple 
comparisons followed by Tukey-Kramer test. When a 
significant interaction between two effects (mice and 
injection) was observed, one-way ANOVA followed 
by Tukey-Kramer test was performed. The 
significance level was accepted at p<0.05. 

Results 

Unloading condition 
Under unloading condition, relative soleus 

muscle wet weight was decreased in both WT (39%) 
and MTSN-DN (32%) mice, compared with that under 
weight-bearing condition. Furthermore, CTX-injection 
induced ~28% decrease in the relative weight in WT 
mice, but not in MSTN-DN mice. The weight of 
CTX-injected soleus muscle in MSTN-DN mice was 
significantly higher than that in WT mice (Figure 1, 
p<0.05). Mean fiber CSA in MSTN-DN mice was 
significantly higher than that in WT mice (Figure 2B, 
p<0.05). There were many regenerating fibers having 
central nuclei in CTX-injected muscle of MSTN-DN 
mice, compared to WT mice (Figure 2A).  

 

 
Figure 1. Effects of cardiotoxin-injection on the soleus muscle weight relative to 
body weight in WT and MSTN-DN mice under unloading condition. WT: wild-type 
mice; MSTN-DN: transgenic mice expressing the dominant negative form of 
myostatin; uninjected: uninjected muscle; CTX-injected: cardiotoxin (CTX)-injected 
muscle. Values are means ± SEM. n = 5 in each group. †: Significant different from 
CTX-injected muscle of WT, p<0.05. 

 
Figure 2. Typical images of transverse cryosections of the midbelly region of mouse 
soleus muscle stained with hematoxylin and eosin under unloading condition (A). 
Scale bar = 100 μm. (B) Effects of CTX-injection on the mean cross-sectional area of 
soleus muscle fibers in WT and MSTN-DN mice under unloading condition. See 
Figure 1 for other abbreviations, statistics, and symbols. Values are means ± SEM. n = 
5 in each group. *: Significant different from uninjected muscle of WT, p<0.05. 
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Furthermore, a significant reduction of fiber CSA 
was induced by CTX-injection in WT mice (p<0.05, 
Figure 2B). However, there was no significant effect of 
CTX-injection on fiber CSA in MSTN-DN mice. There 
was a significant difference in mean fiber CSA of 
CTX-injected soleus muscle between two types of 
mice (p<0.05). The relative percentage of 
Pax7-positive nuclei in MSTN-DN mice was 
significantly increased by CTX-injection (p<0.05, 
Figure 3), but not WT mice. 

Weight-bearing condition 
In the present study, we also investigated the 

regenerative potential of injured soleus muscle in 
MSTN-DN and WT mice under weight-bearing 
condition. There was no significant difference in 
relative muscle weight to body weight between WT 
and MSTN-DN mice (Figure 4). CTX-injection had no 
effect on the relative muscle weights of two types of 
mice (Figure 4). However, CTX-injected muscle in 
both WT and MSTN-DN mice had many damaged 
and regenerating fibers having central nuclei (Figure 
5A). Mean fiber CSA in WT mice was significantly 
decreased by CTX-injection (p<0.05), but not in 
MSTN-DN mice (Figure 5B). The fiber CSA of 
CTX-injected muscle in MSTN-DN mice was 
significantly higher than that in WT mice (p<0.05). 
There was a significant difference in the relative 
percentage of Pax7-positive nuclei between WT and 
MSTN-DN mice (p<0.05, Figure 6). The relative 
percentage of Pax7-positive nuclei in MSTN-DN mice 
was significantly higher compared with that in WT 
mice (Figure 6). In two types of mice, however, there 
was no significant effects of CTX-injection on the 
relative percentage of Pax7-positive nuclei. 

 
 

 
Figure 3. Effects of CTX-injection on the percentage of Pax7-positive nuclei relative 
to total myonuclei in soleus muscle of WT and MSTN-DN mice under unloading 
condition. See Figures 1 and 2 for other abbreviations, statistics, and symbols. Values 
are means ± SEM. n = 5 in each group. §: Significant different from uninjected muscle 
of MSTN-DN, p<0.05. 

 

 
Figure 4. Effects of cardiotoxin-injection on the soleus muscle weight relative to 
body weight in WT and MSTN-DN mice under weight-bearing condition. See Figure 
1 for other abbreviations. Values are means ± SEM. n = 4-5 in each group. 

 
 
 

 
Figure 5. Typical images of transverse cryosections of the midbelly region of mouse 
soleus muscle stained with hematoxylin and eosin under weight-bearing condition 
(A). Scale bar = 100 μm. (B) Effects of CTX-injection on the mean cross-sectional area 
of soleus muscle fibers in WT and MSTN-DN mice under weight-bearing condition. 
See Figures 1 and 2 for other abbreviations, statistics, and symbols. Values are means 
± SEM. n = 4-5 in each group.  
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Figure 6. Effects of CTX-injection on the percentage of Pax7-positive nuclei relative 
to total myonuclei in soleus muscle of WT and MSTN-DN mice under weight-bearing 
condition. See Figure 1 for other abbreviations. Values are means ± SEM. n = 4-5 in 
each group. a: Significant different between WT and MSTN-DN, p<0.05. 

 

Discussion 
The present study investigated that the muscle 

weight, mean fiber CSA, and the population of 
Pax7-positive nuclei of CTX-induced regenerating 
soleus muscle in MSTN-DN and WT mice under 
unloading and weight-bearing conditions. Under 
unloading and weight-bearing conditions, mean fiber 
CSA in WT mice was decreased by CTX-injection, but 
not in MSTN-DN mice. The population of 
Pax7-positive nuclei in MSTN-DN mice was higher 
than that in WT mice regardless of whether CTX was 
injected or not. Under unloading condition, the 
population of Pax7-positive nuclei in MSTN-DN mice 
was increased by CTX-injection, but not in WT mice. 

Regeneration of injured soleus muscle under 
unloading condition 

In the present study, CTX-injection cause a 
reduction of mean fiber CSA of soleus muscle mass in 
WT mice under unloading condition. This result is 
consistent with previously reported data in WT mice 
[7]. Since CTX-injected muscle under unloading 
condition had many atrophied fibers with small 
diameter, it was suggested that unloading suppresses 
the regeneration of injured skeletal muscle. 

It is well known that muscle satellite cells have a 
crucial role [3] and proliferate in the regenerative 
process of injured skeletal muscle [7,11,23,27]. Newly 
regenerated myofibers are attributed to muscle 
satellite cells that is activated and proliferated by 
muscle injury [6]. It has been reported that unloading 
inhibits the increase in numbers of muscle satellite 
cells in WT mice [7]. In the present study, however, 
Pax7-positive satellite cells of injured muscle in 
unloaded MSTN-DN mice, were significantly 
increased by 3.2 fold compared with uninjured 
muscle. Since the absence of MSTN leads to activation 
and proliferation of satellite cells [16,17], larger 

diameter of regenerating fiber in unloaded MSTN-DN 
mice may be attributed to the increase in satellite cells. 
Although the absence of MSTN-associated facilitation 
of injured skeletal muscles has been well reported 
[17,20], this is the first report showing that the 
suppression of MSTN stimulates the regeneration of 
injured skeletal muscle under unloading condition. 

Regeneration of injured soleus muscle under 
weight-bearing condition 

In the present study, soleus muscle weight 
recovered to the uninjected control level in both WT 
and MSTN-DN mice 4 weeks after CTX-injection. On 
the other hand, mean fiber CSA was decreased by 
CTX-injection in WT mice. These results in the present 
study were supported by previous studies using 
wild-type C57BL/6J mice showed that 
CTX-injection-associated decrease in soleus muscle 
weight was observed until 2 weeks after the injection 
[27] and there were atrophied fibers with small 
diameter until 6 weeks after the injection [7,11]. It is 
known that CTX-injection reduce the mass of skeletal 
muscle and this decline of muscle mass gradually 
recover through the cycle of necrosis and regeneration 
in a certain period [7,11,27]. 

On the contrary, mean fiber CSA in MSTN-DN 
mice 4 weeks after CTX-injection was significantly 
higher than that in WT mice. There is no report 
showing the effects of CTX-injection on soleus muscle 
in MSTN-DN mice. It has been reported that the 
regeneration of injured tibialis anterior muscle in 
MSTN-null mice was facilitated via the activation of 
muscle satellite cells [17,20]. In the present study, the 
population of Pax7-positive satellite cells of soleus 
muscle in MSTN-DN mice was significantly higher 
than that in WT mice (Figure 6). Accelerated recovery 
of fiber CSA in MSTN-DN mice may be attributed to 
the larger population of satellite cells, compared with 
WT mice. 

In conclusion, the suppression of MSTN 
stimulates regenerative potential of injured soleus 
muscle via the increase in the population of muscle 
satellite cells even under unloading condition. 
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