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Abstract: This study aims to determine the influence of neurotrophin-3 (NT-3) plasmids on neuronal apoptosis and
Ca?*-ATP enzyme levels in injured muscles. We also investigated the mechanism underlying the role of NT-3 in delay-
ing muscle atrophy following a peripheral nerve injury. Sixty adult Wistar rats were used to generate the peripheral
nerve injury models. The rats were randomly assigned to the saline and NT-3 groups. Related indicators, such as
caspase-3 protein expression, skeletal muscle cell apoptosis, and Ca?*-ATP enzyme expression were quantified. The
expression levels of caspase-3 and the histone-muscle cell apoptosis rate in the NT-3 group decreased at different
post-operative times following peripheral nerve injury, whereas NT-3 expression and the sarcoplasmic reticulum
Ca?*-ATP enzyme levels increased. Statistically significant differences were observed in the NT-3 group as compared
to the saline group (P < 0.05). NT-3 mitigated muscle atrophy following peripheral nerve damage by inhibiting cas-
pase-3 gene expression and increasing Ca?*-ATP enzymatic activity, ultimately reducing muscle apoptosis.
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Introduction

Skeletal muscle suffers from muscle atrophy
following peripheral nerve injury due to a loss of
nutritional support and the wasting of nerves,
which severely affects the recovery of limb fu-
nction [1]. Previous experimental studies have
demonstrated that passive exercise, medica-
tion, and sensory neuron implantation, amongst
other methods, can prevent skeletal muscle
denervation atrophy to varying degrees [2-4].
However, the clinical application of these tech-
niques remains limited. Muscle apoptosis is a
major cause of irreversible muscle denervation
atrophy. Apoptosis can be inhibited and muscle
atrophy can be mitigated by early intervention
or effective treatment before neurons begin to
recover, which is essential in treating peripher-
al nerve injuries [5, 6].

Muscle apoptosis is an irreversible progra-
mmed cell death regulated by intracellular cal-
cium overload, free radicals, microcirculation
obstruction, as well as other factors. The ex-
pression of apoptosis-related genes such as
caspase, Bcl-2, and p53 can also induce mus-

cle apoptosis [7, 8]. Many studies have dem-
onstrated that the secretion of neurotrophic
factors is reduced following peripheral nerve
damage, and that exogenous neurotrophic fac-
tor 3 (neurotrophin 3, NT-3) promotes nerve
regeneration and protects against further mus-
cle atrophy [9, 10]. However, the mechanism
underlying these actions of NT-3 remains un-
clear. Therefore, we analyzed the ability of NT-3
to treat rats given sciatic nerve injuries as a
model of peripheral nerve damage. We then
analyzed the protective mechanisms of NT-3 on
nerve injury repair and on the prevention of
muscle atrophy. We evaluated the levels of fac-
tors associated with atrophy, such as caspase-3
protein expression, muscle cell apoptosis, and
Ca?*-ATP enzyme activity and analyzed the over-
all effects of NT-3 on muscle recovery.

Materials and methods
Animal model preparation and grouping

Sixty healthy Wistar-Kyoto rats of both sexes
were obtained from the Experimental Animal
Centre of Xinxiang Medical University, with ap-
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Figure 1. Caspase-3 expression. A. The normal saline control group. B. The NT-3 group.

proximate weights of 200 g to 250 g, using the
animal license number of SCXK (Henan) 2008-
0001. This study was carried out in strict accor-
dance with the recommendations in the Guide
for the Care and Use of Laboratory Animals of
the National Institutes of Health. The animal
use protocol has been reviewed and approv-
ed by the Institutional Animal Care and Use
Committee (IACUC) of Xinxiang Medical Uni-
versity. The rats were deeply anaesthetized
with an intra-peritoneal injection of 2% sodium
pentobarbital (30 mg/kg). Sciatic nerves were
exposed under a dissecting microscope at 16 x
maghnification, and a 2-cm region of the sciatic
nerve was detached and then sutured to the
proximal back muscles. The distal ends of the
sciatic nerve were ligated with “10-0” micro-
scopic sutures. These rats were used as experi-
mental models of sciatic nerve injury. After ran-
domizing the groups, saline and 2 pL of the
NT-3 plasmid (1 pg/uL) solutions were injected
into the gastrocnemius using a micro-syringe.
NT-3 plasmid DNA was synthesized and purified
by the Beijing Parkson Biological Engineering
Co., Ltd. The injection needles were held in
place for 2 min following the injection. All ani-
mals were singly housed separately following
the operation.

Expression of caspase-3

Total RNA from the gastrocnemius was extract-
ed under anesthesia at 8 distinct post-opera-
tive time points (2,4,8 hand 1, 3, 7, 14 and 21
d) using a cell protein extraction kit (Sigma,
USA). The target sequences were amplified us-
ing a polymerase chain reaction (PCR) system
and the resulting amplicons were separated
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using gel electrophoresis. Caspase-3 was clo-
ned using the following primers: upstream 5’-
AAGAAGACCATAGCAAAAGGA-3’ and downstre-
am 5-CACAAAGTGACTGGATGAACC-3'. B-actin
was cloned using the following primers: up-
stream 5-CCAAGGCCAACCGCGAGAAGATGAC
and downstream: 5-AGGGTACATGGTGGTGCC-
GCCAGAC-3..

The gastrocnemius muscle was embedded in
paraffin and sectioned. A caspase-3 antibody
was used for immunostaining, and the tissue
was mounted and visualized with a light micro-
scope. First, 50 L of 10% goat serum (25°C)
was applied to each slide for 30 min. Next, 50
pL of a solution containing a rabbit caspase-3
polyclonal antibody (concentration, 1:200) was
treated overnight at 4°C and 50 L of a biotinyl-
ated secondary antibody (concentration, 1:150)
was applied to the slides for 20 min at 25°C.
Next, 50 uL of a solution containing horserad-
ish peroxidase (HRP) conjugated to streptavidin
was applied to the slides for 10 min at 25°C. A
colorimetric reaction using diaminobenzidine
as the HRP substrate identified caspase-3. A
hematoxylin solution was applied to the tissue
to identify the nuclei and caspase-3 staining
appeared brown in color. Caspase-3 protein
expression in the negative control was deter-
mined with TJITY-300 image analysis software.

Detection of gastrocnemius apoptosis

Denervated gastrocnemius specimens were
collected from each group at post-operative
weeks 1, 4, and 8. The tissue was embedded in
paraffin and sectioned at a thickness of 5 um.
A fluorescent TUNEL assay was used to detect
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Table 1. Comparison of caspase-3 protein expression content in the two groups after transfection (X +

s)

Group 2h 4h 8h 1d 7d 14 d 21d
Control 0.427 +0.031  0.514+0.036 0.574 £0.039  0.636 + 0.045 0.712 + 0.051 0.830 £0.069  0.941 + 0.0075
NT-3 0.438+0.030 0.473+0.034" 0.506 + 0.037" 0.540 + 0.041" 0.608 + 0.0046" 0.581+0.047"" 0.460 + 0.037""

“Compared with control group, P < 0.05, “*P < 0.01; Caspase-3 protein expression in the two groups began to rise 2 h after injury, the difference was not statistically
significant (P > 0.05). The growth rose with time and gradually decreased 7 d after operation. Caspase-3 protein expression of the NT-3 group had statistically significant

difference in 4th day after operation compared with that of the control group (P < 0.05).

Figure 2. Caspase-3 expression observation in day 21 (x 200). A. The control group; B. The NT-3 group.

Table 2. Comparison of Ca?*-ATP enzyme test in muscle cells of the two

groups after denervation (X * s)

6, and 8 weeks after op-
eration and separated

Group 1w 2w 4w

S w with gel electrophoresis

Control 36.26 + 0.35 37.54 + 0.30 22.01+0.24 19.69 + 0.20 13.85+0.14
NT-3  35.72+0.31 38.39 + 0.32 40.16 + 0.43" 43.69 +0.45" 41.54 + 0.40™"

(Sigma, USA). After run-
ning the proteins on a

“Compared with control group, P < 0.05, P < 0.01; Ca?*-ATP enzyme levels of the 1 and
2 week control group had no significant difference compared with that of the NT-3 group,
while that of the 4, 6 and 8 week NT-3 group increased significantly compared with that of
the NS control group, the results of the two groups had statistically significant difference (P

< 0.05).

cell apoptosis in accordance with the instruc-
tions supplied with the TUNEL in situ apoptosis
detection kit (Boster Biological Engineering Co.,
Ltd., Wuhan). Positively labeled nuclei appeared
brownish yellow. Ten non-repeating field-of-view
images were selected from each slice and the
number of positive cells was counted in each
image, and the rate of apoptosis was then cal-
culated with the following formula: Apoptosis
rate = positive nuclei/total number of nuclei x
100%. The average was obtained for each co-
ndition.

Western blot
Similar amounts of protein from the gastrocne-

mius muscle samples were harvested 1, 2, 4,
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polyacrylamide gel, the
proteins were transfe-
rred to a membrane. The
blot was blocked with 25
mL of blocking solution
for 1 h at room tempera-
ture. After blocking, the primary antibody was
added and incubated with the blotfor 3 h.
Subsequently, horseradish peroxidase-conju-
gated secondary antibody was added, tableted,
and punched. The expression of Ca?*-ATP en-
zyme was detected using the chemical sys-
tem.

Statistical analysis

SPSS 13.0 software was used for statistical
analysis. Results are expressed as the mean +
standard deviation (X + s). Mean values be-
tween the two experimental groups were com-
pared using a two-sample t-test. P < 0.05 was
considered a statistically significant differen-
ce.
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Figure 3. TUNEL muscle cell apoptosis observation in the 8 week (x 400). A. The control group; B. The NT-3 group.

Results
Caspase-3 gene expression

The expression changes in the products thro-
ugh caspase-3 gene amplification were sub-
jected to agarose gel electrophoresis. The prod-
ucts inserted by the NT-3 gene fragments were
obtained from the hardened gel and the recov-
ery product sequences were verified by restric-
tion enzyme digestion, showing clear bands
from each target gene and an internal refer-
ence standard (Figure 1).

Caspase-3 protein expression

Caspase-3 protein expression increased 2 h
following the injury with no significant differ-
ence observed between the control and experi-
mental groups (P > 0.05). Expression of cas-
pase-3 gradually increased over time. However,
the rate of increase of caspase-3 expression
gradually began to decline 7 d post-operation.
Caspase-3 protein expression in the NT-3 group
was significantly lower than that in the control
group 4 h after the operation (P < 0.05) (Table
1; Figure 2).

Apoptosis rate

Muscle cell apoptosis was observed one week
following treatment in both groups with no sig-
nificant differences between the groups (P >
0.05). Apoptosis significantly increased in the
control group four and eight weeks post-opera-
tion as compared to the experimental group.
The cells appeared to shrink and had an irregu-
lar shape, and the nuclear membrane appear-
ed wrinkled when viewed under high magnifica-
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tion. Brown particles were also observed in the
nucleus. Meanwhile, the positive cells from the
NT-3 group were significantly reduced (Table 2;
Figure 3). Gastrocnemius apoptosis rates in the
two groups at 4 and 8 weeks post-operation
were 32.09 + 1.02% and 19.84 + 0.63%, and
41.67 + 1.48% and 13.83 + 0.25%, respective-
ly. The means between groups were statistical-
ly different (P < 0.05).

Gastrocnemius Ca?*-ATP enzyme changes

Gastrocnemius Ca?-ATP enzyme expression
was analyzed in the two groups at postopera-
tive weeks 1, 2, 4, 6 and 8 following peripheral
nerve injury, and the findings are shown in
Table 2. Ca?*-ATP enzyme levels in the 1- and
2-week control groups were not entirely differ-
ent from those in the NT-3 group. After 4, 6, and
8 weeks, enzyme expression in the NT-3 group
increased significantly as compared to that in
the NS group, and the differences between
these two groups was statistically significant (P
< 0.05).

Discussion

Skeletal muscle loss affects nerve physiology
and control following a peripheral nerve injury,
resulting in muscle atrophy due to the absence
of necessary neurotrophic factors in the target
cells. Many experts found that NT-3 levels were
reduced within 6 to 12 h of peripheral nerve
damage. After two weeks, the NT-3 group exhib-
ited NT-3 levels eightfold higher than those
observed in the control group. The administra-
tion of exogenous NT-3 treatment was found to
promote regrowth of axons and myelin, main-
taining neuron populations in the muscle spin-
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dles, tendon and skin, as well as promoting
nerve-muscle synapse maturation, and signifi-
cantly delaying the effects of skeletal muscle
atrophy following nerve injury [11, 12]. However,
the exact mechanism of action remains unclear
because of the relative lack of research on
NT-3 treatments.

Experimental results indicated that Trk C is an
NT-3-specific receptor that can express its own
signaling molecules such as neuronal calcium
channel and neurotransmitter receptor and
regulate its functional state by activating a
series of signal transduction pathways, promot-
ing the function of Ca%*-ATP enzymes and pre-
venting denervated skeletal muscle atrophy
[13, 14]. The Ca?*-ATP enzyme is the major pro-
tein involved in the regulation of Ca?*, which
causes the sarcoplasmic reticulum to seques-
ter Ca?* away from the cytoplasm, thus forming
the basis of skeletal muscle contraction and
relaxation [15]. Peripheral nerve damage induc-
es energy deficiencies due to reductions in the
Ca?*-ATP enzyme levels in skeletal muscle,
decreasing the absorption capacity of Ca?'.
Moreover, this causes intracellular and mito-
chondrial Ca?* to accumulate, resulting in de-
creased contractility of the skeletal muscle, but
the exact mechanism remains unclear [16].

This study showed that gastrocnemius Ca?*-
ATP enzyme levels decreased significantly with-
in one week following denervation. In addition,
we found that the sarcoplasmic Ca2*-ATP en-
zyme level increased significantly in the NT-3
treatment groups, resulting in a significant in-
crease in muscle contractile function following
denervation as compared to that in the control
group. NT-3 mRNA was downregulated in dener-
vated skeletal muscle. NT-3 was found to en-
hance the neuromuscular synapse formation,
promoting neuromuscular synapse develop-
ment and regeneration through a mixed culture
after NT-3 was locally injected into muscle cells
in vitro, thus preventing the effects of muscle
atrophy [17]. NT-3 is abundant in skeletal mus-
cles. Local injections of NT-3 constructs can
enhance RNA expression in advance of dener-
vation, stimulate myoblast proliferation, pro-
mote the fusing of muscle tubes to into muscle
fibers, and accelerate the skeletal muscle re-
pair process [18].

This study showed increases in caspase-3 ex-
pression involved in the regulation of apoptosis
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following spinal cord injury. Caspase-3 is the
most abundant protease involved in apoptosis.
NT-3 may act by inhibiting the transcription of
the caspase-3 gene, reducing pro-apoptotic fa-
ctors and subsequently inhibiting neuronal apo-
ptosis [19, 20]. However, several studies have
found many other apoptosis proteins, such as
BCL-2 family and P53 protein [21, 22]. This
experiment demonstrated that caspase-3 ge-
ne transcription and protein expression levels
begin to increase 2 h following nerve injury and
peaked at 7 d. However, caspase-3 gene tran-
scription in the NT-3 group was significantly
lower at 4 h, whereas caspase-3 levels in the
control group were consistently higher. The dif-
ference in caspase-3 levels between the two
groups was statistically significant (P < 0.05).
After application of exogenous NT-3 for 1 week,
there was no apparent muscle cell apoptosis
occurring in either the control group or NT-3
experimental group, whereas the gastrocne-
mius apoptosis rates at the 4- and 8-week time
points were significantly different (P < 0.05).

In this study, we found that caspase-3 gene
expression was higher, anti-apoptotic factors
were reduced, and Ca?*-ATP enzyme activity
decreased following nerve injury, which was the
major cause of the reduction in muscle cell
apoptosis. Caspase-3 mRNA and protein expre-
ssion was reduced by NT-3 exogenous interven-
tion, which increased the proliferative capacity
of skeletal muscle cells. Subsequently, Ca?*-
ATP enzyme activity increased, promoting skel-
etal muscle contractions, reducing pro-apop-
totic factors, and inhibiting muscle apoptosis.
As a result, muscle atrophy was inhibited fol-
lowing denervation, which promoted nerve re-
generation, providing a theoretical basis for
repair in the brain, spinal cord, and peripheral
nerves following injury. However, despite suffi-
cient exogenous NT-3 treatment, muscle atro-
phy still occurred. Thus, a lack of neurotrophic
factors was not the only cause of muscle atro-
phy. Future studies will look for alternative
causes and mechanisms underlying the obser-
ved muscle atrophy.
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