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Abstract. The purpose of this study was to investigate the effect of reloading on atrophied muscle 
and the time course of hypertrophy and regeneration. Forty-nine male Wistar rats were randomly 
assigned to groups for hindlimb suspension (HS), hindlimb suspension and reloading (R), or control 
(C0). Rats in the HS group were suspended for 14 days. Rats in the R group were randomly divided 
into five subgroups for different post-hindlimb-suspension recovery times. Briefly, each subgroup 
was suspended for 14 days and given 1 day of reloading (R1), 3 days of reloading (R3), 7 days of 
reloading (R7), 10 days of reloading (R10), or 14 days of reloading (R14).  Myonuclear numbers 
were significantly decreased in the groups with hindlimb suspension and 1 day and 3 days of 
reloading compared with that in the control group. We focused on the processes of change of mean 
myofiber cross-sectional area and myonuclear domain size; the degrees of increase of both indexes 
were limited until 3 days of reloading, and significantly increased after 7 days of reloading. An 
important finding of the current study was that the processes of muscle hypertrophy and 
regeneration did not show uniform change. In addition, there were differences in the ratio of 
increase among the stages of hypertrophy and regeneration. Therefore, consideration of the 
duration and method of physiotherapeutic intervention for atrophied muscle on the basis of the 
process of hypertrophy and regeneration is needed to provide more effective physiotherapy.  
Key words: hindlimb suspension, reloading, time course, myofiber cross-sectional area, myonuclear 

 
 

Introduction 
Disuse syndrome is a secondary disorder that 

is caused by decreased activity due to long-term 
bed rest or disease. It involves degeneration of 
the cardiovascular system and atrophy of the 
musculoskeletal system1). It is also a subject of 
rehabilitation. Disuse muscle atrophy causes 
decline of movement function. In addition, 
disuse muscle atrophy may lead to a vicious 
circle involving a decline in daily activity after 
cure of the original disease. Therefore, 
inhibition of disuse muscle atrophy and 
promotion of hypertrophy and regeneration of 
atrophied muscle as soon as possible are 
important. Many animal experimental studies 

have reported that weight-bearing stimuli2) or 
stretching stimuli3,4) inhibit muscle atrophy. 
However, in a clinical context, a therapeutic 

procedure has rarely been applied during the 
progression of muscle atrophy. In many cases, 
therapeutic procedures are started after the 
progression of muscle atrophy to a certain 
degree. Myofiber has reversibility in terms of 
response to change of mechanical stimuli. 
Atrophied muscle could be hypertrophied and 
regenerated by an increase of mechanical 
stimuli. Indeed, some studies have 
histologically examined the duration of such an 
approach that is necessary for the regeneration 
of atrophied muscle. Mitchell et al.5) showed 
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that decrease of type I myofiber cross-sectional 
area (MCSA) by 14 days of hindlimb suspension 
was recovered to the control level by 14 days of 
reloading. 
 Skeletal muscle is a complex tissue composed 
of multinucleate myofibers. Myofibers are 
structured in cytoplasm, and are surrounded 
and interspaced by myonuclei. The theoretical 
amount of cytoplasm controlled by each 
myonucleus is called the DNA unit size or the 
myonuclear domain size (MND)6-10). If MND is 
controlled perfectly by myonuclei, MCSA and 
myonuclei change in parallel upon hindlimb 
suspension or reloading. Changes of myonuclear 
number and MND with muscle atrophy have 
been researched using various muscle atrophy 
models. It has been stated that hindlimb 
suspension model could reproduce long-term 
bed rest11). In this model, both myonuclear 
number and MND are reduced7,12).  
 Some studies on the effects of reloading on 
atrophied muscle have been reported. Previous 
study has shown that reduction in type I 
myonuclear number by 14 days of hindlimb 
suspension is recovered to the control level by 
14 days of reloading5). Another study has 
reported that 16 days of reloading following 16 
days of hindlimb suspension recovered 
myonuclear number, but to a level that was still 
less than that of age-matched control7). On the 
other hand, 16 days of reloading recovered 
MND to the level in age-matched control after 
its reduction by 16 days of hindlimb 
suspension7). Mozdiziak et al.10) reported that 
both 2 weeks and 9 weeks of reloading following 
28 days of hindlimb suspension recovered 
myonuclear number and MND from the 
decreases caused by 28 days of hindlimb 
suspension. However, neither myonuclear 
number nor MND reached the age-matched 
control level. These results suggested that 
reductions of myonuclear number and MND 
accompanying muscle atrophy were recovered 
by reloading. Furthermore, none of these 
studies examined the time-course changes of 
MCSA, myonuclear number, and MND. It is 
necessary to study the time course of 
hypertrophy and regeneration after hindlimb 

suspension in order to determine the 
effectiveness and efficiency of physical therapy 
accurately. In addition, for considering the 
concept of MND, MCSA was structured by 
several MND, and MND were controlled by each 
myonucleus. Therefore, there is a good reason 
for studying myonuclear number and MND.  
Inoue et al.13) showed the possibility that 

vulnerability of myofiber was induced by disuse 
muscle atrophy. In addition, they reported not 
only that myofiber necrosis occurred by muscle 
atrophy but also that the initiation of reloading 
injured weak atrophied myofiber. It was 
possible that full bodyweight-bearing 
immediately after reloading overloaded 
vulnerable muscle. Accordingly, studying how 
myofiber necrosis induced by reloading 
influences muscle hypertrophy and how 
regeneration occurs might be key for 
decision-making regarding appropriate loading 
for atrophied muscle. 
Therefore, the purpose of this study was to 

investigate the effect of reloading on atrophied 
muscle and the time course of hypertrophy and 
regeneration by analyzing the following: 1) 
myonuclear number and MND, and 2) MCSA 
histogram in the early stage of reloading of 
atrophied rat soleus muscle. In addition, we 
investigated whether full bodyweight-bearing 
overloaded atrophied muscle by analyzing 
myofiber necrosis and how regeneration 
occurred by analyzing the myofibers with 
centrally located myonuclei from a pathological 
perspective. 
 

Methods 
1. Materials 
Forty-nine male Wistar rats aged 8 weeks were 

used in this study. All rats were housed in 
individual cages under a 12-hour light-dark 
cycle.  
2. Protocol 
All protocols were approved by the committee 

on animal experimentation of Kanazawa 
University(No.AP-091350).  
The rats were randomly assigned to groups for 

hindlimb suspension (HS, n=7), hindlimb 
suspension and reloading (R, n=35), or control 
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(C0, n=7). Hindlimb suspension was based on 
the procedure described in a previous report14). 
Rats could move freely by using their forelimbs 
to obtain food and water ad libitum. Rats in the 
HS group were suspended for 14 days. Rats in 
the R group were randomly divided into five 
subgroups for different 
post-hindlimb-suspension recovery times. 
Briefly, each subgroup was suspended for 14 
days and given 1 day of reloading (R1: n=7), 3 
days of reloading (R3: n=7), 7 days of reloading 
(R7: n=7), 10 days of reloading (R10: n=7), or 14 
days of reloading (R14: n=7). Rats in the R 
groups were loaded with the full bodyweight 
and allowed to pursue activities in the cage 
freely. We set the pre-experiment status (C0: 
n=7) as a control group.  
 
3. Muscle preparation and histochemical 

analysis 
After the experimental period, bodyweights 

were measured and the right soleus muscles 
were removed under anesthesia. After soleus 
muscle wet weights were measured, muscles 
were rapidly frozen in liquid nitrogen-cooled 
isopentane and stored at -70C until analysis. 
In order to undertake histological analysis, 
6-μm and 8-μm frozen sections were cut from 
the central part of the right soleus muscle using 
a cryostat (Sakura Finetek CRY03, Tokyo, 
Japan). To measure MCSA and to count the 
number of myonuclei, muscle sections of 6 μm 
were reacted with dystrophin antibody and 
4’,6-diamidino-2-phenylindole (DAPI). Briefly, 
the sections were air-dried and then fixed with 
4% paraformaldehyde for 15 min at room 
temperature. The sections were washed in 0.1 
M PBS and incubated with 0.1 M PBS with 10% 
normal goat serum and 1% Triton X-100 at room 
temperature to block nonspecific staining. The 
sections were again washed in PBS and 
incubated with monoclonal anti-dystrophin 
antibody (D8043, SIGMA) diluted 1:3000 with 
0.1 M PBS with 5% normal goat serum and 
0.3% Triton X-100 for 48 hours at 4C. After 
washing in PBS, they were incubated with the 
secondary Alexa fluor 594 goat anti-mouse IgG 
(Invitrogen Japan) diluted 1:400 with 0.1 M 

PBS with 5% normal goat serum and 0.3% 
Triton X-100 overnight at 4C. They were 
washed again in PBS and incubated with 
4’,6-diamidino-2-phenylindole (DAPI; SIGMA). 
We measured MCSA using image analysis 
software Image J targeting more than 100 
myofibers in the center and the periphery of 
each sample. Nuclei within the 
dystrophin-positive sarcolemma were counted 
in more than 100 myofibers in each sample as 
myonuclei. Secondly, sections of 8 μm were 
stained with standard hematoxylin and eosin 
(HE) for counts of myofiber necrosis and 
myofibers with centrally located nuclei, 
targeting more than 2500 myofibers in each 
group. Myofiber necrosis in this study was 
defined as infiltration of phagocytes or 
remarkable reduction in staining13,15). 
 
4. The methods of calculating each index 
Myonuclear numbers in each myofiber were 

calculated by dividing total counted myonuclear 
number of myofibers by total myofiber number 
(myonuclear number=total myonuclear 
number/total myofiber number). MND were 
calculated by dividing total MCSA of myofiber 
by total myonuclear number of myofiber (MND 
= total MCSA/total myonuclear number).The 
proportions of myofiber necrosis and myofibers 
with centrally located nuclei were calculated by 
dividing total myofiber necrosis and myofibers 
with centrally located nuclei by total myofiber 
number in each group, respectively. 
 
5. Statistical analysis 
Statistical analysis involved one-way analysis 

of variance (ANOVA) for MCSA, myonuclear 
number, and MND. In the case of significant 
differences, Bonferroni multiple comparison 
test was applied. To test for statistically 
significant differences, χ2 test and Bonferroni 
correction were used for the proportions of 
myofiber necrosis and myofibers with centrally 
located nuclei. Measured values are expressed 
as mean ± standard deviation (SD) and 
statistical significance was assumed at p<0.05. 
 

Results 
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Table 1.  Muscle wet weight, myofiber cross sectional area, myonuclear number and myonuclear domain size 

（Mean±SD）                                                                                                           

Groups           C0         HS           R1          R3           R7         R10         R14         

MW(mg)      90.3±4.0  71.9±8.8   69.1±8.3*   90.1±14.0+  102.3±8.6#+ 112.1±21.1#+  96.7±11.1#+ 

MCSA(μ㎡)  2180±590    1418±710    1518±590     1441±634   1987±730   2200±893     2354±1025 

MN          1.02±0.12  0.83±0.08*  0.85±0.04*  0.84±0.13*  0.88±0.09  0.90±0.11   0.91±0.09 

MND(μ㎡)   2099±368 1760±404§  1855±500§   1846±437§  2363±639  2521±351   2611±276 

                                                                                                                        

MCSA: myofiber cross sectional area. There were significant differences between each experiment group except 

between control and 10 days of reloading, hindlimb suspension and 3 days of reloading, 1day and 3 days of reloading 

group. 
#P<0.05 when compared to HS of MW.  +P<0.05 when compared to R1 of MW. 

*P<0.05 when compared to C0 of MW and MN.  §P<0.05 when compared to R14 of MND.  

MW: muscle wet weight.  MN: myonuclear number.  MND: myonuclear domain size. 

 
1. Muscle wet weight and myofiber 

cross-sectional area 
The results of muscle wet weights are 

described in Table 1. Reloading stimuli 
increased muscle wet weights. There were 
significant differences between hindlimb 
suspension and 7 days, 10 days, and 14 days of 
reloading. In addition, the value in the 
reloading group at 1 day was significantly less 
than those at 3 days, 7 days, 10 days, and 14 
days in the reloading group.  
Compared with that in the control group, 

MCSA was decreased significantly by 14 days 
of hindlimb suspension (Table 1). Reloading 
induced gradual recovery of MCSA, with the 
exception that MCSA decreased slightly at 3 
days in the reloading group compared with 
that at 1 day in the reloading group. There 
were significant differences between each 
experiment group except between control and 
10 days of reloading, hindlimb suspension and 
3 days of reloading, and 1 day and 3 days of 
reloading.  
According to the MCSA histogram, hindlimb 

suspension generally shifted the histogram to 
the left, and reloading recovered MCSA and 
shifted the histogram to the right (Figure 1). 
Moreover, in the control, hindlimb suspension, 
1 day, 3 days, and 7 days of reloading groups, 
the number of myofibers tended to increase 
gradually to the number of myofibers having 
the mean MCSA. On the other hand, groups 
with 10 days and 14 days of reloading initially 

tended to show increased myofibers with a 
small area (~400 μm2), and next showed a 

decrease of this number, and then finally 
showed a gradual increase of the number of 
myofibers with the mean MCSA.  
 
2. Myonuclear number and myonuclear 

domain size 
Myonuclear numbers were significantly 

decreased in the groups with hindlimb 
suspension and 1 day and 3 days of reloading 
compared with that in the control group (Table 
1). Groups with 7 days, 10 days, and 14 days of 
reloading still had fewer myonuclei than the 
control group, but there were no significant 
differences. Moreover, there were no reloading 
groups that showed a significant recovery 
compared with the hindlimb suspension 
group.  
 MND tended to decrease upon 14 days of 
hindlimb suspension, but no significant 
differences were found (Table 1). All reloading 
groups tended to show a gradual increase 
compared with the hindlimb suspension group. 
There were significant differences between the 
hindlimb suspension group, 1 day of reloading 
group, 3 days of reloading group, and 14 days 
of reloading group.  
 

3. The proportions of myofiber necrosis and 
myofibers with centrally located nuclei 

 The proportions of myofiber necrosis in the 
control group and the hindlimb suspension 
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group were 0.12% and 0.58%, respectively, 
whichi were significantly different (Figure 2). 
Moreover, the proportion of myofiber necrosis in 
the 1 day of reloading group was 1.47%, which 
was significantly greater than that in the 
hindlimb suspension group. In the 3 days of 
reloading group, the proportion of myofiber 
necrosis was 0.95%. The proportion of myofiber 

necrosis was highest in the 1 day of reloading 
group. Thereafter, it tended to decrease. There 
were significant differences between the 1 day 
of reloading group and the 7 days, 10 days, and 
14 days of reloading groups. The proportions of 
myofiber necrosis in hindlimb suspension, 1 day, 
3 days, and 10 days of reloading groups were 
significantly higher than that of the control. In  
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Figure 1. Histogram of myofiber cross-sectional area.  

 C0 HS 

 R1 R3 

 R7 R10 

R14 

The vertical line indicates the number of myofiber. 

The horizontal axis indicates myofiber cross-sectional 

area that is divided by every 400μm2. 
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the present study, myonuclear number was not 
significantly increased by 14 days of reloading, 
but tended to recover to the control level. 
Therefore, the results of this study were similar 
to those of previous studies. 
 MND tended to be decreased by 14 days of 
hindlimb suspension, but no significant 
difference was found. However, the atrophy of 
rat soleus myofiber induced by 14 days of 
hindlimb suspension led to a 35% decrease in 
MCSA and a 19% decrease in myonuclear 
number; the data indicated that the amount of 
fiber atrophy was greater than the loss of 
myonuclei. Thus, MND might decrease upon 
hindlimb suspension. Moreover, Wang et al.7) 
stated that hindlimb suspension may lead to not 
only a decrease in the number of myonuclei but 
also a reduction of their function. Because 16 
days of unloading increased the mean size of 
myonuclei but left the total DNA content in a 
single myonucleus unchanged, the DNA 
concentration in a myonucleus was lower in the 
muscle fibers of unloaded rats than in control 
rats. Therefore, in this study, it is thought that 
there were no significant differences but that 
MND might be decreased by unloading. 
 MND tended to increase gradually by 
reloading. MND was significantly increased by 
14 days of reloading compared with that in the 
14 days of hindlimb suspension group. In 
addition, MND value of the 14 days of reloading 
group was greater than that of the control group, 
but there was no significant difference. A 
previous study10) showed that MND was 
increased accompanied by growth, so the 
increase of MND in this study was accompanied 
by growth and recovered from its decrease 
caused by atrophy. 
 In this study, myofiber necrosis significantly 
emerged upon 14 days of hindlimb suspension 
compared with that in the control; thus, the 
vulnerability of muscle was induced by disuse 
muscle atrophy. In addition, the beginning of 
reloading increased myofiber necrosis 
significantly. Nguyen et al.17) stated that 24 
hours of reloading injured atrophied muscle, 
and the extent of damage was 1.5%. In the 
present study, the proportion of myofiber 

necrosis was 1.47% upon 1 day of reloading. The 
results of this study are similar to those of 
previous reports. The proportion of myofiber 
necrosis was highest upon 1 day of reloading 
and then this value decreased markedly. In 
addition, the proportion of myofiber necrosis 
was significant decreased on and after 7 days of 
reloading. It was stated that ED1+ macrophages 
removed fragments produced by myofiber 
necrosis18). Furthermore, the infiltration of 
ED1+ macrophages was highest at 2 days of 
reloading and decreased rapidly thereafter19). In 
this study, myofiber necrosis was identified by 
the infiltration of macrophages into myofiber or 
significantly lower staining of myofiber. 
Therefore, it is possible that myofiber necrosis 
was significantly increased by 1 day of reloading, 
and later declined.  
Regeneration of myofiber necrosis was started 

by activation of satellite cells and fusion to 
existing myofiber as a source of new 
myonuclei15). At 5 or 7 days from myofiber 
necrosis, regenerated myofiber was recognized 
morphologically as myofiber with a small 
diameter and a large myonucleus15). In addition, 
regenerated myofiber had a centrally located 
nucleus. Therefore, we focused on this type of 
myofiber as regenerated myofiber. According to 
the histogram of MCSA, 10 days and 14 days of 
reloading groups had more myofiber of small 
diameter (~400 μm2) than the control, hindlimb 
suspension, 1 day, 3 days, and 7 days of 
reloading groups. The difference of the shape of 
the histogram was considered to be due to the 
fact that atrophied myofibers were 
hypertrophied by reloading, so MCSA was 
increased as a whole, but regeneration of 
myofiber necrosis generated myofibers of small 
diameter. On the other hand, the proportion of 
myofibers with centrally located nuclei was 
0.1~0.2% in the control, hindlimb suspension, 
and 1 day of reloading groups, and this 
proportion was increased by reloading. 
 Tidball et al.20) showed that the proportion of 
myofibers with centrally located nuclei upon 4 
days of reloading was more than five times as 
much as that upon 2 days of reloading. In this 
study, the proportion of myofibers with centrally 



8 

located nuclei upon 3 days of reloading was 
almost four times, and upon 7 days of reloading 
was almost six times, as much as upon 1 day of 
reloading, and the value was 0.94% in the 14 
days of reloading group. On and after 7 days of 
reloading, the proportions of myofibers with 
centrally located nuclei were significantly 
higher than in the hindlimb suspension and 1 
day of reloading groups. The centrally located 
nuclei were seen not only with the regeneration 
of myofiber but also with the differentiation of 
new myonuclei accompanied by activation of 
satellite cells in the hypertrophic region. 
Therefore, there was a possibility of a difference 
in the duration of increase between myofibers 
with a small diameter and myofibers with 
centrally located nuclei. Moreover, according to 
the finding that the increase of myofibers with 
centrally located nuclei occurred earlier than 
that of myofibers with small diameter, it is 
possible that a hypertrophic reaction occurred 
significantly more than regeneration of 
myofiber necrosis immediately after reloading. 
In addition, according to the finding that there 
were many myofibers with small diameter upon 
10 days and 14 days of reloading, it is possible 
that regeneration of myofiber necrosis started 
immediately after reloading, but regeneration 
reaction gradually became active throughout 
the period of reloading. However, in this study, 
we did not analyze satellite cell activity, an 
index of hypertrophy and regeneration; 
therefore, in order to clarify this supposition, we 
should investigate the activation of satellite 
cells. 
 We focused on the processes of change of mean 
MCSA and MND; the degrees of recovery of both 
indexes were limited until 3 days of reloading, 
and significantly recovered after 7 days of 
reloading. The time point of 7 days was when 
myonuclear number was recovered by 
reloading; namely, at this point, no significant 
difference from the control group was observed. 
The results of this study suggested that the 
increase of mechanical stimuli induced myofiber 
hypertrophy and regeneration because 
myofibers with centrally located nuclei tended 
to increase at the early stage of reloading. In 

addition, recovery of myonuclear number 
influenced the increase of MCSA and MND, and 
might increase the efficiency of muscle 
hypertrophy. Allen et al.12) reported that 
decrease of myonuclear number led to decreased 
total DNA content, which accompanied 
decreased MCSA. In contrast, increase of 
myonuclei induced by reloading in this study 
contributed to an increase of total DNA content, 
and thus it may be related to an increase of 
MCSA. Furthermore, previous study7) showed 
that an increase of myonuclear size and a 
decrease of DNA concentration remained 
significant upon 2 days of reloading, but 
recovered to the control levels upon 16 days of 
reloading. It is possible that the function of 
existing myonuclei was gradually improved by 
reloading and the development of muscle 
hypertrophy became more efficient. 
 The results of this study indicated the 
possibility that the change in the myonuclear 
number with reloading stimuli affected 
hypertrophy of MCSA, and that MND recovered 
to the control level earlier than myonuclear 
number. Moreover, we suggested the possibility 
that the distribution of MCSA was influenced by 
muscle hypertrophy rather than regeneration in 
the early stage of reloading. Because we did not 
set an age-matched control group, we could not 
refute the possibility that recovery in MCSA, 
MND and myonuclear number involves muscle 
growth. MCSA in the 14 days of reloading group 
was significantly greater than that in the 
control group, but it was unclear whether 
MCSA in the 14 days of reloading group was as 
great as that of age-matched control. Therefore, 
in future study, we should use a model to 
consider the influence of growth. 
The increase of mechanical stimuli and 

occurrence of myofiber damage were strongly 
related. Given the results of this study, there is 
a possibility that muscle hypertrophy occurred 
earlier than regeneration, so the difference of 
the degree of muscle damage with disuse 
muscle atrophy or reloading might influence 
hypertrophic reaction with reloading. If the 
extent of myofiber necrosis is inhibited, it is 
possible that hypertrophic reaction is facilitated 
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more. Consequently, further studies are needed 
to characterize more definitively the importance 
of therapeutic procedure for an early stage of 
disuse muscle atrophy in order to analyze and 
examine how the differences in muscle damage 
influence the muscle hypertrophic process. 
 An important finding of the current study was 
that the processes of muscle hypertrophy and 
regeneration did not show uniform change. In 
addition, there were differences in the ratio of 
increase among the stages of hypertrophy and 
regeneration. Therefore, consideration of the 
duration and method of physiotherapeutic 
intervention for atrophied muscle on the basis 
of the process of hypertrophy and regeneration 
is needed to provide more effective 
physiotherapy. There is a possibility that 
muscle hypertrophy occurred earlier than 
regeneration, so it is thought that more efficient 
therapeutic procedures can be started with low 
loading for inhabitation of myofiber necrosis 
and promotion of hypertrophy. However, our 
results are insufficient to confirm this 
supposition, so further studies are needed. 
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