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Effect of exercise and heat stress before hindlimb suspension 
on prevention of the skeletal muscle atrophy 

Hiromitsu Tasaki, 1,2 Takako Matsubara,3 Akinori Miki,4 

Effect of exercise and heat stress applied before hindlimb suspension on prevention of mus­
cle atrophy was examined in the rat soleus muscle. Male Wistar rats were randomly di­
vided into 4 groups: 1) control (C), 2) hindlimb suspension for 2 weeks (HS), 3) exercise 
before HS (Ex-HS), and 4) heat stress before HS (Heat-HS). Before hindlimb suspension, 
the rats in the Ex -HS were exercised by running on an incline treadmill, and those in the 
Heat-HS were placed 4 times in a week, in a heat chamber. After 2-week hindlimb suspen­
sion, the soleus muscles were isolated and their wet weight was examined. Cross sections 
of each muscle were cut in and stained for ATPase to distinguish fiber types, and alkaline 
phosphatase to visualize the capillaries. Muscle wet weight, fiber diameter, ratio of type I 
fiber, and capillary-to-fiber (CIF) ratio in the HS were significantly smaller than the C. The 
muscle wet weight, diameter and ration of type I fiber and CIF ratio in the Ex-HS and heat­
HS were significantly larger than the HS. These findings suggested that the exercise and 
heat stress applied as pre-emptive countermeasures have considerable benefits to inhibit 
muscle atrophy and regression alterations. 
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Introduction 

It has been well known that mechanical un-
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loading on the skeletal muscle results in mus­
cle atrophy. In human beings, bed rest and 
non-weight bearing lead to rapid loss of skele­
tal muscle mass, size and function. These 
changes were also reported in an animal 
model by hindlimb suspension or cast fixation 
in numerous literatures. It was shown that the 
ratio of type I fiber decreased after I-week sus­
pension (1), and Capillary-to-fiber (CIF) ratio 
decreased in the atrophied muscle (2). There­
fore, many different countermeasures to skele­
tal muscle atrophy have been studied 
extensively for repair of muscle atrophy fol­
lowing unloading and/or immobilization. Ac­
tually, it is confirmed that the loss of skeletal 
muscle mass, size and function are attenuated 
by various treatments, e.g., mechanical load­
ing, heat stress and stretching. These addi­
tional treatments imposed on skeletal muscle 
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can induce adaptations in their size and pheno­
type and capillary supply. 

The prevention of muscle atrophy is very 
important for inhibition of dysfunction pro­
gress to keep activities in daily living. Thoma­
son et al. (3, 4) reported that myofibril protein 
synthesis in soleus muscle begins to decrease 
within the first five hours of unloading, and 
then increases in protein degradation. Thus, it 
is necessary to immediately perform counter­
measures to muscle atrophy. Naito et al. (5) 
demonstrated that heat stress before hindlimb 
unweighting can reduce the rate of disused 
muscle atrophy. However, the effect of treat­
ment applied before unloading to prevent the 
muscle atrophy has not yet been examined. 
Moreover, any countermeasure that com­
pletely prevents the muscle atrophy has not 
yet been developed. In the present study, 
therefore, the effect of exercise training and 
heat stress before hindlimb suspension on pre­
vention of the skeletal muscle atrophy was ex­
amined in the rat soleus muscle. 

Materials and Methods 

Animals 
Twenty-eight male Wistar rats weighting 

225-310g (8 weeks old) at beginning of the ex­
periments were randomly divided into control 
(C; n=7) and experimental groups. In the ex­
perimental group, the rats were further divided 
into three groups: hindlimb suspension for 2 
weeks (HS; n=7), exercise before hindlimb 
suspension (Ex-HS, n=7) and heat stress be­
fore hindlimb suspension (Heat-HS; n=7). 
The rats in the C group were not imposed to 
any stimulation or suspension. These rats 
were housed individually in conventional plas­
tic cages and given pellet food and water ad 
libitum. They were acclimatized at a room 
temperature of 22°e with a 12: 12-h light-dark 
cycle for 1 week before the experiments. The 
maintenance and condition of the animals and 
the experiments received authorization from 

the Ethic Reviews Committee for Animal Ex­
perimentation in our institute. 

Experimental protocol 
The experimental groups were subjected to 

tail-suspension for 2 weeks, according to the 
Morey technique (6, 7). The rats tails where 
wrapped in an antiallergic orthopedic tape and 
secured to an overhead swivel that mounted at 
the top of the cage and permitted free 360

0 

ro­
tation of the animal. The rats were unloaded 
at _30

0 

head-down angle to mimic fluid shifts 
characteristic of weightlessness. 

In the Ex -HS group, the rats performed up­
hill running on a treadmill (MK-680S, MU­
ROMACHI KIKAI, Tokyo, Japan) set to an 
elevation of 20 degrees at 20 m/min for 25 
min before hindlimb suspension. In the Heat­
HS group, the rats were placed in an environ­
mentally controlled heat chamber (STAC-P-
450F, SHIMADZU, Tokyo, Japan) at a tem­
perature of 42.0 degrees for 60 min, 4 times 
for a week before the hindlimb suspension. 
During the heat exposure, their colonic and so­
leus muscle temperature was recorded with a 
calibrated thermistor probe. Immediately after 
the heat exposure, the rats were quickly re­
turned to a cage in a 22 °e climate-controlled 
room and given water and rat chow ad libitum. 

At the end of 2-week hindlimb suspension 
period, the animals of the experimental groups 
and the C group at the corresponding age were 
anesthetized with pentobarbital sodium (50 
mg/kg, i.p.), right soleus muscles were extract­
ed, and their wet weight was examined. 

Morphological examinations 
Each muscle was immediately mounted in 

tragacanth gum and frozen at -160
0

e in isopen­
tane cooled in liquid nitrogen. Cross sections 
7 f1 m in thickness were cut at the midbelly of 
the muscles in a Cryostat microtome 
(CMI850, Leica, Germany) at -20

0

e. For clas­
sification of fibers by ATPase activity (follow­
ing pre-incubation at pHI0.8), type I fibers 
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appeared light, type II fibers appeared dark 
(Fig. 1). To visualize the distribution of capil­
laries, sections were stained for alkaline phos­
phatase by using an indoxyl tetrazolium 
method (Fig.2). 

A B 

c 
Fig. 1. Cross section of rat soleus muscles, stained 

for myosin adenosinetriphosphatase, after 
pre-incubation at pHlO.8. 
Type I fibers appeared light, type II fibers 
appeared dark. A: control rats, B: hindlimb 
suspension rats, C: exercise before hindlimb 
suspension rats, D: heat stress before 
hindlimb suspension rats. Bar=lOO f1 m. 

B 

Fig. 2. Cross section of rat soleus muscles, stained 
for alkaline phosphatase to depict capillaries. 
Capillaries were appeared as dark blue cir­
cles or lines. A: control rats, B: hindlimb 
suspension rats, C: exercise before hindlimb 
suspension rats, D: heat stress before 
hindlimb suspension rats. Bar=50 f1 m. 
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Statistical analysis 
Fiber type ratio and short diameter fibers 

were individually traced in randomly selected 
areas of the A TPase stained sections at least 
200 muscle fibers from each soleus muscle. 
The incidence of fiber type was expressed as 
the number of each fiber type relative to the to­
tal number of fibers. The capillary-to-fiber 
(CIF) ratio was determined by dividing the 
number of capillaries by the number of fibers. 
The quantitative data was analyzed with a per­
sonal computer (PowerMac G4, Apple com­
puter) and analysis software (NIH Image 1.62, 
NIH, Bethesda, MD), and presented as means 
+ standard error of each group. The relative 
difference of fiber diameter, distribution of fi­
ber type and CIF ratio among all groups were 
analyzed with a one-way analysis of variance 
(ANOVA). If a significant F ratio was noted, 
a Fisher's (least significant difference) test was 
carried out post hoc. Statistical significance 
was accepted at p < 0.05. 

Results 

Colonic and soleus muscle temperature 
Before the expose to heat stress, the colonic 

and soleus muscle temperature was 36°C and 
33.7°C. On exposure to heat stress, colonic 
and muscle temperature gradually increased 
over time, reaching peak temperature of 42.3 
°C and 41.8 °C at the end of heating period in 
Fig.3. 

time 
o 10 20 30 40 50 0 10 20 30 40 50 60 

( ) ( ) 

i-Icating( 43'C) Room Temp. 

Fig. 3. Colonic and muscle temperature of rats ex­
posed to heat stress. 
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Muscle wet weight 
Changes in wet weight of the soleus muscle 

are presented in Table 1. The weight in the 
HS, Ex-HS and Heat-HS groups after 2-week 
hindlimb suspension significantly decreased to 
82%, 85% and 87% respectively, in compari­
son with the C group (statistically significant 
at p < 0.05). While the wet weight loss in the 
Ex-HS and Heat-HS groups was 8.9% and 
9.5% less than in the HS group (p < 0.05). 

c HS Ex-HS Heat-HS 

B.W(g) 333±6 274±7' 284±9' 292±3' 

M.W.W(mg) 168±5 112±4' 127±9' 128±7' 

Table. 1. Body Weight (B.W) and Muscle Wet 
Weight (mg). 
Values are means ± SE. 
* ; significant difference from C (p < 
0.05). 

Ratio of fiber type 
Changes in the fiber type ratio after 2-week 

hindlimb suspension are presented in Fig. 4. 
The ratio of type I in the HS group was signifi­
cantly less than the C group (p < 0.05). But, 
statistically there was no difference in the ratio 
of type I fibers among the Ex-HS, Heat-HS 
and C groups. 

% 

70 

65 

o 
C HS Ex-HS Heat-HS 

Fig. 4. Percentage distribution of type I fiber in so­
leus muscle. 
Values are means ± SE. 
#; Significant different from C (p < 0.05). 

Muscle fiber diameter 
Changes in the muscle fiber diameter after 

2-week hindlimb suspension are presented in 
Fig. 5. Diameter of type I and type II muscle 
fibers in the HS, Ex-HS and Heat-HS groups 
were significantly smaller than in the C group 
(p < 0.05). As to the type I fibers, the diame­
ter in the Ex -HS and Heat-HS groups was sig­
nificantly larger than in the HS group. In 
contrast, as to the type II fibers, although the 
diameter in the Heat-HS groups was larger 
than in the HS group, there was no difference 
between the Ex-HS and HS groups. 
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Type I fiber diameter 
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Type II fiber diameter 
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Fig. 5. The fiber diameters in soleus muscle. 
Values are means ± SE. 
*; Significant different from HS (p < 0.05). 
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Capillary-to-Fiber (CIF) ratio 
Changes in the CIF ratio after 2-week 

hindlimb suspension are presented in Fig. 6. 
Though the CIF ratio in the HS and Ex-HS 
groups was significantly smaller than in the C 
group, the CIF ratio in the Ex-HS group was 
larger than in the HS group. There was no dif­
ference in the ratio between the Heat-HS and 
C groups. 

2.0 

1.8 

1.6 

1.4 

1.2 

1.0 
c HS Ex-HS Heat-HS 

Fig. 6. Capillary /Fiber ratio in soleus muscle. 
Values are means ± SE. 
#; Significant different from C (p < 0.05). 
*; Significant different from HS (p < 0.05). 

Discussion 

In the present study, the effect of the run­
ning exercise and heat stress applied before 
hindlimb suspension on muscle atrophy was 
morphologically examined in the rat soleus 
muscle. It is well known that unloading in­
duces several phenomena of muscle atrophy, 
such as decrease of muscle wet weight, fiber 
size and ratio of type I fibers (1, 2, 4, 8, 9, 10, 
11). In the present study, muscle wet weight 
of the soleus muscle decreased 33.4% after 2-
week hindlimb suspension, and the diameter 
of type I and type II fibers decreased 38.9% 
and 33.7%, respectively. It was reported that 
the loss of myofibril protein was due to both 
decreased myofibril protein synthesis and in­
creased myofibril protein degradation (3, 4). 
In the present study, the ratio of type I fiber de­
creased from 78.8% to 63.7% after 2-week 
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hindlimb suspension. Desplanches et al. (1) 
reported that ratio of type I fibers in the rat so­
leus muscle decreased by 13% after I-week 
suspension, and Leterme et al. (12) reported 
that it decreased by 19% after 2-week 
suspension. Therefore, our results were con­
sistent with previous studies. Histochemical­
ly, muscle fiber type is divided into 2 types, 
type I and type II. The type II is further di­
vided into three SUbtypes, namely type IIa, lIb 
and IIc. In the unloading muscle, the percent­
age of slow isoenzyme reduced, the intermedi­
ate isoenzyme increased, but the fast 
isoenzyme unchanged (1). This might be one 
of the reasons why slow fibers (type I) de­
crease during unloading (10). In the present 
study, decrease in ratio and size of type I fi­
bers were noted in the atrophied soleus muscle 
after hindlimb suspension. 

It has been reported that the density of capil­
lary in the muscle closely correlate with the 
oxidative capacity of the muscle (13), thus the 
elF ratio has been widely used to estimate the 
oxidative supply capacity (14). It was demon­
strated that CIF ratio decreased in unloading 
muscles (2) and increased after exercise in the 
atrophied muscle (15, 16). Displanches et al. 
(17) showed that in the severely atrophied rat 
soleus muscle after 5-week hindlimb suspen­
sion, the CIF ratio reduced 37% in comparison 
with the normal rat soleus muscle. In our da­
ta, 2-week hindlimb suspension resulted in a 
reduced 36% in the CIF ratio. It has been re­
ported that since the oxygen supply of muscles 
depends largely on the density of vascular net­
work, regression of capillaries means the de­
crease of the blood flow and oxygen demand 
after unloading (18). Considering above men­
tioned facts, the results of the present study 
suggested that the oxygen demand decreased 
after unloading due to disuse as well as to mus­
cle atrophy. 

Thomason et al. (3) described that the myo­
fibril protein synthesis began to decrease 
within the first 5 hours of unloading, and deg-
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radation of the protein began to increase 48 
hours after the beginning of unloading and 
reached a peak on the 15th day of unloading. 
This finding suggests that some suitable coun­
termeasures are necessary to prevent muscle 
atrophy as early as possible. Although, vari­
ous countermeasures have been applied during 
unloading and/or immobilization to attenuate 
muscle atrophy, sufficient effects have not yet 
been reported. Kirby et al. (19) reported that 
eccentric exercise for only 0.035% of the total 
hindlimb suspension time period inhibited the 
loss of soleus muscle protein content. Simi­
larly, it has been indicated that heat stress for 
only 0.005% of the total hindlimb suspension 
time period attenuated the loss of soleus mus­
cle protein and heat shock protein content (5). 
Therefore, in the present study, effects of run­

ning exercise and heat stress applied before 
the unloading as a countermeasure was mor­
phologically examined. In our preliminary 
study, a single bout of heat stress had no effect 
on atrophic muscle, but in the present study, 
four times heat stress (for only 0.012% of the 
total suspension time period) and a single bout 
of running exercise (for only 0.0012% of the 
total suspension time period) before hindlimb 
suspension reduced the atrophic changes oc­
curring in the atrophied muscles. According 
to our data, the reduction of muscle wet 
weight in the Ex-HS and Heat-HS was 8.9% 
and 9.5% less than in the HS. The ratio and di­
ameter of type I fibers and elF ratio in the Ex­
HS and Heat-HS were significantly larger than 
in the HS. These results suggested that the ex­
ercise and heat stress applied before the 
hindlimb suspension had considerable benefits 
as countermeasures for muscle atrophy, even 
if the treatment period was very short. The 
atrophic alterations in the muscle might be 
caused by 1) reduction of myofibril protein 
contents; 2) apoptosis of the muscle fiber and 
capillary; and 3) reduction of blood supply. It 
was reported that the heat stress could elevate 
the heat shock protein (e.g., HSP72) which 

plays some roles on protecting the striated 
muscle against a variety of insults, including 
as a chaperone of nascent peptides during 
translation (20), and the higher cellular level 
of HSP72 induced by heat stress could reduce 
the rate of proteolysis during unweighting (5). 
It was also suggested that mechanical stress, 
e.g., running exercise increases not only the 
content of HSP70 in skeletal muscle (21), but 
also insulin-like growth factor (IOF) which is 
important for the maintenance and growth of 
skeletal muscle. Although recent data demon­
strated that the unloading caused apoptotic 
change to the muscle fibers and capillaries, 
both of HSP72 and IOF-I play an important 
role to protect cell death and inhibit the apop­
totic change of muscle fibers and capillaries in­
duces by unloading. According to these 
findings, there are possibilities that the treat­
ment in present study restrained probably 
through the production of HSP and IOF 1) re­
duction of myofibril protein contents; 2) apop­
tosis of the muscle fiber and capillary. 
Additionally, the adequate restitution of blood 
supply to the disused muscle was a prerequi­
site for normalization of the muscle fiber, their 
size and internal structure, and it is reported 
that elF ratio increased after the exercise for 
muscle atrophy (15, 16). Therefore, as a result 
of the treatment in the present study, capillary 
remodeling was likely to occur for adequate 
blood supply. However, we cannot confirm 
the mechanism responsible for the observed 
protection of heat stress and exercise training 
against muscle atrophy during hindlimb 
suspension. Thus, further research is needed. 

The present study showed that running exer­
cise and heat stress applied before the 
hindlimb suspension, even though for a short 
time could considerably reduce atrophic 
changes, such as decrease of wet weight, di­
ameter of type I fiber, distribution of type I fi­
ber and elF ratio, which occur during 
unloading in the soleus muscle. The results 
suggested that these pre-emptive countermea-
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sures might be useful to reduce the muscle at­
rophy and regression alteration, if they were 
applied before cast fixation, non-weight bear­
ing and at early stages of bed rest. To date, 
the mechanism and effective site of heat stress 
and running exercise applied before the un­
loading are far from clear. 
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