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Abstract. Methylprednisolone (MP) is widely used to treat 
clinical spinal cord injury (SCI). Treadmill training is also 
considered an important treatment after SCI to improve motor 
function in patients, resulting in an evident improvement. 
Therefore, the present study was designed to evaluate and 
contrast the effects of MP and treadmill training administered 
in combination or alone after SCI in adult rats. A rat spinal 
cord T10 contusion model was induced in Sprague‑Dawley 
rats using an impact device. A total of 40 rats were divided 
into four groups (n=10 rats/group): the MP, MP + treadmill 
training, SCI and sham group. At 30 min after injury, MP 
sodium succinate was injected into the rats of the MP and 
MP + treadmill training groups. Treadmill training began on 
the second week post‑trauma and was performed for 8 weeks. 
The results showed that MP therapy combined with treadmill 
training significantly ameliorated several parameters of hind 
limb function compared with those by MP treatment alone 
(all P<0.05). A significantly reduced immunopositive area 
of Nogo receptor and chondroitin sulfate proteoglycans and 
reduced relative expression of these mRNAs were found in 
the MP + treadmill training group (P<0.05) compared with 
the findings in the MP group. In conclusion, the present study 
indicated that combined MP and treadmill training treatment 
improved the recovery of hind limb function in rats with SCI, 
thus potentially representing a promising strategy to cure SCI.

Introduction

Annually, >250,000 individuals worldwide suffer from spinal 
cord injury (SCI) (1). SCI is an injury to the spinal cord resulting 
in loss of neurological function. The damage can be divided 

into primary and secondary damage  (2). Primary damage 
includes disruption of tissue integrity, blood vessel and axon 
injuries due to a traumatic event (3). After the initial lesion, 
several pathophysiological events occur within hours, and 
include a series of motor, sensory and autonomic dysfunctions 
with degenerative characteristics (4). Significant advances in 
pharmacotherapy have been achieved to cease or slow down 
the secondary damage in SCI (4). To date, methylprednisolone 
(MP) is the first‑line therapeutic option, administrated in the 
first hours after injury with elevated dosage to reduce severe 
edema development  (5). MP is a unique therapeutic agent 
validated by the Food and Drug Administration as a standard 
therapeutic tool in acute SCI management (2). As indicated in 
the clinical treatment guidelines of SCI, acute SCI should be 
treated with MP first (5). However, high doses of MP fail to 
improve neurological recovery if administration of MP is given 
8 h or more after the injury (6). In addition, the continuous use 
of MP is associated with increased side effects, such as pulmo‑
nary emboli, wound infections and severe pneumonia, and it 
has also failed to improve motor function (7). The steps in 
late‑stage treatment of SCI aim to reduce scar formation, slow 
down the apoptosis of the remaining neurons and strengthen 
limb activities (2). Therefore, the combination of MP with 
other therapeutic approaches that enhance functional recovery, 
thus reducing the duration and/or dose of the MP treatment, 
has been extensively studied (8‑10).

SCI often results in severe and permanent locomotion 
deficits. Improvements in medical care after SCI help patients 
to reduce the effects of injuries, such as deficits in movement, 
sensitivity and autonomy (11). Treadmill training is one of 
the interventions aimed at promoting neuroplasticity, axonal 
sprouting and synapses, and decreasing muscular atrophy 
following SCI (12,13). Several studies in rodents with complete 
spinal transection showed that treadmill training significantly 
improves nerve motor function recovery (13‑15) while main‑
taining axonal activity after SCI through continuous exercise, 
improves regeneration of spinal cord axons and contributes to 
neuronal survival (16).

In the late stage of SCI, the secretion of proteoglycan and 
myelin components accompanied by glial cell hyperplasia inhibit 
the extension of axons (17). Myelin‑associated inhibitory factor 
is one of the key inhibitory factors of axonal regeneration (2). 
Nogo receptor (NgR) is a common receptor for three major 
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myelin inhibitory proteins, namely Nogo‑A, myelin‑associated 
glycoprotein and oligodendrocyte‑myelin glycoprotein (18). 
NgR expression is upregulated in tissues involved in SCI (18). 
NgR directly inhibits axonal regeneration and activation of the 
associated signaling pathway in the injured area, which are 
some of the important causes of neurological aplastic disorder 
after SCI (19). In addition, other factors secreted by astrocytes, 
such as chondroitin sulfate proteoglycans (CSPGs), contribute 
to the inhibition of axonal growth (20). Only low levels of 
CSPGs are expressed in the normal spinal cord, but after SCI, 
their expression levels increased (20). CSPGs accumulate in 
the central area of the injury, creating a barrier between the 
hypertrophic scar tissue and normal tissue (21). With their 
large size and dense negative charge, CSPGs form a barrier 
against the growth of new axons in the injured site (19). Indeed, 
the inhibition of CSPGs expression effectively improves the 
microenvironment after SCI (22).

At present, there is no systematic approach to restore func‑
tions in patients with SCI (1,2). The appropriate treatment and 
its timing for SCI is yet to be elucidated. Although previous 
studies have been conducted on MP (5) and treadmill training 
separately (23), to the best of our knowledge, no studies have 
reported the effects of combined MP and treadmill training 
treatment. It is not known whether this combined treatment 
has synergistic beneficial effects. Therefore, in the present 
study, rats with SCI were subjected to regular exercise reha‑
bilitation training after MP treatment. Changes in behavior 
and morphology after SCI were quantitatively observed and 
evaluated using the TreadScan gait analysis system and profes‑
sional image analysis system in order to investigate the effects 
of treadmill training combined with MP therapy on glial scar 
formation and motor function recovery after SCI, which could 
potentially represent a promising strategy to cure SCI.

Materials and methods

Experimental animals. A total of 50  adult (8‑week‑old) 
Sprague‑Dawley male rats (230‑250 g) were obtained from 
Hunan SJA Laboratory Animal Co., Ltd. (animal certificate 
no. 43004700000040). The animals were individually housed 
under a 12/12‑h light/dark cycle at 22±2˚C with 55‑65% 
humidity and fed with standard chow and water ad libitum. 
The rats were randomly allocated into a sham operation group 
(Sham), model group (SCI), treadmill training treatment group 
(TT), MP treatment group (MP) and MP + treadmill training 
treatment group (MP + TT) (n=10 rats in each group). One 
week before the SCI surgical procedure, an adaptive training 
was performed on a computer‑controlled animal experiment 
platform (ZH‑PT computer control experimental animal tread‑
mill; Anhui Zhenghua Biologic Apparatus Facilities) in order 
for the rats to familiarize with the track environment to ensure 
a continuous run. Every morning and evening, each group was 
trained for 10 min using a treadmill speed of 20 m/min. All 
animal procedures strictly followed the Guide for the Care 
and Use of Laboratory Animals (23) and were approved by the 
Jiangxi University of Traditional Chinese Medicine Committee 
on Animal Research (approval no. JZLLSC2019‑0147).

SCI animal model. The SCI animal model was constructed 
as previously described, with several modifications  (24). 

Briefly, rats were anesthetized with 5% chloral hydrate 
[300 mg/kg, intraperitoneal injection (i.p.); Shanghai yuanye 
Bio‑Technology Co., Ltd.]. Using the T10 spinous process 
as the center, a 4.0 cm‑longitudinal incision was performed 
to separate the muscles and fascia from both sides of the 
spine in order to expose the spinal dura mater. A T10 SCI 
was achieved by the impact of PinPoint™ Precision Cortex 
Striker (diameter, 3.0 mm; Hatteras Instruments Inc.). The 
impact depth was 1.0 mm; the impact velocity was 2.0 m/sec 
and the residence time was 200 msec. The sham operation 
group was subjected to the same procedure described above, 
but without impact. Post‑surgical anti‑inflammatory therapy 
was provided by an intramuscular injection of penicillin and 
gentamicin sulfate (25 mg/kg every 12 h for 7 days). All rats 
were administered a daily analgesic, meloxicam (1 mg/kg, 
i.p.; Sigma‑Aldrich; Merck KGaA), for the first 7 days. In case 
of urinary tract infection, the anti‑inflammatory therapy was 
prolonged to 10 days. The rectal temperature was maintained 
at 37±1˚C using a thermostatic pad. The injured rats' bladders 
were manually emptied twice daily until spontaneous voiding 
occurred.

MP administration and treadmill training. At 30 min after 
SCI, rats in the MP and MP + TT group received a bolus 
injection of MP sodium succinate (30 mg/kg; Solu‑Medrol; 
cat no. S02340; Pfizer, Inc.) in 0.9% saline (0.5 ml) via tail 
vein injection. The rats in the Sham, TT and SCI groups were 
treated with an injection of 0.5 ml normal saline. A six‑lane 
treadmill (ZH‑PT computer control experimental animal 
treadmill; Anhui Zhenghua Biologic Apparatus Facilities) 
was used to train the animals and to obtain kinematic data. At 
1 week before the SCI surgical procedure, an adaptive training 
was performed on the aforementioned six‑lane treadmill for 
6 days with a 10‑min running period at 20 m/min each day and 
baseline gait measurements were taken. Two weeks after SCI, 
the TT and MP + TT groups commenced the training (Fig. 1). 
The treadmill speed was initially set at 5 m/min for 5 mins, 
twice/day, 6 days/week, and then the speed was increased 
by 1 m/min per week for 8 weeks. An excitatory stimulation 
at 0.05 mA for 1‑2 sec was applied to encourage the rats to 
continue running for the duration of the training.

Gait analysis. Gait recording and analysis were performed as 
previously described (25). Briefly, a small animal gait analyzer 
for hind limb gait video was used (Clever Sys Inc.). Each rat's 
gait was recorded five times (20 sec each time), and three 
clear videos were selected for analysis. First, the speed of the 
running belt was set, so that the animals in the closed trans‑
parent tunnel containing the running tape were not running 
at their own speed. Next, a high‑speed color camera was used 
to evaluate the ventral surface angle between the gait and 
the running tape. The video file was delivered to the meter 
connected to the computer, and TreadScan 4.0 system software 
(Clever Sys Inc.) was used for analysis. The angle of hind limb 
gait, hind limb swing time, rear foot pitch, stride time, right 
foot baseline and hind limb maximum lateral deviation were 
recorded. The recording and analysis were performed using a 
double‑blinded method by two trained individuals. The basic 
data were recorded 1 day before SCI, and four rats in each 
group were used to record the gait at 2‑8 weeks after SCI.
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Morphological analysis. A section containing the spinal 
cord tissue was obtained as previously described  (26). 
Briefly, after completing the behavioral assessment, rats were 
anesthetized with 5% chloral hydrate (300 mg/kg i.p.; Source 
Leaf Biological Technology) and subjected to transcardial 
perfusion with 0.9% saline followed by 4% paraformaldehyde 
(Sigma‑Aldrich; Merck KGaA) in 0.1 M PBS (pH 7.4). After 
perfusion, the spine was removed, and the injured segment 
was collected (including ~1  cm of the spinal cord above 
and below the injury) and placed in 4% paraformaldehyde 
solution. The samples were fixed by incubation for 1 day at 
4˚C and dehydrated with a gradient 0.1 mol/l cacodylic acid 
buffer containing 20 and 30% sucrose. Next, the samples were 
placed on a HM550 frozen microtome (Microm UK Ltd.), 
and 20 µm‑thick sections were cut, dried at room temperature 
and stored at ‑80˚C. One slice showing the center of the 
impact (+0 mm) and approximately 3 and 5 mm from the 
impact was selected and stained with Harris' hematoxylin for 
10 min and with eosin for 1 min at room temperature. (H&E; 
Sigma‑Aldrich; Merck KGaA) and Luxol fast blue for 12 h at 
37°C (Sigma‑Aldrich; Merck KGaA) for routine pathological 
examination. A total of 10 transversal 20‑mm sections from 
each sample were processed to analyze the cavitation area, and 
the images were captured by an Olympus DP71 system with an 
inverted Olympus IX71 microscope (Olympus Corporation; 
magnification, x40). The myocardium area and the total area 
of the spinal cord were statistically analyzed with Image‑Pro 
Plus (version 6.0; Media Cybernetics, Inc.). Following 
completion of sample acquisition, the rats were euthanized by 
cervical dislocation following anesthesia with intraperitoneal 
injection of 5% chloral hydrate (300 mg/kg).

I m m u n o h i s t o c h e m i s t r y  a n d  i m a g e  a n a l y s i s . 
Immunohistochemistry and image analysis were performed 
as previously described (27). Four replicate sections of the 
spinal cord damaged center (0 mm) and its front and back 
(3 and 5 mm) were subjected to immunohistochemistry using 
the SP‑9000 Two‑Step Immunohistochemistry kit (OriGene 
Technologies, Inc.). Briefly, tissue sections were fixed in cold 
acetone (Sigma‑Aldrich; Merck KGaA) at 100% for 10 min 
at 4°C and incubated in 3% deionized aqueous solution for 
5‑10  min at room temperature to eliminate endogenous 
peroxidase activity. Next, tissues were washed with 0.01 M 
PBS three times at 3 min each time. Subsequently, tissues were 
blocked with 10% normal goat serum (Beijing Solarbio Science 
& Technology Co., Ltd.) in PBS containing 0.2% Triton X‑100 

for 10‑15 min at room temperature, and then washed with PBS. 
The sections were then incubated with primary antibodies 
against NgR (rabbit; 1:10,000; cat. no. AB15138; Merck KGaA) 
or CSPGs (rabbit; 1:10,000; cat. no.  980704W; Shanghai 
Tianyuan Biotechnology Co., Ltd.) for 3 h at room temperature. 
Subsequently, a biotinylated secondary antibody working fluid 
lgG (1:200; cat. no. SP‑9000; OriGene Technologies, Inc.) in 
blocking solution (5% goat serum in PBS; Beijing Solarbio 
Science & Technology Co., Ltd.) was added, and the sections 
were incubated at 37˚C for 15 min. Subsequently, the sections 
were washed with 0.01 M PBS three times (5 min each time), 
HRP‑labeled streptavidin working solution in blocking 
solution was added and the sections were incubated at 37˚C for 
10‑15 min. The sections were then washed again with 0.01 M 
PBS three times (5 min each time) and 3,3‑diaminobenzidine 
was added to the slices, completely covering the tissue, to 
develop the color for 5‑10 min at room temperature. Next, the 
tissue sections were placed in hematoxylin solution for 1‑2 min 
for counterstaining at room temperature. The tissues were then 
subjected to gradient dehydration with 75, 80, 90, 95 and 100% 
ethanol solution, soaked for 2‑3 min and submerged in xylene 
for ~3 min. Subsequently, 1‑2 drops of neutral gum (Bioworld 
Technology, Inc.) were added to the coverslip for 2 min at 
room temperature and covered with a slide. The percentage 
of positive cells was calculated with Image‑Pro Plus software 
(version 6.0; Media Cybernetics, Inc.) and ImageJ 1.45d image 
analysis system (National Institutes of Health) by using an 
inverted Olympus IX71 microscope (Olympus Corporation; 
magnification, x40), as previously described (26). Briefly, the 
fluoresced cell profiles were counted directly from the screen 
by placing marks of different colors onto positive and negative 
nuclei by clicking the mouse. ImageJ then automatically 
generated the immunohistochemistry index.

CSPGs and NgR gene expression. To detect CSPG and NgR 
gene expression, reverse transcription‑quantitative PCR 
(RT‑qPCR) was performed as previously described (28). Rats 
were sacrificed at 8 weeks after the initial injury. Four rats in 
each group were selected to analyze CSPGs and NgR gene 
expression. For this purpose, the spinal cord was collected at 
~1 cm before and after the center of the spinal cord damage. 
Total RNA extraction and cDNA synthesis were performed 
as previously described (29). Briefly, total RNA from each 
individual sample was isolated using the RNeasy Protect Mini 
kit (Qiagen, Inc.). RNA purity and quantity were assessed 
using SmartSpec Plus (Bio‑Rad Laboratories, Inc.). cDNA 

Figure 1. Experimental design timeline. MP, methylprednisolone.
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synthesis was performed using the iScript cDNA Synthesis kit 
(Bio‑Rad Laboratories, Inc.) in accordance with the manufac‑
turer's instructions. RT‑qPCR analysis was performed using 
the iQ5 instrument (Bio‑Rad Laboratories, Inc.) and detected 
with SYBR Green (BioChain Institute, Inc.). The reaction 
mixtures contained diluted cDNA, Super Mix (Invitrogen; 
Thermo Fisher Scientific, Inc.), PCR primers (Table I), and 
nuclease‑free water to a final volume of 20 µl. The following 
thermocycling conditions were used for the qPCR: Initial 
denaturation at 95˚C for 30 sec, followed by 40 cycles of 95˚C 
for 15 sec and 60˚C for 35 sec. Relative quantification of gene 
expression was calculated using the 2‑ΔΔCq method (30). The 
primers were obtained and synthesized by Invitrogen (Thermo 
Fisher Scientific, Inc.). β‑actin was used as the internal 
reference (28).

Statistical analysis. SPSS software 16.0.2 (SPSS, Inc.) was 
used for statistical analysis. All data were expressed as the 
mean ± SD. Comparisons between groups were analyzed using 
one‑way ANOVA followed by Tukey's post hoc test. P<0.05 
was considered to indicate a statistically significant difference.

Results

MP and TT combined therapy improves the recovery of 
locomotor function. To investigate whether MP and TT 
combination improved the recovery of motor function in rats 
with SCI, the locomotor function of each group was compared 
using the TreadScan analysis system. The motor function of 
the affected hind limbs was evaluated at the beginning of the 
2‑week period post‑SCI and weekly thereafter for 8 weeks 
(Fig. 2). TreadScan analysis revealed that the combined treat‑
ment of MP and TT resulted in a significantly higher gait angle 
compared with the MP and TT groups (P<0.01; Fig. 2A). At 
2‑3 weeks post‑injury, MP + TT treatment exerted a significant 
decrease in the distance between the bilateral hind legs and the 
body's horizontal axis compared with the effects of MP and TT 
treatment (P<0.05), and the difference was more significant at 
4‑8 weeks post‑SCI (P<0.01; Fig. 2B). The time required for 
the rats under MP + TT treatment to perform the walk step 
test was significantly lower compared with rats under MP and 
TT treatment at 2‑4 weeks post‑SCI (P<0.05), and this differ‑
ence was more significant at 5‑8 weeks post‑injury (P<0.01; 
Fig. 2C). The hind limb swing time of the rats subjected to 
MP + TT treatment was significantly lower compared with rats 

under MP and TT treatment at 2‑4 weeks post‑SCI (P<0.01), 
and a significant difference between the two groups was still 
present at 6‑8 weeks post‑injury (P<0.05; Fig. 2D). Rats under 
MP + TT treatment at 6‑7 weeks post‑SCI showed a significant 
reduction in rear foot pitch compared with rats under MP and 
TT treatment (P<0.01; Fig. 2E). The distance between the right 
foot and the baselinein the MP + TT group was significantly 
smaller than that observed in the MP group at 2‑4 weeks 
after SCI (P<0.01), and this difference was still significant at 
8 weeks after injury (P<0.05; Fig. 2F). These results suggested 
that MP + TT treatment was more effective than MP and TT 
alone in promoting the recovery of hind limb motor function 
in rats with SCI.

MP and TT combined therapy increases the residual myelin 
area. To determine the extent of tissue destruction in each 
group, H&E and Luxol solid blue staining were used. The 
results of H&E staining in Fig. 3 showed that the SCI, TT, 
MP + TT and MP groups had different degrees of tissue loss 
and cyst appearance at 8 weeks after injury. Although the 
MP + TT group showed fibrous scar formation in the periphery 
of the lesion, the total glial cell proliferation, tissue gap and 
cyst area were significantly smaller than those observed in the 
MP and TT groups.

The results of Luxol solid blue staining in Fig. 4 showed 
no significant difference in residual myelin area among the 
groups at ±5 mm from the injury center at 8 weeks after injury 
(Fig. 4B and F). At the injury center, the residual myelin area 
in the MP + TT group (0.353±0.033) was significantly higher 
compared with the MP group (0.221±0.067) (P<0.05; Fig. 4D). 
In addition, a significant difference in residual myelin area 
between the MP + TT group and the MP group was observed 
at ±3 mm from the injury center (P<0.01; Fig. 4C and E).

MP and TT combination therapy inhibits the expression of NgR 
and CSPGs. To investigate whether the combined treatment of 
MP and TT affected nerve regeneration in rats with SCI, NgR 
and CSPG gene and protein expression were detected in each 
group. NgR‑positive areas were mainly concentrated around 
the lesion center. With the increase in distance from the lesion 
center, the expression was gradually decreased (Fig.  S1). 
NgR expression in the Sham group was significantly lower 
compared with the MP and TT groups (P<0.01; Fig. 5B‑E). 
In addition, the positive expression of NgR in other areas in 
the SCI group was significantly higher than that displayed by 

Table I. Primer sequences used for reverse transcription‑quantitative PCR.

Gene	 Primer	 Sequence	 Product size (bp)

NgR	 Forward	 5'‑ACCCTCCCATGTAGACGTCTCC‑3'	 637
	 Reverse	 5'‑CTGAAGAGCAATGTTGTTTAGC‑3'
CSPG	 Forward	 5'‑GATGGAATCTTTCACCCAAGAA‑3	 960
	 Reverse	 5'‑ACCGAGTTGAGCTTTGTCCAAC‑3
β‑actin	 Forward	 5'‑GGCACCACACCTTCTACAAT‑3'	 961
	 Reverse	 5'‑TAGCCTTGGCGAGCAACGGT‑3'

NgR, Nogo receptor; CSPG, chondroitin sulfate proteoglycan.
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the Sham group (P<0.01). NgR expression in the MP + TT 
group was significantly lower compared with the MP group 
at 0 and ±3 mm from the injury center (P<0.01; Fig. 5C‑E), 
and the difference was more evident at ±5 mm from the injury 
center (P<0.01; Fig. 5B and F).

The results of CSPG immunohistochemical staining are 
shown in Fig. 6. The positive CSPG areas in each group were 
mainly concentrated in the center of the injury, spreading to 
both sides (Fig. S2). CSPG expression in the MP + TT and Sham 
groups was not significant at ±5 mm from the injury center 
compared with the MP group (Fig. 6B and F). At the center of 
the injury (0 mm) and at ±3 mm from this point, CSPG expres‑
sion in the MP + TT and Sham groups was significantly lower 
compared with the MP and TT groups (P<0.01) (Fig. 6C‑E).

To further confirm that the MP and TT combination therapy 
inhibited the expression of NgR and CSPGs, the mRNA expres‑
sion of these molecules in the different treatment groups was 

Figure 2. Hind limb gait parameters were measured with the TreadScan gait analysis system (before surgery and at 2‑8 weeks after injury) in each treatment 
group. (A) Hind limb gait angle. (B) Maximum lateral deviation. (C) Stride time. (D) Swing time. (E) Rear track width. (F) Right feet base. The results are 
expressed as the mean ± SD (n=4). Data were analyzed with one‑way ANOVA followed by Tukey's post hoctest. *P<0.05 and **P<0.01 vs. Sham. LatD Max, 
maximum lateral deviation; BL, baseline; MP, methylprednisolone; SCI, spinal cord injury; TT, treadmill training.

Figure 3. Histopathological changes in the spinal cord following trauma 
in all groups. Horizontal cross‑sections were obtained from the injured 
site (+0 mm), and at 3 and 5 mm rostral (+) and caudal (‑) to the epicenter 
(hematoxylin and eosin staining; magnification, x40). MP, methylprednisolone; 
SCI, spinal cord injury; TT, treadmill training.
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evaluated by fluorescence qPCR. The NgR mRNA expression 
in the MP + TT group (0.467±0.150) and in the Sham group 
(0.231±0.102) was significantly lower compared with the MP 
and TT groups (P<0.01; Fig. 7A). The NgR mRNA expression in 
the SCI group (1.413±0.110) was significantly higher compared 
with the MP and TT groups (P<0.05; Fig. 7A). Similarly, CSPG 
mRNA expression in the MP + TT (0.798±0.012) and Sham 
(0.798±0.012) groups was significantly lower compared with 
the MP group (P<0.05; Fig. 7B). The CSPG mRNA expres‑
sion in the SCI group (1.364±0.259) was significantly higher 
compared with the MP group (P<0.05; Fig. 7B).

Discussion

The present study indicated that the combination of MP and 
treadmill training resulted in cumulative improvements in 
enhancing the functional recovery of rats after SCI. In addition, 
significantly reduced NgR and CSPG protein and mRNA 
expression were observed. To the best of our knowledge, these 
findings are the first showing the effect of combined MP and 

treadmill training treatment following SCI. The present study 
also demonstrated that the restorative effects of this combination 
therapy may be mediated by improved nerve regeneration.

The steps in SCI treatment aim to reduce scar formation, 
slow down the apoptosis of the remaining neurons and 
strengthen limb activities  (31). Therefore, it is necessary 
to combine MP with other treatment methods to improve 
post‑SCI treatment. Exercise training is one of the effective 
interventions in the treatment of SCI (32,33), as it reinforces 
the effects of specific sensory motor pathways, thus resulting 
in more selective and stable neural network loops  (33). 
Gonzenbach et al (34) found that Nogo‑A antibody treatment 
in combination with exercise therapy can reduce muscle 
spasm after injury and is beneficial to the recovery of motor 
function. Treadmill training is one of the most common 
types of exercise training to enhance SCI recovery  (35). 
It not only uses the hind legs to promote the recovery of 
animals  (23), but can also prevent or restore the loss of 
synapses, thus enhancing the plasticity of the spinal cord in 
rats with SCI and resulting in improved lower limb motor 

Figure 4. Quantitative comparison of residual myelin areas in all groups at the injured site and at 3 and 5 mm rostral (+) and caudal (‑) from the epicenter after 
contusive SCI. (A) Statistically analyzed spinal tissue. (B) +5 mm, (C) +3 mm, (D) 0 mm, (E) ‑3 mm and (F) ‑5 mm. The results are expressed as the mean ± SD 
(n=4). Data were analyzed with one‑way ANOVA followed by Tukey's post hoc test. *P<0.05 and **P<0.01 vs. MP group. MP, methylprednisolone; SCI, spinal 
cord injury; TT, treadmill training; LFB, Luxol fast blue.
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function, which is a significant therapeutic effect (36,37). 
The results of the present study also demonstrated that the 
hind limb swing times and rear track width of the rats in the 
SCI group were significantly higher than those of the rats 
in the Sham group, which is in accordance with previous 
reports (38,39). The significantly shorter hind limb swing 
times, shorter maximum lateral deviation, shorter distance 
between the right foot and the baseline and narrower rear 
track width in the MP + TT group indicated hind limb 
injury recovery, overall movement coordination, hind limb 
movement and balance ability due to the combined treatment 
administered to rats with SCI, which exerted a better effect 
than MP treatment alone.

Glial scar formation is one of the key reasons leading to SCI 
secondary tissue injury (20). Although the early postoperative 

scar has a certain positive protective effect (21), it can eventually 
seriously affect the regeneration of axons (40). Following SCI, 
astrocytes repair the wound around the damaged tissue, but this 
also interferes with axonal regrowth (41). Astrocyte‑reactive 
proliferation gradually produces inflammation and fibrosis 
bundle overlap with the increase in disease time, leading to 
dislocation of chondroitin sulfate protein deposition, and 
ultimately promoting glial scar formation  (42). NgR and 
CSPGs are important factors for inhibiting axonal growth. NgR 
directly inhibits axonal regeneration and signal transduction 
during the germination process in the injured region  (18). 
Previous studies found that inhibition of CSPGs expression 
effectively improves the microenvironment around SCI, and 
enhances the expression of MBP and GAP‑43 (20,21,43), but 
still needs to be combined with other treatments to produce 

Figure 5. NgR protein expression in specific cord compartments in all groups at the injured site and at 3 and 5 mm rostral (+) and caudal (‑) from the epicenter 
after contusive SCI. (A) Statistically analyzed spinal tissue. (B) +5 mm, (C) +3 mm, (D) 0 mm, (E) ‑3 mm and (F) ‑5 mm. The results are expressed as the 
mean ± SD (n=4). Data were analyzed with one‑way ANOVA followed by Tukey's post hoc test. *P<0.05 and **P<0.01 vs. MP group. NgR, Nogo receptor; 
LWM, lateral white matter; VWM, ventral white matter; MP, methylprednisolone; SCI, spinal cord injury; TT, treadmill training.
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significant axonal regeneration and myelination, reduction 
in glial scar formation and recovery of nerve function (44). 
In accordance with previous reports (18,20,21), the present 
results showed that CSPG and NgR expression in the SCI 
group was higher than that in other groups. The expression 
of CSPGs and NgR in rats with SCI after combined therapy 
was significantly lower compared with rats after MP treatment 
alone. Moreover, by observing the extent of the damage around 
the malacic spinal cord in this rat model of spinal trauma, the 
present study similarly found that combined therapy had a 
certain effect on the reduction of glial scar formation in rats 
with SCI. Compared with the single MP treatment group, 
the TT + MP treatment group showed decreased tissue loss 
and glial scar formation, and demyelination was significantly 
improved within rostral and caudal 3 mm from the epicenter. 
These results suggested that combination therapy might have a 

Figure 7. NgR and CSPG mRNA expression was determined by reverse 
transcription‑quantitative PCR in all groups. The results are expressed as 
the mean ± SD (n=4). Data were analyzed with one‑way ANOVA followed 
by Tukey's post hoc test. *P<0.05 and **P<0.01 vs. MP group. MP, methyl‑
prednisolone; SCI, spinal cord injury; TT, treadmill training; NgR, Nogo 
receptor; CSPGs, chondroitin sulfate proteoglycans.

Figure 6. CSPG protein expression in specific cord compartments in all groups at the injured site and at 3 and 5 mm rostral (+) and caudal (‑) from the epicenter 
after contusive SCI. (A) Statistically analyzed spinal tissue. (B) +5 mm, (C) +3 mm, (D) 0 mm, (E) ‑3 mm and (F) ‑5 mm. The results are expressed as the 
mean ± SD (n=4). One‑way ANOVA followed by Dunnett's post hoc test was employed for data analysis. *P<0.05 and **P<0.01 vs. MP group. CSPGs, chon‑
droitin sulfate proteoglycans; LWM, lateral white matter; VWM, ventral white matter; MP, methylprednisolone; SCI, spinal cord injury; TT, treadmill training.
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certain effect on the reduction of glial scar formation and the 
promotion of nerve repair in rats with SCI.

In conclusion, the present results demonstrated that MP + TT 
treatment is more effective in repairing the motor function of 
hind limbs in rats with SCI compared with MP treatment alone. 
Combined therapy inhibited the expression of NgR and CSPGs 
in SCI, suggesting that it might promote the recovery of nerve 
function in rats with SCI by reducing the formation of glial scar‑
ring. However, the present study also has several limitations. 
First, the present study mainly focused on the recovery of motor 
function in SCI rats; the combination therapy on other adverse 
effects remains to be studied. Second, there are numerous types 
of cytokines involved in the development of the SCI, such as 
brain‑derived neurotrophic factor and neurotrophin‑3, which 
should be investigated. These experiments and analyses will be 
performed in future studies, with an emphasis on better under‑
standing the detailed molecular mechanisms of combination 
therapy restoration function in SCI rats.
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