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Abstract. Muscle atrophy is a disease that is usually caused 
by denervation. The aim of the present study was to determine 
whether electrical stimulation by semi-implantable electrodes 
is capable of decreasing the levels of specific proteins associ-
ated with sciatic nerve injury-induced muscle atrophy. Male 
Sprague Dawley (SD) rats with damaged sciatic nerves were 
maintained on a 12-h light/dark cycle. Thirty-two SD rats were 
randomly allocated into 4 groups (each group, n=8). The rats in 
group C received no electrical stimulation; the rats in groups D, 
N and DN received electrical stimulation by semi-implantable 
electrodes during the daytime alone, nighttime alone and both 
the daytime and nighttime, respectively. Immunoblot assays 
were performed to detect the expression of cellular proteins 
associated with muscle atrophy. The number of muscle satel-
lite cells was determined using a microscope, indicating that 
electrical stimulation increased the number of muscle satellite 
cells. Immunoblot assay results showed that electrical stimu-
lation reduced the expression levels of cathepsin L, calpain 1 
and the ubiquitinated muscle ring finger‑1 (MuRF-1) protein. 
In conclusion, electrical stimulation by semi-implantable elec-
trodes constitutes a potential method for the treatment of sciatic 
nerve injury-induced muscle atrophy. The decreased expression 
levels of the cellular proteins cathepsin L and calpain 1, as well 
as the ubiquitinated protein MuRF-1, are associated with the 
attenuation of sciatic nerve injury-induced muscle atrophy.

Introduction

Muscle atrophy is a disease that may be caused by denerva-
tion (1,2), joint immobilization (3,4), hindlimb unloading (5,6) 
and spinal cord injury (7-9). Resistance exercise training is 

a straightforward therapeutic method that is used to prevent 
muscle atrophy. In particular, isometric contraction exercise 
has significant protective effects against muscle atrophy since 
it is a high-intensity activity compared with other types of 
exercise (10,11). However, exercise training is not suitable 
for patients with severe disease or who are unable to perform 
voluntary limb movements. Therefore, electrical stimulation 
has also been used in the treatment of patients with muscle 
atrophy in a clinical setting (22).

Electrical stimulation includes transcutaneous electrical 
stimulation, as well as electrical stimulation by implantable 
and semi-implantable electrodes. Transcutaneous electrical 
stimulation is straightforward and easy to perform. However, 
the stimulation is attenuated by the skin, which may result in 
the diffusion of signals. Electrical stimulation by implantable 
electrodes is characterized by precise stimulation; however, 
the electrodes have to be implanted into the muscles and 
eventually removed. Furthermore, stimulation cannot be 
easily adjusted since the electrodes are implanted. With regard 
to electrical stimulation by semi-implantable electrodes, the 
electrodes are implanted into the muscles; however, they 
remain linked to the equipment, which enables the intensity 
of the stimulation to be easily adjusted. The effectiveness of 
electrical stimulation depends on the intensity of the current, 
which is affected by the frequency (12,13), number of contrac-
tions (1,14) and chronaxie (2).

Electrical stimulation attenuates the decrease in muscle 
mass and muscle fiber cross‑sectional area (15). Three major 
protein degradation pathways have been reported to be involved 
in such muscle atrophy-associated alterations (16): i) The 
ubiquitin-proteasome pathway, which includes conjugation 
of multi-ubiquitin moieties to the substrate and degrada-
tion of the tagged protein by the 26S proteasome (17). The 
muscle‑specific ubiquitin ligases, including atrogin‑1/MAFbx 
(atrogin-1) and muscle ring finger-1 (MuRF-1) are overex-
pressed in atrophied muscles (16); ii) the lysosomal protease 
pathway involving cathepsins, which have been shown to 
increase activity in atrophied muscles (18) and iii) the calpain 
pathway involving calpain 1 and calpain 2, which are cytosolic 
calcium-dependent proteases with an increased expression in 
atrophied muscles (18).

Examination of the electrical stimulation-induced 
alterations in the expression levels of factors involved in the 
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above-mentioned pathways may improve our understanding of 
therapeutic approaches to muscle atrophy. In the present study, 
we established Sprague Dawley (SD) rat models with damaged 
sciatic nerves. Electrical stimulation by semi-implantable 
electrodes was administered to these SD rat models during 
the daytime alone, nighttime alone and both the daytime and 
nighttime. Evaluation of the muscle wet weight and the number 
of muscle satellite cells, as well as western blot analysis was 
performed. Electrical stimulation was demonstrated to reduce 
the expression levels of the cellular proteins that contribute 
to muscle atrophy, including cathepsin L, calpain 1 and the 
ubiquitinated MuRF-1 protein.

Materials and methods

Experimental groups. Male SD rats with damaged sciatic nerves 
(age, 46-49 days old; weight, 200-225 g) were maintained in a 
12-h light/dark cycle. Thirty-two rats were randomly allocated 
into 4 groups (each group, n=8) and housed individually in 
standard wire mesh cages. Food and sterile tap water were 
made freely available. The rats received electrical stimula-
tion by semi-implantable electrodes during the daytime alone 
(group D), nighttime alone (group N) or during the daytime 
and nighttime (group DN). The rats in group C received no 
electrical stimulation and served as the control group. All of 
the experiments in this study were approved by the Animal 
Care Committee of the Affiliated Nanhua Hospital, University 
of South China (Hengyang, Hunan, China).

Electrical stimulation. The electrical stimulation equipment 
was provided by the South China Hospital Affiliated to the 
University of South China. 

The male SD rats were anesthetized. The sciatic nerve was 
sharply cut at a site 5 mm from the lower edge of the piri-
formis. Under a microscope, by performing epineurium suture 
with a non-invasive suture needle, one end of an insulated wire 
was implanted into the proximal sciatic nerve. The middle part 
of the wire was fixed on the starting point of the iliac muscle 
tendon. The other end of the wire was left outside of the skin. 
The wire was then connected to the electrical stimulation 
equipment, which was modulated to the correct parameters. 
The continuous electrical stimulation parameters used were as 
follows: voltage, 1.5 V; frequency, 50 Hz; pulse width, 0.5 ms 
and stimulus interval, 1/4, 1/3 or 1/2 sec. The same stimulation 
parameters were used for each of the 3 groups (D, N and DN) 
in which the rats received electrical stimulation.

Sample preparation and histological analysis. Twelve hours 
following the last stimulation, all of the animals were anesthe-
tized by an intraperitoneal injection of sodium pentobarbital, 
and then the gastrocnemius muscle was removed and weighed 
using an electronic balance. The animals were then sacrificed 
by an overdose of sodium pentobarbital. Isolated parts from 
the muscle sample (~10 mg) were immediately frozen in 
acetone, cooled in dry ice, and maintained at -80˚C for further 
histological examination and western blot analysis. Serial 
sections were cut from the middle part of the muscle belly in 
the gastrocnemius muscle and stained for lead and uranium. 
The number of satellite cells was determined with transmis-
sion electron microscopy.

Western blot analysis. The total protein was harvested 
from muscle tissues, separated on 10% SDS-PAGE gel and 
then examined by immunoblot analysis. The primary anti-
bodies against cathepsin L (~38 kDa), calpain 1 (large units, 
~80 kDa), MuRF-1 (~44 kDa) and β-actin were purchased 
from Santa Cruz Biotechnology, Inc. [Santa Cruz, CA, USA; 
anti-cathepsin L (H-80), cat. no. sc-10778, 1:200; anti-calpain 1 
(D-11), cat. no. sc-271313, 1:200; anti-MuRF1 (SW-53), cat. 
no. sc-134397; anti-β‑actin, cat. no. sc-130301, 1:10,000]. The 
secondary antibodies used in this study were goat anti-mouse 
IgG-horseradish peroxidase (HRP; cat. no. sc-2005, 1:10,000; 
Santa Cruz Biotechnology, Inc.) and goat anti-rabbit IgG-HRP 
(cat. no. sc-2004, 1:5,000; Santa Cruz Biotechnology, Inc.). 
Bound antibodies were detected using the ECL system (Pierce 
Biotechnology, Inc., Rockford, IL, USA). The immunoblot 
assays were repeated at least 3 times. The mean normalized 
optical density (OD) of the cathepsin L, calpain 1 and MuRF-1 
protein bands relative to the OD of the β-actin band from the 
same animal was calculated.

Statistical analysis. The experimental data are expressed as 
the means ± standard error of the mean (SEM). P<0.05 was 
considered to indicate a statistically significant difference.

Results

Electrical stimulation increases muscle wet weight. Thirty-two 
SD rats were randomly allocated into 4 groups (each group, 
n=8). The rats in group C received no electrical stimulation; the 
rats in groups D, N and DN received electrical stimulation by 
semi-implantable electrodes during the daytime alone, night-
time alone and both the daytime and nighttime, respectively. 
The values of body weight and the gastrocnemius muscle 
wet weight are shown in Table I. The values of body weight 
in the 4 groups were similar, without statistical differences. 
The mean value of the gastrocnemius muscle wet weight in 
groups D, N and DN were significantly increased compared 
with that in group C (P<0.05). The mean value of muscle wet 
weight in group DN was significantly increased compared 
with those in groups D and N (P<0.05), although there was no 
significant difference between groups D and N.

The mean value of the ratio of wet muscle weight to body 
weight in group DN was also significantly increased compared 
with the ratio in groups D and N (P<0.05). These results suggest 
that electrical stimulation increases the muscle wet weight.

Electrical stimulation increases the number of muscle satel-
lite cells. In the experiments described above using electrical 
stimulation by semi-implantable electrodes, muscle satellite 
cells were isolated from the rats in each of the 4 groups. The 
number of muscle satellite cells was counted using a micro-
scope. The mean number of muscle satellite cells and the 
ratio of the cell number to body weight are shown in Table II. 
The number of muscle satellite cells in groups D, N and DN 
was significantly increased compared with that in group C 
(P<0.05). The number of muscle satellite cells in group DN was 
significantly increased compared with that in groups D and N 
(P<0.05), although there was no significant difference between 
the number of satellite cells in groups D and N. The ratio of 
cell number to body weight in group DN was also significantly 
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increased compared with those in groups D and N (P<0.05), 
although there was no significant difference between the ratios 
in groups D and N. These results suggest that electrical stimu-
lation increases the number of muscle satellite cells.

Electrical stimulation reduces the level of cathepsin L. To 
investigate whether electrical stimulation by semi-implant-
able electrodes affects the expression levels of cathepsin L, a 
protein that is often expressed at elevated levels in atrophied 
muscles, the total protein was extracted from the muscle 
tissue of rats from all 4 groups. The expression level of 
cathepsin L was determined by western blot analysis, with 
cellular β-actin serving as a loading control. The mean 
normalized OD of the cathepsin L protein bands relative to 
the OD of the β-actin band from each group was calculated 
and subjected to statistical analysis. The error bars show the 
SEM (P<0.05; Fig. 1A). Representative blots are shown in 
Fig. 1B.

As shown in Fig. 1, the expression levels of cathepsin L in 
the rats of groups D, N and DN were significantly decreased 
compared with group C, which received no electrical stimula-
tion. However, the cathepsin L expression levels in groups D, 
N and DN were similar. These results suggest that electrical 
stimulation by semi-implantable electrodes during the daytime, 
nighttime or both the daytime and nighttime decreases the 
expression levels of cathepsin L.

Electrical stimulation reduces the expression levels of 
calpain 1. To investigate whether electrical stimulation by 

Table I. Body weight, wet weight of the gastrocnemius muscle and the wet muscle weight/body weight ratio of all groups 
(mean ± SEM).

 Group (n=8)
 --------------------------------------------------------------------------------------------------------------------------------------------------
Weight C D N DN

Muscle wet weight (mg) 329.2±6.8 411.5±4.6a 428.8±2.9a 492.3±10.2a,b

Body weight (g) 218.1±4.2 216.3±4.1 212.4±3.9 215.3±3.8
Muscle wet weight/body weight (mg/g) 1.54±0.02 1.91±0.03a 2.02±0.01a 2.31±0.01a,b

Group C, rats received no semi-implantable electrical stimulation; group D, rats received semi-implantable electrical stimulation during the 
daytime; group N, rats received semi-implantable electrical stimulation during the nighttime; group DN, rats received semi-implantable elec-
trical stimulation during the daytime and nighttime. aP<0.05 compared with group C; bP<0.05 compared with groups D and N.

Table II. Numbers of muscle satellite cells in the cross-sectional area and ratios of cell number to body weight in all the groups 
(mean ± SEM).

 Group (n=8)
 ----------------------------------------------------------------------------------------------------------------------------
Characteristic C D N DN

Number of muscle satellite cells (µm2) 112±19 326±34a 402±53a 823±91a,b

Body weight (g) 218.1±4.2 216.3±4.1 212.4±3.9 215.3±3.8
Number of muscle satellite cells/body weight (µm2/g) 0.52±0.01 1.51±0.03a 1.90±0.03a 3.83±0.05a,b

aP<0.05 compared with group C; bP<0.05 compared with groups C and N.

Figure 1. Immunoblot analysis of cathepsin L in the rats of all 4 groups. The 
rats in group C received no electrical stimulation; the rats in groups D, N and 
DN received electrical stimulation by semi-implantable electrodes during 
the daytime, nighttime and both the daytime and nighttime, respectively. 
(A) Total protein was extracted from the muscle tissue of rats, separated on an 
SDS-PAGE gel and examined by immunoblot analysis. Primary antibodies 
against cathepsin L and β-actin were used. The secondary antibody used 
was goat anti-rabbit IgG-HRP (cat. no. sc-2004, 1:5,000). Bound antibodies 
were detected using the ECL system. The cathepsin L protein was ~38 kDa. 
Histograms show the mean normalized OD of the cathepsin L protein bands 
relative to the OD of the β-actin band from the rats in each group. Error bars 
show the SEM. *P<0.05 compared with the cathepsin L protein levels in the 
rats of group C. (B) Representative blots. HRP, horseradish peroxidase; OD, 
optical density; SEM, standard error of the mean.
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  B
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semi-implantable electrodes affects the expression levels of 
calpain 1, the total protein was extracted from the muscle 
tissue of rats from each group. The expression levels of 
calpain 1 were determined by western blot analysis, with the 
cellular β-actin protein serving as a loading control. The mean 
normalized OD of the calpain 1 protein bands relative to the 
OD of the β-actin band from each group was calculated and 
subjected to statistical analysis. Error bars show the SEM 
(P<0.05; Fig. 2A). Representative blots were shown in Fig. 2B.

As shown in Fig. 2, the expression levels of calpain 1 in 
the rats of the groups which received electrical stimulation (D, 
N and DN) by semi-implantable electrodes were significantly 
decreased compared with the expression levels in the rats of 
group C, which received no electrical stimulation. Furthermore, 
the calpain 1 expression levels in the rats of group DN were 
lower compared with those in the rats of groups D and N. These 
results suggest that electrical stimulation by semi-implantable 
electrodes during the daytime, nighttime and both the daytime 
and nighttime decreases the levels of calpain 1. Additionally, 
electrical stimulation during the daytime and nighttime was 
more effective compared with electrical stimulation during the 
daytime and nighttime alone.

Electrical stimulation decreases the levels of the ubiqui-
tinated MuRF-1 protein. To investigate whether electrical 
stimulation by semi-implantable electrodes affects the 
expression levels of MuRF-1, a protein that is often elevated 

in atrophied muscles, the total protein was extracted from the 
muscle tissue of rats from all 4 groups. The expression levels 
of MuRF-1 were determined by western blot analysis, with 
the cellular β-actin protein serving as a loading control. The 
mean normalized OD of the MuRF-1 protein bands relative 
to the OD of the β-actin band from rats in each group was 
calculated and subjected to statistical analysis. Error bars 
show the SEM (P<0.05; Fig. 3A). Representative blots are 
shown in Fig. 3B.

As shown in Fig. 3, the expression levels of MuRF-1 
in the rats of all groups receiving electrical stimulation by 
semi-implantable electrodes during the daytime (group D), 
nighttime (group N) or both the daytime and nighttime 
(group DN) were significantly decreased compared with the 
rats of group C, which received no electrical stimulation. 
However, the MuRF-1 expression levels among groups D, 
N and DN were similar. These results suggest that elec-
trical stimulation by semi-implantable electrodes during 
the daytime, nighttime or both the daytime and nighttime 
decreases the levels of MuRF-1.

Discussion

Muscle atrophy is a disease that is usually caused by denerva-
tion (1,2), joint immobilization (3,4), hindlimb unloading (5,6) 
and spinal cord injury (7-9). Recently, several studies have 
reported that electrical stimulation may be used in the treat-
ment of muscle atrophy-related diseases (19-24). In particular, 

Figure 2. Immunoblot analysis of calpain 1 in the rats of all 4 groups. The 
rats in group C received no electrical stimulation; the rats in groups D, N and 
DN received electrical stimulation by semi-implantable electrodes during 
the daytime, the nighttime and both the daytime and nighttime, respectively. 
(A) Total protein was extracted from the muscle tissue of rats, separated on 
an SDS-PAGE gel and subjected to immunoblot analysis. Primary antibodies 
against calpain 1 and β-actin were used. The secondary antibody used was 
goat anti-mouse IgG-HRP (cat. no. sc-2005, 1:10,000). Bound antibodies 
were detected using the ECL system. The calpain 1 protein was ~80 kDa. 
Histograms show the mean normalized OD of the calpain 1 protein bands 
relative to the OD of the β-actin band from the rats in each group. Error bars 
show the SEM. *P<0.05 compared with the calpain 1 protein levels in the rats 
of group C; #P<0.05 compared with the calpain 1 protein levels in the rats 
of groups D and N. (B) Representative blots. HRP, horseradish peroxidase; 
OD, optical density; SEM, standard error of the mean; MuRF-1, muscle ring 
finger‑1.

Figure 3. Immunoblot analysis of MuRF-1 in the rats of all 4 groups. The 
rats in group C received no electrical stimulation; the rats in groups D, N and 
DN received electrical stimulation by semi-implantable electrodes during 
the daytime, the nighttime and both the daytime and nighttime, respectively. 
(A) Total protein was extracted from the muscle tissue of rats, separated on 
an SDS-PAGE gel and subjected to immunoblot analysis. Primary antibodies 
against MuRF-1 and β-actin were used. The secondary antibody used was 
goat anti-mouse IgG-HRP (cat no. sc-2005, 1:10,000). Bound antibodies 
were detected using the ECL system. The MuRF-1 protein was ~44 kDa. 
Histograms show the mean normalized OD of the MuRF-1 protein bands 
relative to the OD of the β-actin band from the rats in each group. Error 
bars show the SEM. *P<0.05 compared with the MuRF-1 protein levels in 
the rats of group C. (B) Representative blots. HRP, horseradish peroxidase; 
OD, optical density; SEM, standard error of the mean; MuRF-1, muscle ring 
finger‑1.
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neuromuscular electrical stimulation has been shown to 
increase muscle protein synthesis in elderly type 2 diabetic 
male patients (22). Electrical stimulation provides a degree of 
protection against the degeneration of target and non-target 
muscles during treatment with botulinum toxin type A, a 
treatment modality commonly used in various neuromuscular 
disorders (19).

In the present study, male SD rats were randomly allocated 
into 4 groups. Depending on the group, the rats received either 
no electrical stimulation (group C) or electrical simulation by 
semi-implantable electrodes during the daytime (group D), 
nighttime (group N) or during the daytime and nighttime 
(group DN). The body weight and the gastrocnemius muscle 
wet weight of the rats were measured. The number of muscle 
satellite cells was also detected using a microscope. Electrical 
stimulation was demonstrated to increase the number of muscle 
satellite cells. Electrical stimulation during the daytime and 
nighttime was demonstrated to be more effective compared 
with the other treatment strategies.

Stimulation cannot be easily adjusted when the elec-
trodes are implanted. With regard to electrical stimulation 
by semi-implantable electrodes, the electrodes are implanted 
into the muscles; however, they remain linked to the equip-
ment, allowing the intensity of the stimulation to be more 
easily adjusted. The effectiveness of electrical stimulation is 
determined by the intensity of the current, which is affected 
by the frequency (12,13), number of contractions (1,14) and 
chronaxie (2). To investigate the effect of electrical stimu-
lation at the molecular level, the expression levels of three 
cellular proteins involved in the muscle atrophy process were 
determined. Immunoblot assay results indicated that elec-
trical stimulation significantly reduces the expression levels 
of cathepsin L, calpain 1 and ubiquitinated protein MuRF-1.

Although the expression levels of cathepsin L, calpain 1 
and ubiquitinated MuRF-1 protein were decreased by elec-
trical stimulation compared with the expression levels in the 
rats of group C, which received no electrical stimulation, only 
calpain 1 expression levels in group DN were lower compared 
with those in groups D and N. These results indicate that the 
expression levels of other unknown cellular proteins may also 
be altered due to electrical stimulation.

Taken together, electrical stimulation by semi-implantable 
electrodes may constitute a potential method for the treatment 
of sciatic nerve injury-induced muscle atrophy. The decreased 
expression levels of the cellular proteins cathepsin L and 
calpain 1, as well as the ubiquitinated MuRF-1 protein are 
associated with the attenuation of sciatic nerve injury-induced 
muscle atrophy.
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