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R E S E A R C H  A R T I C L E

Skeletal muscles are routinely classified broadly into two 
types, i.e., slow and fast. Slow muscles such as the soleus 
are comprised predominantly of type I and type IIA 

fibers.7 The slow muscles are active during low intensity and 
long duration activities, when performing functions against 
gravity, e.g., walking and maintaining posture.26 In contrast, fast 
muscles such as the plantaris are comprised predominantly of 
type IIA and type IIB fibers.7 The fast muscles are involved pri-
marily during high intensity activities of short durations, when 
performing functions of strength and power are required.26

Skeletal muscles adapt to the level of neuromuscular activity 
(loading and activation) imposed on them. For example, a lack 
of load on skeletal muscles with hindlimb unloading8,9,21 or 
exposure to microgravity by spaceflight2,6,25 has a significant 
impact on the mechanical, biochemical, and morphological 
properties of the muscles. A chronic unloading causes atrophy 
in fibers of all types, especially type I fibers, a shift of fiber type 

from type I to type II, de novo synthesis of type IIx, reduced 
succinate dehydrogenase (SDH) activity, and decreased mRNA 
levels of heat shock proteins (HSPs) such as HSP27, HSP70, 
and HSP84.6,8,9 A decrease in the mRNA levels of peroxisome 
proliferator-activated receptor g coactivator-1a (PGC-1a) and 
an increase in the mRNA levels of forkhead box-containing pro-
tein O1 (FOXO1) also have been observed after unloading.21 
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 BACKGROUND:  Chronic unloading and restricted activity are distinctly different processes, i.e., unloading completely removes the load 
on postural muscles, whereas restricted activity allows for loading of postural muscles. There are limited data available 
on the effects of restricted activity on skeletal muscles. Thus the effects of restricted activity on the properties of the 
slow soleus and fast plantaris muscles in rats were examined.

 METHODS:  Eight-week-old rats were housed for 21 d in normal-sized (control group) or in small-sized (restricted group) cages.

 RESULTS:  Decreased mRNA levels of peroxisome proliferator-activated receptor g coactivator-1a (81 and 85% of control values) 
and reduced succinate dehydrogenase activity (85 and 88% of control values) were observed in the soleus and the 
plantaris muscles of the restricted group, respectively. Increased mRNA levels of forkhead box-containing protein O1 
(128% of control values), decreased muscle weight (74% of control values), and reduced cross-sectional areas of type IIA 
(89% of control values) and type IIB (80% of control values) fibers were observed in the plantaris muscle of the restricted 
group.

 DISCUSSION:  Restricted activity decreased the mRNA levels of peroxisome proliferator-activated receptor g coactivator-1a and 
increased the mRNA levels of forkhead box-containing protein O1, which are associated with reduced oxidative capacity 
and atrophy, respectively, in the muscles. The plantaris muscle was more affected by restricted activity than the soleus 
muscle, most likely reflecting a greater relative change in the normal activity pattern in the fast than slow plantarflexor 
muscle.
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In general, the effects are the greatest in the skeletal muscles 
predominantly comprised of slow fibers, such as the soleus.

The data on the effects of restricted activity on skeletal mus-
cles are limited. Chronic unloading and restricted activity are 
distinctly different processes, i.e., unloading (e.g., hindlimb 
unloading and exposure to microgravity) completely removes 
the load on postural muscles, whereas restricted activity allows 
for loading of the postural muscles. Therefore, we hypothesized 
that muscle responses to chronic restricted activity would be 
different from those reported with chronic unloading.

The purpose of this study was to determine the effects of 
restricted activity imposed by housing the animals in small-
sized cages on the properties of the slow soleus and fast plan-
taris muscles in rats. We hypothesized that the effects would be 
greater on the fast muscles due to the relatively greater reduc-
tion in the recruitment of fast neuromuscular pools compared 
to that of the more readily recruited slow neuromuscular pools 
during spontaneous cage activity.

METHODS

Animals
All experimental and animal care procedures were conducted 
in accordance with the guidelines stated in the Guide for the 
Care and Use of Laboratory Animals issued by the Institutional 
Animal Care and Experiment Committee of Kyoto University 
(Kyoto, Japan).

Eight-week-old male Wistar rats were divided into the con-
trol and restricted groups (N 5 6 rats/group). Rats in the control 
group were housed in normal-sized cages (31.5 cm 3 21.5 cm 
and 13.0 cm height) for 21 d, whereas those in the restricted 
group were housed in small-sized cages (17.0 cm 3 9.6 cm and 
13.0 cm height). We recorded the distance that the rats covered 
in their cages in each day during the 21 d of the experimental 
period by using an infrared video camera (DC-NCR13U, Medi-
cal Agent Inc., Kyoto, Japan) connected to a personal computer. 
All rats had access to a standard diet and water ad libitum. The 
room was maintained under a controlled 12 h light/dark cycle 
(light period from 08:00 to 20:00 h) at 22 6 2°C with 45–55% 
relative humidity.

Procedures
At the end of the experimental period, the rats were anesthe-
tized using sodium pentobarbital (35 mg · kg21, i.p.). The soleus 
and plantaris muscles were excised bilaterally and any excess fat 
and connective tissues removed and then wet weighed. The rats 
then were killed by an overdose of sodium pentobarbital.

The left muscles were divided into two sections (distal and 
proximal) for measuring SDH activity and for analyzing 
mRNA. The distal part of the left muscle was immediately fro-
zen and homogenized in five volumes of ice-cold 0.3 M phos-
phate buffer (pH 7.4) using a glass tissue homogenizer and then 
used for measuring SDH activity.20,22 The components of the 
reaction mixture were as follows: 17 mmol · L21 sodium succi-
nate, 1 mmol · L21 sodium cyanide, 0.4 mol · L21 aluminum 

chloride, and 0.4 mmol · L21 calcium chloride. The reduction in 
cytochrome c in this reaction mixture was analyzed using a 
spectrophotometer by observing an increase in the extinction 
at 550 nm. SDH activity was calculated from ferricyto-
chrome c concentrations and protein contents.

Total RNA was extracted from the proximal part of the left 
muscle using TRIzol (Invitrogen, Carlsbad, CA). The muscles 
were treated with deoxyribonuclease I (Invitrogen). The first 
strand of cDNA was synthesized from 1.0 mg of total RNA 
using the PrimeScript RT reagent kit (Takara Bio Inc., Shiga, 
Japan). Gene expression was analyzed using real-time  
polymerase chain reaction (RT–PCR) performed on the 
LightCycler system DX400 (Roche Diagnostics, Mannheim, 
Germany) with SYBR Premix Ex Taq II (Takara Bio Inc.). The 
primer sets used in this study have been described previously.21 
The mRNA levels were normalized to those of the control 
group.

The right muscles were gently stretched to approximately 
their lengths in vivo, pinned on cork, and then rapidly frozen 
in isopentane cooled by dry ice and acetone. The muscles were 
mounted onto specimen chucks using Tissue-Tek O.C.T. com-
pound (Sakura Finetechnical Co. Ltd, Tokyo, Japan). Serial 
transverse sections (16 mm in thickness) were cut on a cryostat 
at -25°C. The sections were warmed to room temperature, 
air dried, and preincubated in acidic (pH 4.5) and alkaline 
(pH 10.4) conditions for the subsequent assessment of ATPase 
staining intensity. In each section, soleus muscle fibers were 
classified as type I (based on positive response to preincubation 
at pH 4.5 and negative response to preincubation at pH 10.4), 
type IIA (based on negative response to preincubation at pH 4.5 
and positive response to preincubation at pH 10.4), and type 
IIC (based on positive response to preincubation at pH 4.5 and 
pH 10.4).21–23 Plantaris muscle fibers were classified as type I 
(based on positive response to preincubation at pH 4.5), type 
IIA (based on negative response to preincubation at pH 4.5), 
and type IIB (based on intermediate response to preincuba-
tion at pH 4.5).15,19,21 The fiber type composition and mean 
fiber type specific cross-sectional area were determined for 
approximately 200 fibers located in the central region of the 
muscle section. The cross-sectional area of the fibers was mea-
sured by tracing the outline of each fiber using a computer-
assisted image-processing system (Neuroimaging System, 
Kyoto, Japan).

The sections were stained for 10 min to determine the SDH 
staining intensity of the fibers.21–23 The SDH staining intensity 
was determined in the 200 aforementioned fibers using a 
computer-assisted image-processing system (Neuroimaging 
System, Kyoto, Japan). The sectional images were digitized as 
gray-scale images. Each pixel was quantified as 1 of 256 gray 
levels; a gray level of 0 was equivalent to 100% light transmis-
sion, whereas a gray level of 255 was equivalent to 0% light 
transmission. The mean optical density (OD) of all the pixels, 
which were converted to gray level values, within a fiber was 
determined using a photographic calibration tablet with 21 
steps of gradient-density ranges and the corresponding diffused 
density values.
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Statistical Analysis
The data are reported as mean 6 SD of 6 rats. A repeated-
measures ANOVA was used to evaluate the growth-dependent 
differences in the body weight between the control and restricted 
groups. When the differences were found to be significant by 
ANOVA, individual group comparisons were made using the 
Scheffé’s post hoc test. Statistical significance was set at P , 0.05 
or P , 0.01.

Student’s t-tests were used to evaluate the differences in dis-
tance moved by rats in cages, food intake, muscle weight, 
mRNA levels, and muscle fiber properties between the control 
and restricted groups. Statistical significance was set at P , 0.05 
or P , 0.01.

RESULTS

The distance moved by the restricted group (27 6 9 cm · d21) 
was lower than that by the control group (5482 6 1081 cm · d21) 
(P . 0.01).

There was a growth-dependent difference in the body weight 
between the control and restricted groups [F(1,10) 5 10.689, P , 
0.01] (Fig. 1). The mean body weights between days 13 and 17 
were lower in the restricted group than in the control group 
(P , 0.01, P , 0.05, and P , 0.05 for days 13, 15, and 17, 
respectively). There was, however, no difference in the mean 
body weight at the end of the experimental period between 
the control and restricted groups (P 5 0.0507).

There was no difference in the mean daily food intake dur-
ing the 21 d of the experimental period between the control 
(15.8 6 0.7 g · d21) and restricted (15.4 6 0.7 g · d21) groups 
(P 5 0.3008).

There was no difference in the mean soleus muscle weight 
between the control and restricted groups (P 5 0.1095) (Fig. 2A). 
In contrast, the mean plantaris muscle weight was lower in the 
restricted group than in the control group (P , 0.01).

The mean SDH activity in both the soleus and plantaris 
muscles was lower in the restricted group than in the control 
group (P , 0.05 for the soleus and plantaris muscles) (Fig. 2B).

The mean mRNA levels of PGC-1a were lower in both the 
soleus and plantaris muscles in the restricted group than in the 
control group (P , 0.05 for the soleus and plantaris muscles) 
(Fig. 3A). There was no difference in the mean mRNA levels of 
FOXO1 in the soleus muscle between the control and restricted 
groups (P 5 0.1048) (Fig. 3B). In contrast, the mean mRNA 
levels of FOXO1 in the plantaris muscle were higher in the 
restricted group than in the control group (P , 0.05).

The soleus muscles of both the control and restricted groups 
were comprised of three types of fibers, i.e., type I, type IIA, and 
type IIC fibers (Fig. 4A-F). There were no differences in the 
mean fiber type composition (P 5 0.3897, P 5 0.1653, and P 5 
0.2497 for type I, type IIA, and type IIC fibers, respectively) 
(Fig. 5A) or the mean cross-sectional area of each fiber type 
(P 5 0.1714, P 5 0.1995, and P 5 0.6725 for type I, type IIA, 
and type IIC fibers, respectively) (Fig. 5B) between the con-
trol and restricted groups. The mean SDH staining intensity of 
type I and type IIA fibers was lower in the restricted group 
than in the control group (P , 0.01 for type I and type IIA 
fibers) (Fig. 5C). There was no difference in the mean SDH 
staining intensity of type IIC fibers between the control and 
restricted groups (P 5 0.6644).

The plantaris muscles of both the control and restricted 
groups were comprised of three types of fibers, i.e., type I, type 
IIA, and type IIB fibers (Fig. 4G-J). There were no differences 
in the mean fiber type composition between the control and 
restricted groups (P 5 0.3081, P 5 0.4028, and P 5 0.8415 for 
type I, type IIA, and type IIB fibers, respectively) (Fig. 5D). 
There were no differences in the mean cross-sectional area of 
type I fibers between the control and restricted groups (P 5 
0.6113) (Fig. 5E). The mean cross-sectional areas of the type 
IIA and type IIB fibers were smaller in the restricted group 
than in the control group (P , 0.05 and P , 0.01 for type IIA 
and type IIB fibers, respectively). The mean SDH staining 
intensity of each fiber type was lower in the restricted group 
than in the control group. (P , 0.01 for type I, type IIA, and 
type IIB fibers) (Fig. 5F).

DISCUSSION

Our model using restricted activity by housing animals in 
small-sized cages is different from the hindlimb unloading and 
exposure to microgravity models. Hindlimb unloading and 
exposure to microgravity completely remove the load on the 
postural muscles, whereas restricted activity allows for loading 
of the postural muscles. Thus, this study can be considered as a 
study of the effects of sedentary behavior.

The mean distance moved by the rats housed in small-sized 
cages was 0.5% of that moved by rats housed in normal-sized 
cages. The rats in both small- and normal-sized cages ate, drank 
water, and groomed during both their active (dark from 20:00-
08:00) and nonactive (light from 08:00-20:00) periods. The rats 
in the small-sized cages had little space to move around and 
remained quite still even during the active period. In contrast, 
the rats housed in normal-sized cages moved around slowly in 

Fig. 1. Line graphs comparing the body weights of the control and restricted 
groups during the 21 d of the experimental period. data are presented as the 
mean and the error bar (sd) for 6 rats. note that the data points for the two 
groups are offset at each time point for clarity. *P , 0.05 and **P , 0.01 com-
pared with the control group at each time point.
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the cages, especially during the active period. The shortest and 
longest distances covered by the rats in the normal-sized cages 
were 3073 cm · d21 and 8341 cm · d21, respectively. These dis-
tances are 1.8% of those (3000 m · d21) covered by the age-
matched rats that ran voluntarily in no-load wheels attached to 
the cages for 21 d in our previous study.10 This relatively high 
level of activity resulted in a greater mass and higher oxidative 
capacity of the hindlimb muscles,10,29 indicating that housing 
conditions such as the area and activity environment in the 
cages strongly affect skeletal muscle properties.

In this study, we determined the effects of restricted activity 
induced by housing in small-sized cages on the properties of 
the predominantly slow soleus muscle and the predominantly 
fast plantaris muscle in rats. The weights of the soleus and plan-
taris muscles were ;10% and 27% lower, respectively, in rats 
housed in small-sized cages than in those housed in normal-
sized cages. Consistent with this observation, the mean cross-
sectional areas of the fiber of some types in the plantaris muscle 
(Fig. 5E), but not in the soleus muscle (Fig. 5B), were smaller in 
the restricted group than in the control group. Thus, restricted 
activity had a greater effect on the fast muscle than on the slow 
muscle. These results were different from previous findings 
on the effects of hindlimb unloading8,9,21 or exposure to micro-
gravity,2,3,25 which showed a greater atrophy of slow than fast 
muscles. The slow soleus muscle is recruited heavily during low 
weight-bearing activities such as during standing and walking, 
whereas the fast medial gastrocnemius and plantaris muscles 
are recruited during higher intensity activities such as during 
fast walking, running, and jumping.26 Unloading (e.g., hindlimb 

Fig. 2. A) Weights and B) succinate dehydrogenase (sdH) activity of the soleus and plantaris muscles in the control 
and restricted groups. data are presented as the mean and the error bar (sd) for 6 rats. *P , 0.05 and **P , 0.01 com-
pared with the control group.

Fig. 3. A) mrnA levels of the peroxisome proliferator-activated receptor g coactivator-1a (pGc-1a) and B) forkhead 
box-containing protein o1 (foXo1) in the soleus and plantaris muscles of the control and restricted groups. data are 
presented as the mean and the error bar (sd) for 6 rats. *P , 0.05 compared with the control group.

unloading and exposure to micro-
gravity) completely removes the 
load on postural muscles, whereas 
restricted activity allows for load-
ing of the postural muscles. Thus, 
it is likely that the relative activity 
level of the soleus muscle was 
maintained closer to normal in 
the small-sized cages than that of 
the plantaris muscle, in that the 
rats were able to stand quadrupe-
dally in the small-sized cages but 
could not perform more intense 
sustained movements.

The FOXO1 protein belongs to the forkhead family of tran-
scription factors that are characterized by a distinct forkhead 
domain.4,5,24 FOXO1 regulates myogenic differentiation and 
growth, muscle atrophy, and glycemic properties.11–13 It also 
promotes the expression of atrogin-1, a muscle-specific ubiqui-
tin ligase, which, along with muscle RING-finger protein-1 
(MuRF1), plays a role in controlling muscle atrophy.28 Mice 
overexpressing FOXO1 show a downregulation in slow muscle 
genes and a decrease in muscle mass, suggesting that FOXO1 
determines myogenic lineage specification.11 Consistent with 
these observations, it also has been shown that FOXO1 ablation 
in skeletal muscles results in a type shift to MyoD-containing 
fast fibers and alters the fiber type composition at the expense of 
myogenin-containing slow fibers.12

The increase in the mRNA levels of FOXO1 in the plantaris 
muscle of the restricted group (Fig. 3B) is consistent with the 
changes observed in the muscle and its fibers, i.e., a decrease in 
the muscle weight (Fig. 2A) and cross-sectional area of the type 
IIA and type IIB fibers (Fig. 5E). FOXO1 overexpression is 
induced during fasting as a means of maintaining energy 
homeostasis through utilization of lipids rather than carbohy-
drates as the energy source in the skeletal muscles.1 This 
increase in the mRNA levels of FOXO1 in the skeletal muscle 
during starvation has been linked to decreased protein synthe-
sis and increased protein degradation, leading to muscle loss 
and atrophy.11,27,30 In addition, hindlimb unloading-induced 
muscle and fiber (all types) atrophy in the soleus and plantaris 
muscles with increased mRNA levels of FOXO1 has been 
reported.21 In this study, atrophy (Fig. 2A) and a decrease in the 

cross-sectional area of type IIA 
and type IIB fibers (Fig. 5E) were 
observed in the plantaris muscle. 
Thus, it appears that one contrib-
utor to the observed atrophy of 
the plantaris muscle and its fibers 
may be the increase in the mRNA 
levels of FOXO1.

PGC-1a is a member of a 
family of transcription coactiva-
tors that plays a central role in 
the regulation of glucose/fatty 
acid metabolism, mitochondrial 
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synthesis, vascularization, proteolysis, and apoptosis.14,31 PGC-
1a is expressed at high levels in tissues where mitochondria are 
abundant and oxidative metabolism is active in brown adipose 

Fig. 4. serial transverse sections of the soleus muscles from the rats in the control (A-c) and restricted (d-f) groups 
and of the plantaris muscles from the rats in the control (G, H) and restricted (i, J) groups. The sections were stained for 
adenosine triphosphatase activity after preincubation at pH 10.4 (A, d) and pH 4.5 (B, e, G, i), as well as for succinate 
dehydrogenase activity (c, f, H, J). in panels A-f: 1 5 type i; 2 5 type iiA; 3 5 type iic. in panels G-J: 1 5 type i; 2 5 type 
iiA; 3 5 type iiB. scale bar in f and J 5 100 mm.

Fig. 5. fiber type compositions (A, d), cross-sectional areas (B, e), and succinate dehydrogenase (sdH) staining inten-
sity (c, f) for each type in the soleus (A-c) and plantaris (d-f) muscles of the control and restricted groups. csA, cross-
sectional area; od, optical density. data are presented as the mean and the error bar (sd) for 6 rats. *P , 0.05 and  
**P , 0.01 compared with the control group.

tissues, heart, and skeletal mus-
cles. In skeletal muscle, PGC-1a 
accelerates mitochondrial syn-
thesis and promotes the remod-
eling of fibers. For example, 
transgenic mice with an increased 
expression of PGC-1a in the 
skeletal muscle show a decrease 
in ATP, an increase in mitochon-
dria, and a shift of fiber types,  
i.e., a relative increase in meta-
bolically more oxidative and less 
glycolytic fibers.16,18 In addition, 
at 25 wk of age, these transgenic 
mice show fiber atrophy with 
depletion of ATP in predomi-
nantly fast muscles such as the 
gastrocnemius and quadriceps 
muscles.17

In this study, restricted activ-
ity resulted in a decrease in the 
oxidative capacity of both the 
soleus and the plantaris muscles, 
as reflected by a decrease in the 
SDH staining intensity in most 
of the fiber types (Fig. 5C, F). 
Nagatomo et al.21 reported a 
decrease in the oxidative enzyme 
activity, SDH staining intensity of 
type IIA and type IIC fibers, and 
the mRNA levels of PGC-1a in 
the soleus muscle after hindlimb 
unloading. In contrast, the oxida-
tive enzyme activity, SDH stain-
ing intensity of all types of fibers, 
and the mRNA levels of PGC-1a 

in the plantaris muscle did not change after hindlimb unload-
ing,21 indicating that the reduced muscle oxidative capacity was 
related to the decreased mRNA levels of PGC-1a. Therefore, we 

conclude that the reduced oxida-
tive capacity in both the soleus 
and the plantaris muscles in 
the restricted group is associated 
with the observed decrease in the 
mRNA levels of PGC-1a.

In summary, restricted activ-
ity resulted in a decrease in the 
mRNA levels of PGC-1a and 
an increase in the mRNA levels 
of FOXO1, which are associated 
with decreased oxidative capacity 
and atrophy of skeletal muscles, 
respectively. Restricted activity 
affected the fast plantaris mus-
cle to a greater extent than the 
slow soleus muscle, most likely 

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-05-14 via free access



448  AerospAce Medicine And HuMAn perforMAnce Vol. 87, no. 5 May 2016

resTricTed AcTiViTY & rAT MuscLe—Takemura et al.

reflecting a greater relative change in the normal activity pat-
tern in the fast muscle than in the slow muscle. These results 
indicate that housing conditions such as the area and activity 
environment in the cages strongly influence skeletal muscle 
properties, such as the oxidative capacity and mass. The results 
indicate that this model of restricted activity may provide 
insight into what occurs in humans during a prolonged stay in 
a small space, e.g., in a submarine that sinks into the deep sea, 
in a search vehicle that explores the bottom of the earth, and in 
a rover for the observation of regions with severe environments, 
hazards, and/or disasters.

ACKNOWLEDGMENTS

This study was supported by a grant from the Japan Aerospace Exploration 
Agency.

Authors and affiliations: Ai Takemura, M.S., and Akihiko Ishihara, Ph.D., Labo-
ratory of Cell Biology and Life Science, Graduate School of Human and Envi-
ronmental Studies, Kyoto University, Kyoto, Japan; Roland R. Roy, Ph.D., and  
V. Reggie Edgerton, Ph.D., Department of Integrative Biology and Physiology 
and Brain Research Institute, University of California, Los Angeles, CA.

REFERENCES

 1.  Banks AS, Kim-Muller JY, Mastracci TL, Kofler NM, Qiang L, et al. 
Dissociation of the glucose and lipid regulatory functions of FoxO1 by 
targeted knocking of acetylation-defective alleles in mice. Cell Metab. 
2011; 14(5):587–597.

 2.  Edgerton VR, Roy RR. Neuromuscular adaptations to actual and 
simulated spaceflight. In: Bonting SL, editor. Advances in space biology 
and medicine, Vol. 4. Greenwich (CT): JAI Press Inc., 1994:33–67.

 3.  Edgerton VR, Roy RR. Neuromuscular adaptations to actual and 
simulated spaceflight. In: Fregly MJ, Blatteis CM, editors. Handbook of 
physiology. Section 4. Environmental physiology. III. The gravitational 
environment. New York (NY): Oxford University Press; 1996:721–763.

 4.  Galili N, Davis RJ, Fredericks WJ, Mukhopadhyay S, Rauscher FJ, et al. 
Fusion of a fork head domain gene to PAX3 in the solid tumour alveolar 
rhabdomyosarcoma. Nat Genet. 1993; 5(3):230–235.

 5.  Hribal ML, Nakae J, Kitamura T, Shutter JR, Accili D. Regulation of 
insulin-like growth factor-dependent myoblast differentiation by Foxo 
forkhead transcription factors. J Cell Biol. 2003; 162(4):535–541.

 6.  Ishihara A, Fujino H, Nagatomo F, Takeda I, Ohira Y. Gene expression 
levels of heat shock proteins in the soleus and plantaris muscles of rats 
after hindlimb suspension or spaceflight. J Physiol Sci. 2008; 58(6): 
413–417.

 7.  Ishihara A, Hori A, Roy RR, Oishi Y, Talmadge RJ, et al. Perineal muscles 
and their innervation: metabolic and functional significance of the motor 
unit. Acta Anat (Basel). 1997; 159(2-3):156–166.

 8.  Ishihara A, Kawano F, Ishioka N, Oishi H, Higashibata A, et al. Effects 
of running exercise during recovery from hindlimb unloading on soleus 
muscle fibers and their spinal motoneurons in rats. Neurosci Res. 2004; 
48(2):119–127.

 9.  Ishihara A, Oishi Y, Roy RR, Edgerton VR. Influence of two weeks of non-
weight bearing on rat soleus motoneurons and muscle fibers. Aviat Space 
Environ Med. 1997; 68(5):421–425.

 10.  Ishihara A, Roy RR, Ohira Y, Ibata Y, Edgerton VR. Hypertrophy of rat 
plantaris muscle fibers after voluntary running with increasing loads. J 
Appl Physiol. 1998; 84(6):2183–2189.

 11.  Kamei Y, Miura S, Suzuki M, Kai Y, Mizukami J, et al. Skeletal muscle 
FOXO1 (FKHR) transgenic mice have less skeletal muscle mass, 

down-regulated type I (slow twitch/red muscle) fiber genes, and impaired 
glycemic control. J Biol Chem. 2004; 279(39):41114–41123.

 12.  Kitamura T, Kitamura YI, Funahashi Y, Shawber CJ, Castrillon DH, et al. 
A Foxo/Notch pathway controls myogenic differentiation and fiber type 
specification. J Clin Invest. 2007; 117(9):2477–2485.

 13.  Kousteni S. FoxO1, the transcriptional chief of staff of energy metabolism. 
Bone. 2012; 50(2):437–443.

 14.  Liang H, Ward WF. PGC-1a: a key regulator of energy metabolism. Adv 
Physiol Educ. 2006; 30(4):145–151.

 15.  Matsumoto A, Nagatomo F, Mori A, Ohira Y, Ishihara A. Cell size and 
oxidative enzyme activity of rat biceps brachii and triceps brachii muscles.  
J Physiol Sci. 2007; 57(5):311–316.

 16.  Miura S, Kai Y, Ono M, Ezaki O. Overexpression of peroxisome proliferator-
activated receptor g coactivator-1a (PGC-1a) down-regulates GLUT4 
mRNA in skeletal muscles. J Biol Chem. 2003; 278(3):31385–31390.

 17.  Miura S, Tomitsuka E, Kamei Y, Yamazaki T, Kai Y, et al. Overexpression of 
peroxisome proliferator-activated receptor g co-activator-1a leads to mus-
cle atrophy with depletion of ATP. Am J Pathol. 2006; 169(4):1129–1139.

 18.  Mortensen OH, Frandsen L, Schjerling P, Nishimura E, Grunnet N. PGC-
1a and GGC-1b have both similar and distinct effects upon myofiber 
switching towards an oxidative phenotype. Am J Physiol Endocrinol 
Metab. 2006; 291(4):E807–E816.

 19.  Nagatomo F, Fujino H, Kondo H, Gu N, Takeda I, et al. PGC-1a mRNA 
level and oxidative capacity of the plantaris muscle in rats with metabolic 
syndrome, hypertension, and type 2 diabetes. Acta Histochem Cytochem. 
2011; 44(2):73–80.

 20.  Nagatomo F, Fujino H, Kondo H, Kouzaki K, Gu N, et al. The effects 
of running exercise on oxidative capacity and PGC-1a mRNA levels in 
the soleus muscle of rats with metabolic syndrome. J Physiol Sci. 2012; 
62(2):105–114.

 21.  Nagatomo F, Fujino H, Kondo H, Suzuki H, Kouzaki M, et al. PGC-1a 
and FOXO1 mRNA levels and fiber characteristics of the soleus and 
plantaris muscles in rats after hindlimb unloading. Histol Histopathol. 
2011; 26(12):1545–1553.

 22.  Nagatomo F, Fujino H, Kondo H, Takeda I, Tsuda K, Ishihara A. High-fat 
diet-induced reduction of PGC-1a mRNA levels and oxidative capacity 
in the soleus muscle of rats with metabolic syndrome. Nutr Res. 2012; 
32(2):144–151.

 23.  Nagatomo F, Gu N, Fujino H, Takeda I, Tsuda K, Ishihara A. Skeletal 
muscle characteristics of rats with obesity, diabetes, hypertension, and 
hyperlipidemia. J Atheroscler Thromb. 2009; 16(5):576–585.

 24.  Nakae J, Kitamura T, Kitamura Y, Biggs WH, Arden KC, et al. The 
forkhead transcription factor Foxo1 regulates adipocyte differentiation. 
Dev Cell. 2003; 4(1):119–129.

 25.  Roy RR, Baldwin KM, Edgerton VR. Response of the neuromuscular unit 
to spaceflight: what has been learned from the rat model. Exerc Sport Sci 
Rev. 1996; 24:399–425.

 26.  Roy RR, Hutchison DL, Pierotti DJ, Hodgson JA, Edgerton VR. EMG 
patterns of rat ankle extensors and flexors during treadmill locomotion 
and swimming. J Appl Physiol. 1991; 70(6):2522–2529.

 27.  Sandri M, Lin J, Handschin C, Yang W, Arany ZP, et al. PGC-1a protects 
skeletal muscle from atrophy by suppressing FoxO3 action and atrophy-
specific gene transcription. Proc Natl Acad Sci USA. 2006; 103(44):16260–
16265.

 28.  Sandri M, Sandri C, Gilbert A, Skurk C, Calabria E, et al. Foxo 
transcription factors induce the atrophy-related ubiquitin ligase atrogin-1 
and cause skeletal muscle atrophy. Cell. 2004; 117(3):399–412.

 29.  Spangenberg EMF, Augustsson H, Dahlborn K, Essén-Gustavsson B, 
Cvek K. Housing-related activity in rats: effects on body weight, urinary 
corticosterone levels, muscle properties and performance. Lab Anim. 
2005; 39(1):45–57.

 30.  Stitt TN, Yancopoulos GD, Glass DJ. The IGF-1/PI3K/Akt pathway 
prevents expression of muscle atrophy-induced ubiquitin ligases by 
inhibiting FOXO transcription factors. Mol Cell. 2004; 14(3):395–403.

 31.  Wu Z, Puigserver P, Andersson U, Zhang C, Adelmant G, et al. 
Mechanisms controlling mitochondrial biogenesis and respiration 
through the thermogenic coactivator PGC-1. Cell. 1999; 98(1):115–124.

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-05-14 via free access


