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Abstract
Some studies have indicated that the Wnt/β-catenin signaling pathway is activated following spinal cord injury, and expression levels of 
specific proteins, including low-density lipoprotein receptor related protein-6 phosphorylation, β-catenin, and glycogen synthase kinase-3β, 
are significantly altered. We hypothesized that methylprednisolone treatment contributes to functional recovery after spinal cord injury by 
inhibiting apoptosis and activating the Wnt/β-catenin signaling pathway. In the current study, 30 mg/kg methylprednisolone was injected 
into rats with spinal cord injury immediately post-injury and at 1 and 2 days post-injury. Basso, Beattie, and Bresnahan scores showed 
that methylprednisolone treatment significantly promoted locomotor functional recovery between 2 and 6 weeks post-injury. The number 
of surviving motor neurons increased, whereas the lesion size significantly decreased following methylprednisolone treatment at 7 days 
post-injury. Additionally, caspase-3, caspase-9, and Bax protein expression levels and the number of apoptotic cells were reduced at 3 and 7 
days post-injury, while Bcl-2 levels at 7 days post-injury were higher in methylprednisolone-treated rats compared with saline-treated rats. 
At 3 and 7 days post-injury, methylprednisolone up-regulated expression and activation of the Wnt/β-catenin signaling pathway, including 
low-density lipoprotein receptor related protein-6 phosphorylation, β-catenin, and glycogen synthase kinase-3β phosphorylation. These 
results indicate that methylprednisolone-induced neuroprotection may correlate with activation of the Wnt/β-catenin signaling pathway.

Key Words: nerve regeneration; spinal cord injury; neuroprotection; methylprednisolone; apoptosis; locomotor function; caspase-3; caspase-9; 
Bax; Bcl-2; neural regeneration
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Neuroprotective mechanisms of methylprednisolone on promoting the recovery of injured spinal cord 
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Introduction
Spinal cord injury (SCI), including primary and second-
ary injury, is a worldwide medical problem (Wyndaele and 
Wyndaele, 2006). Secondary injury plays a critical role in 
SCI and is induced by various factors, such as apoptosis, 
oxidative stress, and the inflammatory immune response. In 
particular, neuronal apoptosis, which also affects microglia 
and oligodendrocytes and inhibits recovery of white matter 
and neurological functions, prevents functional recovery after 
SCI (Yuan and Yankner, 2000; Beattie et al., 2002). Second-
ary damage pathways offer potential therapeutic targets for 
treating SCI to enable greater functional recovery (Profyris 
et al., 2004; Zhang et al., 2015a). Methylprednisolone (MP), a 
synthetic glucocorticoid used to treat inflammatory diseases, 
is clinically utilized to treat SCI. Several studies have shown 
that MP inhibits inflammation, oxidative stress, and neuro-
nal apoptosis, contributing to the neuroprotective effect on 
functional recovery after SCI (Vaquero et al., 2006; Gao et al., 
2014; Gocmez et al., 2015). However, some reports have start-
ed to question the neuroprotective effects of MP after SCI in 
recent years, stating that MP failed to exert a neuroprotective 
effect and additionally increased complications in SCI, such 
as infection, pulmonary embolism, and even death (Hall and 
Springer, 2004; Pereira et al., 2009; Wilson and Fehlings, 2011; 
Fehlings et al., 2014; Hurlbert et al., 2015). Hence, further 
verification of the effect and investigation of the specific mo-
lecular mechanisms of MP is of utmost importance to justify 
continued clinical application of MP in SCI.

The Wnt signaling pathways, particularly the canonical 
Wnt/β-catenin pathway, were first identified for their role 
in carcinogenesis. However, accumulating evidence has 
shown that Wnt/β-catenin signaling plays a critical role in 
embryonic development. Wnt/β-catenin has been implicated 
in neural development, axonal guidance, neuropathic pain 
remission, neuronal survival, and SCI (Zhang et al., 2013b; 
Ziaei et al., 2015). Furthermore, in some diseases, apoptosis 
is induced following inhibition of the Wnt/β-catenin signal-
ing pathway (Hsu et al., 2014; Li et al., 2015). Apoptosis of 
neuronal cells is an important pathological feature of several 
central nervous system diseases, including neurodegener-
ation and SCI (Yuan and Yankner, 2000; Tang et al., 2014; 
Zhang et al., 2015b). Neuronal apoptosis is enhanced follow-
ing SCI, which leads to suppression of functional recovery, 
thereby providing a potential therapeutic target for SCI. 

We hypothesized that the molecular mechanism underlying 
the inhibitory effect of MP on apoptosis and related resto-
ration of neurological function after SCI occurs via regulation 
of the Wnt/β-catenin signaling pathway. Therefore, the goal of 
the present study was to further confirm the neuroprotective 
effect of MP after SCI by examining recovery of locomotor 
function and the injured spinal cord, neuronal survival in the 
spinal cord anterior horn, and anti-apoptotic activity, as well 
as to correlate MP activity with alterations in the Wnt/β-cat-
enin signaling pathway, as a potential molecular mechanism. 

Materials and Methods
Animals
A total of 105 adult, male, 8–12-week-old, Sprague-Dawley 

Figure 1 BBB locomotor rating scale scores in a rat model of SCI.
BBB scores were used to assess neurological function of rats in the 
MP (SCI + MP), saline (SCI + saline), and sham (laminectomy alone) 
groups at 1 and 3 days (d), and 1, 2, 3, 4, 5, and 6 weeks (wk) post-SCI. 
Higher scores indicate better neurological function. *P < 0.05, vs. saline 
group (mean ± SD, n = 6, Mann-Whitney U test). BBB: Basso, Beattie & 
Bresnahan; SCI: spinal cord injury; MP: methylprednisolone. 

rats, weighing 260–300 g, were purchased from the Vital 
River Laboratory Animal Technology Co., Ltd. (Beijing, 
China, license No. SCXK (Jing) 2012-0001) and were raised 
in the specific-pathogen-free Laboratory Animal Center. The 
rats were maintained at 23.0 ± 0.5°C with an alternating 12-
hour light/dark cycle. The rats were randomly divided into 
the following groups: MP (n = 35; SCI + MP), saline (n = 35; 
SCI + saline), and sham (n = 35). 

All procedures were performed in accordance with the 
United States National Institutes of Health Guide for the 
Care and Use of Laboratory Animal (NIH Publication No. 
85-23, revised 1986). The protocols were approved by the 
Animal Ethics Committee of Jinzhou Medical University of 
China. All efforts to minimize the number of animals used 
and their suffering were made.

Rat SCI model and MP administration
The rat SCI model was established as previously described 
(Yacoub et al., 2014). Briefly, the rats were anesthetized via 
intraperitoneal injection of 10% chloral hydrate (0.33 mL/kg), 
and the T9–10 of the spinal cord was exposed. An impounder 
(diameter: 2.0 mm; weight: 10 g) was dropped from a height 
of 25.0 mm above the spinal cord. Congestion in the injured 
spinal cord was immediately observed followed by rapid with-
drawal of the hind limbs. Congestion at the injury site, rapid 
contraction, tremor of the lower limbs, and incontinence con-
firmed successful model establishment. Rats with unsuccessful 
SCI induction were not selected for further experimentation. 
After SCI, the surgical wounds were cleaned with warm saline 
and were sutured. The bladder was massaged three times daily 
to improve functional recovery of automatic micturition, and 
penicillin was administered for 3 consecutive days. 

MP (30 mg/kg) and saline (1 mL/kg) were injected intra-
venously via the tail immediately post-SCI and 1 and 2 days 
post-SCI, and then once daily for two days. The sham group 
underwent laminectomy only. 

Analysis of locomotor activity in the SCI rat model  
The Basso, Beattie, and Bresnahan (BBB) open-field locomotor 
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Figure 2 Nissl staining of neuronal 
pathology in the spinal cord anterior 
horn in a rat SCI model. 
(A) Nissl staining of a coronal section 
of the spinal cord of MP-treated (SCI + 
MP), saline-treated (SCI + saline), and 
sham-operated (laminectomy alone) SCI 
rats. Arrows indicate healthy large-di-
ameter Nissl-positive neurons in the 
anterior horn of the spinal cord. Original 
magnification: upper: × 50; lower, × 400. 
The numbers of surviving neurons in the 
spinal cord anterior horn (B) and propor-
tion of lesion size (C) in rats of the three 
groups were evaluated at 7 days post-SCI.  
All data are expressed as the mean ± SD 
(n = 5; one-way analysis of variance and 
the least significant difference test). **P < 
0.01, ***P < 0.001. MP: Methylpredniso-
lone; SCI: spinal cord injury.

Figure 3 Western blot assay of 
expression of the canonical 
Wnt/β-catenin signaling pathway in 
spinal cord tissue in a rat model of 
spinal cord injury (SCI). 
(A) The expression of phosphorylat-
ed LRP-6 (p-LRP-6), β-catenin, and 
phosphorylated GSK-3β (p-GSK-3β) as 
key components of the canonical Wnt/
β-catenin signaling pathway at 3 and 7 
days (d) post-SCI in methylprednisolone 
(MP)-treated (SCI + MP), saline-treated 
(SCI + saline), and sham-operated (lam-
inectomy alone) rats; (B) quantification 
of phosphorylation levels of LRP-6; (C) 
expression of β-catenin; (D) and p-GSK-
3β protein expression. The optical density 
of protein bands was normalized to the 
β-actin control. All data are expressed as 
the  mean ± SD (n = 4; one-way analysis 
of variance and the least significant dif-
ference test). *P < 0.05, **P < 0.01, ***P 
< 0.001. d: Days.

Figure 4 Western blot assay of expression of activated caspase-9 and caspase-3 as markers for apoptosis in spinal cord tissue in a SCI rat model. 
(A) Western blots of activated caspase-9 and caspase-3 at 3 and 7 d in the spinal cord of MP-treated (SCI + MP), saline-treated (SCI + saline), and 
sham-operated (laminectomy alone) rats. (B, C) Quantification of activated caspase-9 (B) and caspase-3 (C) at 3 and 7 d post-SCI. The optical den-
sity of protein bands was normalized to the β-actin control. All data are expressed as the mean ± SD (n = 4; one-way analysis of variance and the 
least significant difference test). *P < 0.05, **P < 0.01, ***P < 0.001. MP: Methylprednisolone; SCI: spinal cord injury; d: days. 
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Figure 5 Apoptosis in the 
spinal cord anterior horn in a 
rat SCI model. 

(A) TUNEL, DAPI, and merged staining of MP-treated (SCI + MP), saline-treated (SCI + saline) and sham-operated (laminectomy alone) rats at 7 
days post-surgery (× 400). (B) Quantification of TUNEL-positive cells in the three rat groups. All data are expressed as the mean ± SD (n = 4; one-way 
analysis of variance and the least significant difference test). ***P < 0.001. Blue: Cell nucleus; red: apoptotic cells. MP: Methylprednisolone; TUNEL: 
terminal deoxynucleotidyl transferase dUTP nick-end labeling; DAPI: 4′,6-diamidino-2-phenylindole; SCI: spinal cord injury. 

Figure 6 Immunofluorescence  
of Bax and Bcl-2 in the spinal 
cord anterior horn in a rat SCI 
model. 
(A) DAPI, Bax, and merged 
staining in spinal cord sections 
of MP-treated (SCI + MP), sa-
line-treated (SCI + saline) and 
sham-operated (laminectomy 
alone) SCI rats at 7 days fol-
lowing SCI (× 400). (C) DAPI, 
Bcl-2, and merged staining in 
spinal cord sections of the three 
rat groups at 7 days post-SCI (× 
400). (B, D) The fluorescence 
intensity of Bax (B) and Bcl-2 
(D) was assessed using Image 
J2x software. The fluorescence 
intensity of Bax and Bcl-2 in the 
MP and saline groups was nor-
malized to the sham group. All 
data are expressed as the mean 
± SD (n = 4; one-way analysis of 
variance and the least significant 
difference test). **P < 0.01. Blue: 
Cell nucleus; green: interest pro-
tein. MP: Methylprednisolone; 
SCI: spinal cord injury; DAPI: 
4′,6-diamidino-2-phenylindole. 

rating scale was used to evaluate locomotor function prior 
to injury and recovery at 1 and 3 days , as well as at 1, 2, 3, 4, 
5, and 6 weeks post-SCI (Basso et al., 1995). Briefly, the BBB 
scores ranged from 0 (complete paralysis) to 21 (unimpaired 
locomotion) and were assessed by three independent exam-
iners in a blinded fashion.

Tissue preparation
At 7 days post-SCI, the rats were intraperitoneally anes-
thetized with 10% chloral hydrate (0.3 mL/kg), and then 
perfused with 0.9% saline and 4% paraformaldehyde (Xue et 
al., 2013; Zhang et al., 2013a). The T8–12 spinal cord segments 

(including the epicenter) were removed and immersed in 4% 
paraformaldehyde for 3 days, and then dehydrated in 30% 
sucrose. Using a cryostat microtome (Leica CM3050S; Hei-
delberg, Germany), 5-μm-thick cross sections (3 mm rostral 
to the epicenter) were prepared for terminal deoxynucleoti-
dyl transferase dUTP nick-end labeling (TUNEL) and im-
munofluorescence staining, and 20-μm-thick cross sections 
(3 mm rostral to the epicenter) were used for Nissl staining.

Nissl staining of spinal cord tissue following SCI
First, 20-μm-thick coronal sections (3 mm rostral to the 
epicenter) were placed in mixing solution (alcohol/chloro-
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form, 1:1) overnight at room temperature. The following 
day, sections were consecutively placed in 100% alcohol, 
95% alcohol, 70% alcohol, and distilled water. Subsequent-
ly, the sections were stained in 0.05% cresyl violet (pH 3.0, 
Sigma-Aldrich, St. Louis, MO, USA) for 10 minutes at 40°C 
after which sections were differentiated in 95% alcohol, de-
hydrated in 100% alcohol, and cleared in xylene. The images 
were captured by a light microscope (Leica, Heidelberg, Ger-
many). The large and Nissl-stained anterior horn cells in the 
spinal cord tissue were recognized as motor neurons. Five 
Nissl-stained sections in every experimental rat were ran-
domly selected for evaluating the average number of surviv-
ing neurons in the spinal cord anterior horn. The total and 
residual white-matter areas were measured using a BZ-An-
alyzer (Keyence) to measure lesion size in the spinal cord 
tissue in all groups (Xue et al., 2013; Zhang et al., 2013a). 

Western blot assay of spinal cord tissue following SCI
At 3 and 7 days post-SCI, the rats were first anesthetized 
with 10% chloral hydrate (0.33 mL/kg) via intraperitoneal 
injection and then euthanized. T9–11 spinal cord tissues (3 
mm cephalad and caudal from the lesion epicenter) were 
separated and homogenized in radioimmune precipitation 
assay (RIPA) lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM 
NaCl, 1% NP-40, 0.25% Na-deoxycholate, 1 mM EDTA). 
Protein homogenates (40 µg) were subjected to 12% sodium 
dodecyl sulfate polyacrylamide gel electrophoresis. Sub-
sequently, the proteins were transferred to polyvinylidene 
difluoride membranes and incubated with the following 
primary antibodies at 4°C overnight: rabbit anti-phosphor-
ylated low-density lipoprotein receptor related protein-6 
(p-LRP-6) polyclonal antibody (1:500; Cell Signaling Tech-
nology, Inc., Boston, MA, USA), rabbit anti-β-catenin poly-
clonal antibody (1:500; Cell Signaling Technology), rabbit 
anti-phosphorylated glycogen synthase kinase-3β (p-GSK-
3β) polyclonal antibody (1:300; Cell Signaling Technology), 
rabbit anti-active-caspase-3 polyclonal antibody (1:1,000; 
Abcam, Cambridge, UK), rabbit anti-active-caspase-9 poly-
clonal antibody (1:1,000; Abcam), and rabbit anti-β-actin 
polyclonal antibody (1:1,000; Abcam). The following day, the 
membranes were incubated with secondary antibodies (goat 
anti-rabbit IgG; 1:2,000; Abcam) for 2 hours at room tem-
perature and immunoreactive bands were visualized with the 
ChemiDoc-It™TS2 Imager (UVP LLC, Upland, CA, USA). 
Finally, ImageJ2x software (National Institutes of Health, 
Bethesda, MD, USA) was utilized to measure the relative op-
tical density of protein bands. The optical density of protein 
bands was normalized to β-actin controls.

TUNEL assay of spinal cord tissue following SCI 
TUNEL assay was utilized to detect DNA fragmentation as 
a measure of cell apoptosis in the spinal cord anterior horn 
after SCI. Briefly, the 5-µm-thick coronal sections (3 mm 
rostral to the epicenter) were fixed with fixation solution (4% 
paraformaldehyde in PBS, pH 7.4) for 30 minutes. After-
wards, the tissues were washed with PBS for 30 minutes at 
room temperature. The tissues were incubated in permeabili-
zation solution (0.1% Triton X-100 in 0.1% sodium citrate) at 
4°C for 2 minutes and then incubated with TUNEL reaction 

mixture (In Situ Cell Death Detection Kit, TMR red, Roche, 
Mannheim, Germany) at 37°C for 1 hour. Subsequently, the 
tissues were subjected to 4′,6-diamidino-2-phenylindole 
(DAPI) (1:1,000) staining. After mounting, all samples were 
analyzed using fluorescence microscopy (Leica, Heidelberg, 
Germany). The double-stained cells (red and blue) were 
considered to be TUNEL-positive cells. The number of 
TUNEL-positive cells was quantified by randomly selecting 
four sections in each experimental group.

Immunofluorescence staining of spinal cord tissue
following SCI 
Briefly, coronal sections (5 µm) were placed in 0.01 M citric 
acid (pH 6.0) for 15 minutes for antigen retrieval. The sec-
tions were blocked with blocking buffer (5% goat serum, 0.1% 
Triton X-100 in PBS) for 1 hour at 4°C and incubated with 
the primary polyclonal antibody overnight at 4°C (rabbit an-
ti-Bcl-2 polyclonal antibody, 1:500; rabbit anti-Bax polyclonal 
antibody, 1:500, Novus Biologicals, Littleton, CO, USA). The 
following day, the sections were incubated with fluorescein 
isothiocyanate-coupled secondary antibody (goat anti-rabbit 
IgG; 1:400, Abcam) for 2 hours at room temperature, and the 
nuclei were counterstained using DAPI (1:1,000). The mount-
ed sections were imaged using fluorescence microscopy (Leica 
4000B, Heidelberg, Germany). The fluorescence intensity of 
Bcl-2 and Bax immunoreactivity in the spinal cord anterior 
horn was analyzed using the ImageJ2x software.

Statistical analysis
All data were analyzed using GraphPad Prism version 5.0 for 
Windows software (GraphPad Software, La Jolla, CA, USA) 
and expressed as the mean ± SD. Discrepancies among mul-
tiple groups were detected using one-way analysis of vari-
ance and least significant difference test, and the BBB scores 
were analyzed using the Mann-Whitney U test. P-values < 
0.05 were considered statistically significant.

Results
MP promoted locomotor functional recovery after SCI
The BBB scores were utilized to determine locomotor func-
tional recovery before surgery and at 1 and 3 days, and 1, 2, 
3, 4, 5, and 6 weeks post-SCI (Figure 1). BBB scores were 
21 points before injury and 0 points at 1 day post-injury in 
MP and saline groups. The BBB scores in the two groups 
gradually increased from 1 day to 2 weeks, but no statistical-
ly significant difference was detected between the MP and 
saline groups at 3 and 7 days (P > 0.05). However, the BBB 
scores were significantly higher in the MP group compared 
with the saline group from 2 to 6 weeks post-injury (P < 0.05). 
The BBB scores reached a peak between 5 and 6 weeks, in-
dicating that the neurological function related to locomotor 
activity improved with MP intervention post-SCI. 

MP treatment improved pathological recovery post-SCI
Nissl staining was performed to detect pathological morphol-
ogy in the spinal cord of SCI rats (Figure 2A). The number 
of Nissl-positive cells in the anterior horn of the spinal cord 
was less in the saline group compared with the sham group. 
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Conversely, MP intervention dramatically increased the num-
ber of large-diameter Nissl-positive neurons, morphologically 
appearing as alpha-motor neurons, in the spinal cord anterior 
horn compared with the saline group (Figure 2A). Concom-
itantly, the number of surviving neurons in the spinal cord 
anterior horn was also clearly augmented by MP treatment 
post-SCI (Figure 2B; P < 0.01). Furthermore, compared with 
the saline group, the proportion of lesion size was smaller in 
the MP group after treatment with MP (Figure 2C; P < 0.01). 
These results illustrated significantly improved pathological 
morphology of the spinal cord with MP treatment post-SCI. 

MP activated Wnt/β-catenin signaling pathway after SCI
To examine the molecular mechanisms underlying the role 
of MP in functional recovery, western blot assay was used in 
spinal cord tissue from the lower thoracic region, cephalad 
and caudal from the lesion epicenter, to analyze alterations 
of the Wnt/β-catenin signal pathway, which is known to 
inhibit neuronal apoptosis, at 3 and 7 days post-SCI in the 
three groups (Figure 3A). The β-catenin protein expression 
levels were significantly increased in the saline group com-
pared with the sham group, and the β-catenin expression 
was higher in the MP group compared with the saline group 
(Figure 3C) (3 days: P < 0.001; 7 days: P < 0.01). Additionally, 
compared with the sham group, expression levels of p-LRP-6 
and GSK-3β increased after SCI, and were even higher after 
MP treatment (Figure 3B; 3 days: P < 0.001; 7 days: P < 0.001); 
(Figure 3D; 3 days: P < 0.05; 7 days: P < 0.01). These results 
demonstrated that the Wnt/β-catenin signaling pathway was 
significantly activated after SCI, potentially as part of the en-
dogenous repair mechanism, and was further enhanced by 
MP treatment in the spinal cord of SCI rats. 

Cell apoptosis inhibited by MP following SCI
Some studies have stated that neuron cell apoptosis increas-
es from 1 to 14 days post-SCI, and the variation tendency 
shows more significant alterations at 3 and 7 days post-SCI 
(Rios et al., 2015; Yan et al., 2015). In our study, western 
blot analysis was used to examine the anti-apoptotic effect 
of MP at 3 and 7 days post-SCI (Figure 4A). Interestingly, 
expression of active caspase-9 and caspase-3 in the spinal 
cord cephalad and caudal tissue from the lesion epicenter 
was decreased by MP after SCI compared with elevated 
levels in the saline group (Figure 4B, C; 3 days: P < 0.01 or 
P < 0.05; 7 days: P < 0.001). Concomitantly, the number of 
TUNEL-positive cells was reduced by MP treatment com-
pared with the saline group after SCI (Figure 5A, B; 7 days: 
P < 0.001). Furthermore, immunofluorescence analysis was 
utilized to detect expression of the apoptotic and anti-apop-
totic proteins Bax and Bcl-2 in the spinal cord anterior horn 
at 7 days post-SCI (Figure 6A, C). Results showed increased 
Bax levels, whereas Bcl-2 levels were decreased in the saline 
group compared with the sham group. Conversely, MP treat-
ment inhibited Bax expression and elevated Bcl-2 expression 
after SCI compared with the saline group (Figure 6B, D; 7 
days: P < 0.01). Our data indicate that MP treatment inhib-
ited neuronal apoptosis, with a potentially significant neuro-
protective effect on SCI. 

Discussion
To evaluate the effect of MP on functional recovery in a rat SCI 
model, BBB scores were measured to determine open-field lo-
comotor function. MP treatment significantly promoted loco-
motor functional recovery, decreased lesion size, and increased 
the number of surviving neurons in the spinal cord anterior 
horn in SCI rats. The molecular and cellular mechanisms un-
derlying these neuroprotective effects likely involved a reduc-
tion in the number of apoptotic cells, which was accompanied 
by reduced levels of activated caspase-3, caspase-9, and Bax 
protein expression, while the anti-apoptotic Bcl-2 levels were 
higher in the spinal cord anterior horn of MP-treated rats. In-
terestingly, MP further up-regulated the expression levels and 
activation of the Wnt/β-catenin signaling pathway, including 
LRP-6 phosphorylation, β-catenin, and GSK3-β phosphory-
lation, following SCI. Thus, the neuroprotective effect of MP 
treatment suppressing apoptosis may be correlated with the 
activation of the Wnt/β-catenin signaling pathway. 

Recent studies have tried to identify the molecular mech-
anisms of primary and secondary injury in SCI (Estrada and 
Muller, 2014). Primary injury, leading to irreparable dam-
age, is caused by various factors, such as initial mechanical 
impact, compression, and contusion, resulting in damage 
to nerve cells, myelin, blood vessels, and supporting bone 
structures in SCI. Secondary injury plays a more important 
long-term role in SCI. The traumatic injury causes swelling 
and hemorrhage, which lead to increased free radicals and 
decreased blood flow, causing cell membrane dysfunction, 
oxidative stress, inflammation, and apoptosis (Kang et al., 
2007; Haider et al., 2015; Saxena et al., 2015). Apoptosis is 
considered as a significant therapeutic target in secondary 
injury. The application of anti-apoptotic drugs potentially 
promotes functional recovery in SCI.

The synthetic glucocorticoid MP is widely used for the 
clinical treatment of SCI. Initially, MP had been observed to 
inhibit secondary injury and improve functional recovery 
by intercalation into the cell membrane and inhibition of 
the propagation of peroxidative reactions. It was believed to 
inhibit posttraumatic spinal cord lipid peroxidation after SCI 
(Hall et al., 1987; Hall, 1993). Additionally, multiples effects 
of MP on spinal cord injury, such as anti-inflammatory, an-
ti-oxidative, and autophagy-suppressive activity, have been 
reported (Botelho et al., 2009; Chen et al., 2012; Chengke et 
al., 2013; Boyaci et al., 2014). However, some studies have 
started to question the neuroprotective effect of MP after 
SCI (Liu et al., 2009; Tesiorowski et al., 2013; Harrop, 2014). 
Although some studies have shown that a mega dose of MP 
within 8 hours after SCI improves prognosis and promotes 
functional recovery after SCI (Bracken, 2012), other reports 
indicate that MP fails to exert a neuroprotective effect and 
actually increases complications in SCI, such as infection, 
pulmonary embolism, and death (Pereira et al., 2009; Hurl-
bert et al., 2015). In the present rat SCI model, Nissl staining 
results showed that MP treatment significantly decreased the 
proportion of lesion size after SCI and increased the number 
of surviving neurons in the anterior horns of the spinal cord. 
Notably, these Nissl-positive, large-diameter neurons in 
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the spinal cord anterior horn appear morphologically as al-
pha-motor neurons, which contribute to functional recovery 
after SCI (Zhang et al., 2013a). The concomitant BBB scores 
for functional locomotor recovery were higher in the MP 
group compared with the saline group after SCI. These re-
sults illustrated that MP exhibits neuroprotective properties 
in vivo leading to functional recovery after SCI. 

Some studies have demonstrated that increased apoptosis 
especially during a later phase, affects microglia and oligo-
dendrocytes and inhibits white matter recovery, leading to 
neuronal loss and inhibition of functional recovery after SCI 
(Yuan and Yankner, 2000; Beattie et al., 2002). The expres-
sion levels of caspases and Bax increase, whereas anti-apop-
totic Bcl-2 levels decrease after apoptosis induction. These 
results provide potential therapeutic targets for promoting 
neurological function recovery after SCI (Yuan and Yank-
ner, 2000; Tang et al., 2014; Zhang et al., 2015b). To study 
apoptosis in SCI, expression levels of Bcl-2 and Bax protein 
were detected by immunofluorescence analysis. Western 
blot assay was employed to detect expression of two other 
apoptotic markers, activated caspase-3 and caspase-9, after 
SCI. Results showed that expressions of activated caspase-3, 
caspase-9, and Bax expression were inhibited by MP, but lev-
els of the anti-apoptotic protein Bcl-2 were enhanced. Con-
comitantly, the number of TUNEL-positive cells was also re-
duced by MP treatment following SCI. These results indicate 
that neuronal apoptosis was significantly suppressed by MP 
treatment following SCI, and further supported the neuro-
protective activity of MP and effect on functional recovery. 
However, the explicit molecular mechanisms underlying the 
neuroprotective effects of MP remain to be shown to develop 
novel therapeutic strategies for SCI.

Wnts are a well-characterized family of glycoproteins and 
play an important role in embryonic development, influencing 
processes such as proliferation, composition, and survival of 
neurons (Hollis and Zou, 2012; Gonzalez-Fernandez et al., 
2014). Wnt signaling pathways are mainly divided into three 
different signaling pathways: the canonical Wnt/β-catenin 
pathway, the  non-canonical  planar cell polarity (Wnt-JNK) 
pathway, and the Wnt-Ca2+ pathway (Fernandez-Martos et 
al., 2011). In the canonical wnt/β-catenin signal transduction 
pathway, binding of the wnt protein to the receptors Frizzled 
and LRP-5/6 induces LRP-6 phosphorylation, which in turn 
induces GSK-3β phosphorylation, improves stabilization of 
β-catenin, and induces dissociation of β-catenin from a protein 
complex consisting of adenomatous polyposis coli, Axin, and 
GSK3-β. Subsequently, β-catenin is translocated into the nucle-
us where it binds to the TCF/LEF transcription factor, thereby 
regulating cell proliferation, cell apoptosis, or differentiation 
(Reya and Clevers, 2005; MacDonald et al., 2009). Recent 
studies have shown that the activated Wnt/β-catenin signal-
ing pathway promotes regeneration of axons and functional 
recovery after SCI (Sun et al., 2013; Yang et al., 2013). Other 
reports demonstrate that suppression of the Wnt/β-catenin 
singaling pathway induces apoptosis (Wang et al., 2002; Bilir 
et al., 2013). However, the effect of MP on the Wnt/β-catenin 
signaling pathway after SCI has not been previously reported. 
Western blot results in the present study demonstrated en-

hanced phosphorylation levels of LRP-6 and GSK-3β, as well 
as increased β-catenin protein expression, indicating increased 
activation of the canonical Wnt/β-catenin signaling pathway by 
MP after SCI. These findings most likely indicate an increase in 
endogenous repair mechanisms regulated by the Wnt/β-catenin 
signaling following SCI. Furthermore, MP inhibited neuronal 
apoptosis, which may imply that the anti-apoptotic effect was 
mediated by further activation of the Wnt/β-catenin signaling 
pathway post-SCI. Thus, the neuroprotective activity of MP on 
SCI may be attributed to the activation of the Wnt/β-catenin 
signaling pathway, providing a novel molecular mechanism 
underlying the role of MP in SCI treatment.

In our study, MP treatment increased the number of sur-
viving neurons in the spinal cord anterior horn, suppressed 
neuronal apoptosis, and improved pathological and loco-
motor functional recovery following SCI in rats. In line 
with these results, MP treatment further activated the wnt/
β-catenin signaling pathway close to the lesion epicenter 
after SCI, which is known to attenuate neuronal apoptosis. 
Nevertheless, the effect of MP has been studied only on neu-
rons in our study, and it will be necessary to further observe 
the effects of MP on the Wnt/β-catenin signaling pathway 
and recovery of other neural cells post-SCI through in vivo 
and in vitro experiments. Further studies are needed to ver-
ify the various effects of MP on the Wnt/β-catenin signaling 
pathway and neuroprotective effects on functional recovery 
at additional time points in SCI rats to determine the molec-
ular mechanisms of Wnt/β-catenin signaling in vivo and in 
vitro to further support the potential advantages of clinical 
application of MP in SCI treatment.
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