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Introduction

The regulation of water homeostasis is required to 
maintain the homeostasis of skeletal muscle in vivo. Indeed, 
muscle water content is markedly decreased in the skeletal 
muscles undergoing pathological atrophy such as myopathy 
and neuropathy1. In the skeletal muscles, water homeostasis 
is mainly regulated by aquaporin 4 (AQP4), which is a 
selective water channel specifically expressed on the plasma 
membrane of myofibers2,3. 

Although the physiological roles of AQP4 are not 
fully understood, it is thought that AQP4 is related to 
the regulation of the morphological changes of skeletal 
muscles4-7. Indeed, we previously demonstrated that 

the expression level of AQP4 was relatively maintained 
throughout muscle hypertrophy8. In contrast, the expression 
level of AQP4 markedly decreased in the atrophied muscles 
due to denervation of a certain period9, while this decrease 
in the AQP4 expression level was not observed in hindlimb 
suspension-induced muscle atrophy6,10. Thus, unlike muscle 
hypertrophy, in case of muscle atrophy, the changes of AQP4 
expression patterns in response to muscle atrophy remain 
controversial. Furthermore, even if denervation can induced 
the decrease of AQP4 expression in skeletal muscles, during 
denervation the relationship between the timing of muscle 
atrophy initiation and that of AQP4 expression decrease 
initiation remains unknown, actually.

In the skeletal muscles, water is metabolized between 
myofibers and capillaries, and the water molecules are 
transferred between AQP4 on myofibers and AQP1 expressed 
on the endothelial cells composing capillaries3,11. The changes 
in the capillary supply are induced in response to the skeletal 
muscle morphology12. For example, the capillary supply is 
facilitated by muscle hypertrophy, whereas muscle atrophy 
induces a decline in the capillary supply13-16. Recently, it was 
demonstrated that the expression pattern of AQP1 localized 
on the endothelial cells composing capillaries is not altered 
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in the skeletal muscles by sciatic nerve freezing-induced 
denervation17. However, whether the changes in the AQP1 
expression pattern are related to the regulation of the 
changes in skeletal muscle morphology remains unclear.

In the present study, we examined the relationship 
between the timing of muscle atrophy initiation and that of 
AQP4 expression decrease initiation, during the early stage 
of denervation. Moreover, the present study investigated the 
differences of time course of the changes in AQP4 and AQP1 
expression patterns in the skeletal muscles during the early 
stage of denervation. The findings of the present study are 
useful to clarify the roles of water metabolism in regulating 
the morphological changes of skeletal muscle.

Materials and methods

Experimental design and surgical procedure

Adult female Fischer 344 rats (8 weeks of age) were used 
in this study, and randomly assigned to control (C), day 1 
post-denervation (D1), day 4 post-denervation (D4) and day 
7 post-denervation (D7) groups (n=6 per group). The rats 
were housed in individual cages at 22°C with a 12-h light/
dark cycle, and were provided with food and water ad libitum. 
All experiments were carried out following approval from 
the Ethics Committee on Life Sciences of Osaka Institute of 
Technology.

Under pentobarbital sodium anesthesia (60 mg kg-1 i.p.) 
and inhalation anesthesia with 0.7% isoflurane, the right 
hindlimbs of the rates were denervated by cutting the sciatic 
nerve, and an approximately 3-mm segment of the nerve was 
removed to prevent nerve regeneration. The contralateral 
hindlimbs were used as sham operated controls (C group). 
The rats were sacrificed at day 1, 4 or 7 post-denervation. 
At death, the rats were anesthetized and the tibialis anterior 
muscles were removed. Muscle samples were quickly frozen 
in liquid nitrogen and stored at -80°C until use.

Western blot analysis

Sample preparation and Western blot analysis were 
performed according to the protocol described in a previous 
study8. In brief, the muscle samples were homogenized 
in 300 μl of RIPA buffer (50mM Tris-HCl pH 8.0, 150 mM 
sodium chloride, 1% NP-40, 0.5% sodium deoxycholate 
and 0.1% sodium dodecyl sulfate) (Sigma-Aldrich, St 
Louis, MO) containing 1x Protease Inhibitor Cocktail (Roche 
Diagnostic, Dubai, UAE). After the homogenate samples were 
centrifuged at 12000 ×g for 10 min at 4°C, the supernatants 
were collected. We used the BCA protein assay kit (Thermo 
scientific, Rockford, IL) to measure the protein concentration.

The homogenate samples (10 mg of protein) were resolved 
by SDS-PAGE using either a 12.5% polyacrylamide gel for 
AQP4, α1-syntrophin, MAFbx, AQP1 and GAPDH or a 7.5% 
gel for fast myosin heavy chain, and then transferred onto 
polyvinylidene difluoride membranes (ATTO, Tokyo, Japan) 
at 144 mA for 45 min. After transfer, to block any nonspecific 
immunoreactivity, the membranes were incubated with 20 

mM Tris-buffered saline (TBS) (pH 7.6) containing 5% normal 
serum and 0.1% Tween-20 for 1 h at room temperature. 
The membranes were then incubated overnight at 4°C with 
primary antibodies. The primary antibodies were diluted 
with 20 mM TBS containing 5% normal serum and 0.1% 
Tween-20. The primary antibodies used in the present study 
were as follows: goat polyclonal anti-AQP4 (Santa Cruz 
biotechnology, Santa Cruz, CA), mouse monoclonal anti-
GAPDH (internal control) (Cell Signaling Technology, Danvers, 
MA), rabbit polyclonal anti-syntrophin alpha 1 (Abcam, 
Cambridge, UK), mouse monoclonal anti-myosin (skeletal, 
Fast) (Sigma-Aldrich, Louis, MO) and mouse monoclonal 
anti-MAFbx (a marker protein of muscle atrophy18,19) 
(Santa Cruz biotechnology), rabbit monoclonal Anti-AQP1 
(Abcam). Then, they were washed in 20 mM TBS containing 
5% normal serum and 0.1% Tween-20, and incubated for 
1 h at room temperature with secondary antibodies. The 
secondary antibodies used in the present study were as 
follows: biotinylated anti-rabbit IgG (Invitrogen, Camarillo, 
CA), biotinylated anti-goat IgG (Merck Millipore, Darmstadt, 
Germany) and biotinylated anti-mouse IgG (Vector 
Laboratories, Burlingame, CA). They were washed in 20 mM 
TBS containing 5% normal serum and 0.1% Tween-20, and 
incubated for 1 h at room temperature with TBS containing 
5% normal serum and peroxidase conjugated streptavidin 
horseradish (GE Healthcare, Buckinghamshire, UK). Finally, 
immunoreactivity was detected by chemiluminescence using 
ImmunoStar Zeta (Wako, Osaka, Japan). The bands were 
quantified by densitometric analysis using ImageJ software 
(ver.1.48, http://rsb.info.nih.gov/ij/). The mean value for the 
control samples on each immunoblot, expressed relative to 
GAPDH as an internal control, was adjusted to equal 1.0, and 
each sample value was expressed relative to the adjusted 
mean value for the control group. 

Statistical analysis

All data are presented as means ± SD and were analyzed 
using the StatView statistical-analysis program (SAS 
institute Inc., Cary, NC, USA). All data were tested by one-way 
ANOVA using Scheffé’s test. Differences were considered to 
be significant at a confidence level of 0.05.

Results

Time course changes in the relative tibialis anterior muscle 
weight after denervation

To identify the time course effects of denervation on 
muscle atrophy, we examined the relative tibialis anterior 
muscle weight in each group. As shown in Figure 1, the 
relative tibialis anterior muscle weight gradually decreased 
after denervation, and that in the D4 and D7 groups was 
significantly lower than that in the C and D1 groups (p<0.05). 
Furthermore, there was a significant difference between the 
D4 and D7 groups (p<0.05). Therefore, muscle atrophy was 
gradually progressing during the early stages of denervation.
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Time course changes in MAFbx expression patterns in the 
tibialis anterior muscles during the early stages of denervation

To confirm the progression of denervation-induced 
muscle atrophy, we examined the time course changes 
in MAFbx protein, which is a main regulator for the 
progression of denervation-induced muscle atrophy18, by 
Western blot analysis (Figure 2). As a result, the expression 
level of MAFbx gradually increased after denervation, and 
a significant increase in the MAFbx expression level was 
observed on days 4 and 7 post-denervation compared with 
the C group (p<0.05) (Figure 3). Therefore, the muscle 
atrophy regulated by MAFbx was induced during the early 
stages of denervation.

The changes in expression patterns of fast myosin heavy chain 
in the tibialis anterior muscles in response to denervation

We performed Western blot analysis using the fast 
myosin heavy chain (MHC-F) antibody to examine the time 
course changes in the MHC-F expression level in skeletal 
muscles during the early stages of denervation (Figure 
2). As shown in Figure 4, the expression level of MHC-F 
gradually decreased after denervation, and the expression 
level of MFC-F in the D7 group was significantly lower than 
that in the C and D1 groups (p<0.05). On the other hand, 
there were no significant differences among the C, D1 
and D4 groups. Therefore, the expression level of MHC-F 
gradually decreased in skeletal muscles after denervation, 
and a significant decrease in the MHC-F expression level 
was only noted at 7 days post-denervation. 

Figure 1. Relative tibialis anterior muscle weights in control, 
D1, D4 and D7 groups. Values are the mean ± SD. Relative 
muscle weights are presented as mg/100 g of body weight. 
C: control group. D1: day 1 post-denervation group. D4: day 
4 post-denervation. D7: day 7 post-denervation. *p<0.05.

Figure 2. Representative images of Western blots for MAFbx, 
MHC-F, AQP4, α1-syntrophin, APQ1 and GAPDH in tibialis 
anterior muscles in control, D1, D4 and D7 groups. C: control 
group. D1: day 1 post-denervation group. D4: day 4 post-
denervation. D7: day 7 post-denervation.

Figure 3. MAFbx protein expression level in the tibialis anterior 
muscles in control, D1, D4 and D7 groups. C: control group. D1: 
day 1 post-denervation group. D4: day 4 post-denervation. 
D7: day 7 post-denervation. MAFbx protein expression levels, 
normalized by the GAPDH protein expression level, were 
calculated by densitometric analysis. Values are the mean ± 
SD. Fold changes were expressed relative to the levels observed 
in the C group. *p<0.05.
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Time course changes in AQP4 and a1-syntrophin expression 
patterns in the tibialis anterior muscles during the early 
stages of denervation

To identify the effects of early-stage denervation on the 
AQP4 and α1-syntrophin expression levels, we examined the 
time course changes in the AQP4 expression level by Western 
blot analysis (Figure 2). As shown in Figure 5, the expression 
level of AQP4 in the D4 and D7 groups significantly lower than 
that in the C and D1 groups (p<0.05). The expression level of 
AQP4 in the D7 group was similar to that in the D4 group. On 
the other hand, there were no significant differences in the 
α1-syntrophin expression level among all groups (Figure 6).

To examine the relationship between the AQP4 and α1-
syntrophin expression levels, we calculated the ratio of 
AQP4/α1-syntrophin expression in each group. As a result, 
the ratio of AQP4/α1-syntrophin protein expression in the 
D4 and D7 groups was significantly lower than that in the C 
and D1 groups (p<0.05) (Figure 7). On the other hand, there 
was no significant difference between the D4 and D7 groups. 
Therefore, the expression level of AQP4, but not α1-syntrophin, 
significantly decreased after denervation, and consequently, 
the relationship between AQP4 and α1-syntrophin expression 
was lost during the early stages of denervation. 

The effects of early-stage denervation on the expression 
patterns of AQP1 in the tibialis anterior muscles

We performed Western blot analysis using the AQP1 
antibody to examine the effects of early-stage denervation 
on the AQP1 expression level in skeletal muscles (Figure 2). 

Figure 4. MHC-F protein expression levels in the tibialis 
anterior muscles in control, D1, D4 and D7 groups. C: control 
group. D1: day 1 post-denervation group. D4: day 4 post-
denervation. D7: day 7 post-denervation. MHC-F protein 
expression levels, normalized by the GAPDH protein expression 
level, were calculated by densitometric analysis. Values are the 
mean ± SD. Fold changes were expressed relative to the levels 
observed in the C group. *p<0.05.

Figure 5. APQ4 protein expression levels in the tibialis anterior 
muscles in control, D1, D4 and D7 groups. C: control group. D1: 
day 1 post-denervation group. D4: day 4 post-denervation. 
D7: day 7 post-denervation. APQ4 protein expression levels, 
normalized by the GAPDH protein expression level, were 
calculated by densitometric analysis. Values are the mean ± 
SD. Fold changes were expressed relative to the levels observed 
in the C group. *p<0.05.

Figure 6. α1-syntrophin protein expression levels in the 
tibialis anterior muscles in control, D1, D4 and D7 groups. C: 
control group. D1: day 1 post-denervation group. D4: day 4 
post-denervation. D7: day 7 post-denervation. α1-syntrophin 
protein expression levels, normalized by the GAPDH protein 
expression level, were calculated by densitometric analysis. 
Values are the mean ± SD. Fold changes were expressed 
relative to the levels observed in the C group. There were no 
significant differences in the expression level of α1-syntrophin 
protein among all groups.
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As shown in Figure 8, there were no significant differences 
among all groups. These results suggested that the expression 
level of AQP1 in the skeletal muscles is not influenced during 
the early stages of denervation.

Discussion

AQP4 is a water channel localized on the plasma membrane 
of myofibers in the skeletal muscles3,5. We previously reported 
a marked reduction in the AQP4 expression level due to 
long-term denervation9. However, the relationship between 
the decrease in AQP4 expression and the progression of 
muscle atrophy is not fully understood. To our knowledge, the 
present study revealed for the first time that during the early 
stage of denervation, the decrease in the AQP4 expression 
level induced in the skeletal muscles was concurrent with 
the significant occurrence of muscle atrophy. In addition, the 
present study suggested that the decrease in the expression 
level of AQP4, but not AQP1, may be partly related to muscle 
atrophy during the early stage of denervation.

In the present study, the significant loss of relative muscle 
weight was detected at day 4 post-denervation, and this 
timing of the loss of relative muscle weight corresponded 
to that of the increase in MAFbx expression. MAFbx is a 
ubiquitin ligase required to promote denervation-induced 
protein degradation, and the expression of MAFbx was 
reported to rapidly increase at day 3 post-denervation18. 
Indeed, the enhancement of protein breakdown, rather 
than the inhibition of protein synthesis, is a major factor 
for the progression of muscle atrophy at the beginning 

of denervation20. Therefore, the present study suggested 
that muscle atrophy is induced by the promotion of protein 
degradation instead of the inhibition of protein synthesis 
during the early stage of denervation.

The present study revealed that the decrease in the AQP4 
expression level coincided with the decrease in relative muscle 
weight. We previously demonstrated that the regulation 
of AQP4 expression is dependent on the nerve supply to 
skeletal muscles because the decrease in AQP4 expression 
due to denervation was followed by the restoration of the 
AQP4 expression level during re-innervation17. Moreover, 
the AQP4 expression level did not decrease in the hindlimb 
suspension-induced atrophied skeletal muscles5. Therefore, 
these findings suggested that the decrease in the AQP4 
expression level and the progression of muscle atrophy are 
respectively induced by independent regulatory mechanisms 
during the early stage of denervation. On the other hand, as 
AQP4 is considered to be one of the main factors regulating 
the homeostasis of muscle morphology4-8, the possibility that 
the decrease in the AQP4 expression level is partly involved in 
the progression of muscle atrophy in the denervated skeletal 
muscles was not completely ruled out in the present study.

The AQP4 expression level began to decrease at day 
4 post-denervation. Furthermore, the expression level of 
AQP4 on day 4 post-denervation was similar to that on day 
7 post-denervation. Of note, the ratio of decrease in the 
AQP4 expression level on days 4 and 7 post-denervation was 
similar to that at 2 weeks after denervation reported in the 
previous study9. Therefore, the decrease in the expression of 
AQP4 induced by the loss of the nerve supply may peak at 

Figure 7. The ratio of AQP4/α1-syntrophin protein expression 
in the tibialis anterior muscles in control, D1, D4 and D7 groups. 
C: control group. D1: day 1 post-denervation group. D4: day 4 
post-denervation. D7: day 7 post-denervation. Values are the 
mean ± SD. Fold changes were expressed relative to the levels 
observed in the C group. *p<0.05.

Figure 8. AQP1 protein expression levels in the tibialis anterior 
muscles in control, D1, D4 and D7 groups. C: control group. D1: 
day 1 post-denervation group. D4: day 4 post-denervation. 
D7: day 7 post-denervation. AQP1 protein expression levels, 
normalized by the GAPDH protein expression level, were 
calculated by densitometric analysis. Values are the mean 
± SD. Fold changes were expressed relative to the levels 
observed in the C group. There were no significant differences 
in the expression level of AQP1 protein among all groups. 
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day 7 post-denervation. 
The present study demonstrated that the beginning of the 

decrease in the AQP4 expression level was similar that of 
the increase in MAFbx expression. This suggested that the 
decrease in AQP4 expression is due to the degradation of 
AQP4 protein during the early stage of denervation. On the 
other hand, to our knowledge, there are no reports on the 
changes in AQP4 mRNA in the skeletal muscles in response to 
denervation. However, it was reported that AQP4 mRNA was 
markedly reduced in the skeletal muscles with neurogenic 
atrophy such as amyotrophic lateral sclerosis21. Therefore, 
the present study did not rule out the possibility that the 
down-regulation of AQP4 mRNA transcription is involved in 
the reduction of AQP4 during the early stage of denervation. 
Further studies are needed to clarify the effects of the loss of 
the nerve supply on the transcription of AQP4 mRNA during 
the early stage of denervation. 

AQP4 is specifically expressed on the membrane of 
myofibers containing MHC-F, and it is thought that the AQP4 
expression patterns are correlated with the MHC-F expression 
patterns in the skeletal muscles2,5,22. However, the present 
study indicated that the decrease in AQP4 expression was 
followed by the decrease in MHC-F expression in skeletal 
muscles during the early stage of denervation. These findings 
suggested that the decrease in AQP4 expression patterns 
may be partly involved in the decrease in MHC-F expression 
patterns in the skeletal muscles during the early stage of 
denervation, rather than the decrease of MHC-F affected 
the decrease of AQP4 in denervated skeletal muscles. 
Although whether the changes of AQP4 and MHC-F affect 
regulatory mechanisms of each other’s expression remains 
unclear until now, the changes of water and electrolyte 
balance induced by the decrease of AQP4 may possibly 
affect the changes of MHC-F expression levels during the 
early stage of denervation. For example, it was reported that 
AQP4 knockout altered the Ca2+ oscillations in neural stem 
cells23. On the other hand, the profiles of myosin heavy chain 
were affected by Ca2+ oscillations in skeletal muscles24. 
Therefore, the changes of Ca2+ oscillations induced by AQP4 
decrease may possibly affect the downregulation of MHC-F in 
skeletal muscles during early stage of denervation. Further 
studies are needed to evaluate whether the changes of AQP4 
expression are directly involved in the regulation of MHC-F 
expression during early stage of denervation. 

In general, the decrease in AQP4 expression is induced 
in response to reduced α1-syntrophin expression25-27. On 
the other hand, it was reported that the decrease in AQP4 
occurred without the decrease in α1-syntrophin expression in 
the skeletal muscles in limb-girdle muscular dystrophin type 
2B patients28. Similarly, in the present study, the expression 
level of AQP4, but not α1-syntrophin, gradually decreased 
after denervation, and the relationship between AQP4 and 
α1-syntrophin expression was consequently lost during the 
early stages of denervation. Therefore, the decrease in AQP4 
may be induced independently of changes in α1-syntrophin 
expression in the skeletal muscles under certain conditions 
(e.g. loss of the nerve supply) in vivo. Moreover, the stable 

expression of AQP4 is essentially maintained by the 
binding of AQP4 to the PDZ domain of α1-syntrophin in the 
myofibers25-27. Therefore, the present study suggested that 
the relationship between AQP4 and α1-syntrophin may be 
readily lost in the myofibers due to block of the nerve supply.

In contrast to AQP4, the expression level of AQP1 did 
not change in the skeletal muscles during the early stage 
of denervation in the present study. The capillaries do not 
begin to change during the first week post-denervation in 
the skeletal muscles16. Therefore, as AQP1 is specifically 
expressed on the endothelial cells in the skeletal muscles3,11, 
these results are reasonable. Furthermore, the present 
results are consistent with those of a previous study which 
found that the AQP1 expression level did not change in skeletal 
muscles lacking a nerve supply by sciatic nerve freezing17. 
Therefore, unlike AQP4, the regulatory mechanisms of AQP1 
expression may be inherently independent of the condition 
of nerve supply and the progression of muscle atrophy in 
the skeletal muscles. On the other hand, AQP1 expresses in 
the red blood cells as well as vascular endothelial cells27-29. 
The present study did not evaluate whether the blood were 
completely removed from skeletal muscles, and thus it was 
not able to exclude the possibility that AQP1 expressing in 
residual red blood cells within skeletal muscles was included 
in the AQP1 expression levels indicated in the present 
study. Further studies are needed to reveal net effects of 
denervation on the expression levels of AQP1 in endothelial 
cells of skeletal muscles.

In conclusion, the present study demonstrated for the 
first time that the timing of AQP4 expression decrease 
initiation was concurrent with that of muscle atrophy 
initiation in the skeletal muscles during the early stage 
of denervation. These findings suggested that the 
progression of the decrease in AQP4 expression may 
be partly related to the progression of muscle atrophy 
during the early stage of denervation. On the other hand, 
unlike AQP4, it was suggested that the regulation of AQP1 
expression may be inherently independent of the nerve 
supply and the morphological changes of skeletal muscles. 
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