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Introduction
Spinal cord injury refers to damage to the spine that results 
in the complete or partial loss of sensory and/or motor func-
tion and affects the quality of life of injured patients. Nerve 
regeneration and restoration play crucial roles in improving 
the prognosis and quality of life of patients after spinal cord 
injury (Kobbe et al., 2009; Ok et al., 2012; Zhou et al., 2014). 
However, the best method to achieve a physiological recovery 
of the structure and function of the damaged nerves remains 
a challenging problem in the field of neurosurgery (Pallini 
et al., 2005; Meletis et al., 2008; Kobbe et al., 2009; Ok et al., 
2012; Batchelor et al., 2013). Recently, stem cell therapy has 
shown considerable therapeutic potential for treating spinal 
cord injury. Schwann cells (SCs) are important support cells 
that surround the nerve cells and play a key role in neuronal 
regeneration. SCs can secrete various neurotrophic factors, 

promote neuronal survival and differentiation, and support 
and guide various nervous processes. The transplantation 
of SCs was found to promote functional recovery after spi-
nal cord injury, suggesting a new approach to the treatment 
of spinal cord injury (Nout et al., 2012). When the central 
nervous system is insulted, the gene expression and protein 
content of the Nogo protein are significantly increased, with 
expression of the Nogo receptor (NgR) increased according-
ly, ultimately leading to growth cone collapse and inhibition 
of neurite extension (Xu et al., 2011; Yan et al., 2011; Antonic 
et al., 2013; Kim et al., 2013; Bazley et al., 2014). NgR gene 
silencing using transfection of small interfering RNA (siR-
NA) can be used to block the inhibitory effect of the Nogo 
protein, thereby promoting neurite growth after nerve cell 
differentiation. Recently, mild hypothermia (33–35°C) ther-
apy has been suggested as a potential therapeutic regimen 
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for brain and spinal cord injuries (Ok et al., 2012). Growing 
evidence from clinical studies has shown that mild hypo-
thermia effectively reduces the secondary damage to the 
brain and spinal cord and protects the central nerve from 
the tissue damage (Batchelor et al., 2013). In the present 
study, we transplanted a cell-scaffold complex consisting of 
a poly(D,L-lactide-co-glycolic acid) (PLGA) scaffold seeded 
with NgR-silenced neural stem cells (NSCs) and SCs into an 
injured spinal cord in rats to determine the effects of mild 
hypothermia combined with the NgR-silenced cell scaffolds 
for the treatment of spinal cord injury.

Materials and Methods
Animals
Ninety-six healthy, adult, female Wistar rats, weighing 250–
300 g, were acquired from the Laboratory Animals Room, 
Chinese Academy of Medical Sciences, China (certification 
No. SCXK (Jing) 2006-0008). The animals were housed at 
a room temperature of 18–26°C and relative humidity of 
40–70%. The protocol used in this study was approved by 
the Scientific Review Committee and the Institutional Re-
view Board of Tianjin Medical University in China. The rats 
were randomly divided into four groups, each containing 
24 rats: the simple PLGA scaffold group, the NSCs + SCs + 
PLGA group, the NgR-silenced cells (NSCs + SCs) + PLGA 
group, and the mild hypothermia + NgR-silenced cells (NSCs 
+ SCs) + PLGA group.

Cell culture and NgR silencing
The NSCs and SCs (provided by the First Central Hospital 
of Tianjin, Tianjin, China) were separated, purified, iden-
tified, and amplified (Papastefanaki et al., 2007). Next, the 
obtained cells were transfected with siRNA to silence NgR 
gene expression (Wang et al., 2010). The expression levels 
of NgR before and after transfection were determined with 
reverse transcription (RT)-PCR to verify the efficacy of NgR 
gene silencing. The total RNA was extracted from cells in 
each group using the TRIzol method (Takara, Dalian, Lia-
oning Province, China), and the RNA content was assessed 
by UV spectrophotometry (Shanghai Haishen Medical 
Electronic Machine Co., Ltd., Shanghai, China). A volume 
of 5 µL of total RNA was synthesized into cDNA using the 
M-MLV reverse transcriptase, and then the 5 µL of reverse 
transcription product was amplified by PCR with an NgR 
upstream primer sequence of 5′-CTG CTG GCA TGG GTG 
TTA TGG-3′ and downstream primer sequence of 5′-TCT 
GGC TGG AGG CTG GGA T-3′. The product size was 151 
bp. The PCR reaction included 35 cycles of denaturation at 
94°C for 1 minute, annealing at 61°C for 45 seconds, and 
extension at 72°C for 1 minute, with a final extension at 
72°C for 7 minutes. Each PCR reaction was replicated three 
times. The PCR products were separated by electrophoresis 
on a 2% agarose gel, and the size and brightness of the am-
plification products were observed with a UV transmission 
reflectometer (Shanghai Haishen Medical Electronic Ma-

chine Co., Ltd., Shanghai, China). The amplification bands 
were analyzed using a gel analysis system, and the gene 
expression level was calculated as the average optical den-
sity value of each band. The ratio of the optical density of 
each amplification band to the optical density of the β-actin 
band was used as the relative mRNA expression level of the 
amplified products.

Preparation of the cell-scaffold complex
PLGA (85:15) (Ji’nan New-technology Company, Ji’nan, 
Shandong Province, China) was modified by treatment 
with ammonia plasma, and then the block PLGA was cut 
into 2.5 mm × 1.5 mm × 1.0 mm specimens, vacuum dried, 
and sterilized by ethylene oxide fumigation. For the simple 
PLGA scaffold group, 10 µL of L-DMEM medium (Gibco 
BRL, Gaithersburg, MD, USA) was pipetted onto the PLGA 
scaffolds. For the NSCs + SCs + PLGA group, 10 µL of NSCs 
and SCs at a density of 2 × 1010 cells/L were seeded onto the 
PLGA scaffolds. For the NgR-silenced cells + PLGA group 
and mild hypothermia + NgR-silenced cells + PLGA groups, 
10 µL of the NgR-silenced NSCs and SCs at a density of 2 
× 1010 cells/L were seeded onto the PLGA scaffolds. All cells 
were incubated at 37°C and 5% CO2 in a humidified incuba-
tor. After 4 days of culture, the cell adhesion, proliferation, 
and differentiation were assessed. The adherent cells were 
used for the transplantation.

Establishment of the acute spinal cord injury animal 
model and mild hypothermia intervention
Wistar rats in each group were anesthetized with an in-
traperitoneal injection of 2.5% ketamine (20 mg/kg) and 
secured in the prone position. To harvest the T9 spinous 
process, a 2–3 cm-long midline incision was made along 
the skin and subcutaneous tissue of the back, stripping 
and retracting the paraspinal muscles. The T8 and T9 spi-
nous processes and lamina were exposed and clamped 
with a laminectomy forceps to expose and cut the dura 
mater. The right side of the spinal cord was hemi-resected. 
Next, hindlimb paralysis after the injury was verified using 
previously published criteria (Pearse et al., 2007). Finally, 
the wound was sutured closed. In the NgR-silenced cells 
+ PLGA group and the NSCs + SCs + PLGA group, the 
injured spinal tissue was exposed 6 hours after injury and 
transplanted with the corresponding cell-PLGA complexes. 
In the simple PLGA scaffold group, the injured spinal tissue 
was exposed 6 hours after injury and transplanted with the 
PLGA/DMEM culture medium. The incisions were then 
sutured closed. All rats were treated with daily abdominal 
massages, twice artificial urinations, and paraplegia care 
after transplantation. The rectal temperature in the rats was 
continuously monitored using HP-V26 temperature mea-
suring instruments (HP-V26, HP, Palo Alto, CA, USA). In 
the mild hypothermia + NgR-silenced cells + PLGA group, 
the rats were placed on a cold blanket to maintain their rec-
tal temperatures at 34 ± 0.5°C for 6 hours after cell trans-
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plantation.

Evaluation of lower limb motor function
All rats were assessed using an inclined plate test and to de-
termine the modified Tarlov score for lower extremity motor 
function before injury and at 1, 2, 4, 6, and 8 weeks after 
injury. For the inclined plate tests, the rats were placed in a 
modified Rivilin inclined plate, with the heads to the right. 

Figure 2 Adhesion and growth of neural stem cells (NSCs) and Schwann cells (SCs) before and after NgR silencing at 4 days after culture (fluo-
rescence microscopy, scale bars: 0.5 μm). 

Figure 1 NgR silencing by siRNA transfection in neural stem cells 
(NSCs) and Schwann cells (SCs).
Data are expressed as the mean ± SD, and repeated measures analysis of 
variance and Student-Newman-Keuls tests were performed. *P < 0.05, 
vs. before NgR silencing.

The angle of the incline was gradually increased from the 
horizontal position (0°), and the maximum angle at which 
the rats could remain on the plate for 5 seconds without fall-
ing was recorded. The final results were obtained by averag-
ing the maximum angle from three measurements (Xiao et 
al., 2012). The Basso, Beattie, and Bresnahan (BBB) scale was 
used to evaluate motor function (Pallini et al., 2005; Meletis 
et al., 2008). The rats in each group were graded by blinded 
observers at 1, 2, 4, 6, and 8 weeks after injury, the motor 
function was assessed six times with the BBB scale, and the 
mean score at each time point was calculated.

Hematoxylin-eosin and immunofluorescence staining
Six rats in each group were randomly selected at 4 weeks 
after injury and euthanized under anesthesia. The injured 
T9 spinal tissue was harvested and prepared for histologi-
cal assessment of the degree of recovery. The spinal tissues 
were fixed in 40 g/L paraformaldehyde, frozen, and cut into 
5-µm-thick sections for hematoxylin-eosin and immunoflu-
orescence staining. The sections were stained with hematox-
ylin and then immersed in acid followed by ammonia. The 
sections were then washed with running water, immersed in 
distilled water, dehydrated through a graded alcohol series, 
stained with eosin, and then observed under a light micro-
scope. Other sections were stained with PKH-26 (Sigma, St. 
Louis, MO, USA) to detect the presence and distribution of 
NSCs after transplantation. The number of PKH-26-positive 
cells in each section was calculated from ten random fields 
of view at high magnification (200×) (Olympus, Tokyo, Ja-
pan), and averaged for each group.
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Transmission electron microscope observation
Two rats in each group were randomly selected at 8 weeks 
after surgery and perfused with 2.5% glutaraldehyde. Sec-
tions of the injured spinal tissue were further fixed with 
glutaraldehyde overnight. Two 1 mm spinal segments were 
harvested from the proximal and distal ends of the left 
hemisphere. The obtained segments were fixed with osmium 
tetroxide at 4°C for 2 hours, rinsed, dehydrated with a gradi-
ent of acetone, stained with uranyl acetate at 4°C for 4 hours, 
embedded in 618 epoxy, and observed under a transmission 
electron microscope (Shanghai Yanyou Instrument Co., Ltd., 
Shanghai, China).

Electrophysiology detection
Six rats in each group were randomly selected at 8 weeks 
after surgery, and their somatosensory evoked potentials 
and motor evoked potentials were detected using the 
KEYPOINT 4 method (Meletis et al., 2008). The rats were 
anesthetized with an intraperitoneal injection of 10% chlo-
ral hydrate and placed on a horizontal plane. Stimulating 
electrodes (Shanghai Yanyou Instrument Co., Ltd., Shang-
hai, China) were placed on the hindlimbs, while recording 
electrodes were used to monitor the hindlimb cortical 
sensory area (Hiraizumi et al., 1996), which is at the inter-
section between the coronal suture and the sagittal suture 
healing line. A reference electrode was placed 0.5 cm pos-
terior to the recording electrodes. A direct-current square-
wave electrical stimulation was applied to the rat hindlimb 
at 5–15 mA current, 0.2 ms width, and 3 Hz frequency, 
which was superimposed 50–60 times. The somatosensory 
evoked potential latency and amplitude were recorded to 
determine the nerve electrophysiological recovery. For the 
motor evoked potentials test, the rats were first anesthe-
tized, and then stimulating electrodes were inserted into the 
cerebral motor cortex 2 mm anterior to the coronal suture 
and 2 mm lateral to the sagittal suture. A stimulus with an 
intensity of 40 mA, pulse width of 0.1 ms, and stimulation 
frequency of 1 Hz was superimposed 300–500 times at a 
scanning speed of 5 ms/div and sensitivity of 5 µV/div. The 
motor evoked potentials latency and amplitude were ob-
served and recorded.

Statistical analysis
The statistical analysis was performed by the second author 
using SPSS 17.0 software (SPSS, Chicago, IL, USA). The 
data are expressed as the mean ± SD. Repeated measures 
analysis of variance and Student-Newman-Keuls tests were 
performed. P-values less than 0.05 were considered to be sta-
tistically significant.

Results
NgR expression in the NgR-silenced NSCs and SCs via 
siRNA transfection 
RT-PCR detection showed that, after the NgR gene was si-
lenced by siRNA transfection for 48 hours, the expression 

of the NgR gene in both NSCs and SCs was significantly 
down-regulated compared with the corresponding control 
groups (P < 0.05; Figure 1).

NSCs and SCs seeded in the cell-scaffold complexes
After 4 days of cell culture, a large number of NSCs and SCs 
had adhered to the PLGA scaffold, as observed by fluores-
cence microscopy. The cells grew along the PLGA scaffold, 
and only a very small number of randomly arranged cells 
were found outside of the complexes. Compared with the 
non-transfected group, more cells were adhered and growing 
after NgR gene silencing (Figure 2).

Mild hypothermia combined with transplantation of the 
NgR-silenced cell scaffold improved hindlimb motor 
function in rats after spinal cord injury
The inclined plate test angle and modified BBB scores of 
rats in the NSCs + SCs + PLGA group, NgR-silenced cells + 
PLGA group, and mild hypothermia + NgR-silenced cells + 
PLGA group were significantly higher than those in the sim-
ple PLGA scaffold group (P < 0.05 or P < 0.01). The motor 
function of rats in the NgR-silenced cells + PLGA group and 
mild hypothermia + NgR-silenced cells + PLGA group was 
better than that in the NSCs + SCs + PLGA group (P < 0.05; 
Figure 3).

Mild hypothermia combined with transplantation of the 
NgR-silenced cell scaffolds improved the nerve 
electrophysiological function in rats after spinal cord 
injury
The somatosensory evoked potentials and motor evoked po-
tentials waveforms disappeared completely in each group af-
ter the spinal cord injury. At 8 weeks after transplantation, the 
lag phase of the somatosensory evoked potentials and motor 
evoked potentials was shortened and the amplitude was in-
creased in the NSCs + SCs + PLGA group, NgR-silenced cells 
+ PLGA group, and mild hypothermia + NgR-silenced cells 
+ PLGA group (P < 0.05 or P < 0.01) compared with the 
simple PLGA scaffold group. Furthermore, the NgR-silenced 
cells + PLGA group and mild hypothermia + NgR-silenced 
cells + PLGA group had shorter lag phases and higher ampli-
tudes of somatosensory evoked potentials and motor evoked 
potentials than the NSCs + SCs + PLGA group (P < 0.05). 
The lag phase and amplitude of the somatosensory evoked 
potentials and motor evoked potentials were not different 
between the NgR-silenced cells + PLGA group and the mild 
hypothermia + NgR-silenced cells + PLGA group (P > 0.05; 
Figure 4).

Mild hypothermia combined with transplantation of the 
NgR-silenced cell scaffolds improved the pathological 
changes found in rats after spinal cord injury
Spinal cord tissue rupture was visible by hematoxylin-eosin 
staining in the simple PLGA scaffold group, as well as scar 
connection, structural disorder, and apparent porosis. In the 
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NSCs + SCs + PLGA group and NgR-silenced cells + PLGA 
group, normal nerve cell-like morphological changes were 
observed, along with tissue porosis. Standard nerve cell-like 
morphological changes were also found in the mild hypo-
thermia + NgR-silenced cells + PLGA group, but the porosis 
was absent (Figure 5).

Immunofluorescence staining showed that the number 
of PKH-26-positive cells (surviving cells) in the spinal cord 
sections was highest in the mild hypothermia + NgR-silenced 
cells + PLGA group, next highest in the NgR-silenced cells + 
PLGA group, lower in the NSCs + SCs + PLGA group, and 
lowest in the simple PLGA scaffold group (P < 0.05; Figure 5).

Under transmission electron microscopy, glial scars were 
found in the simple PLGA scaffold group, and macrophages 
had phagocytized the degenerated and necrotic myelinated 
nerve fibers. In the mild hypothermia + NgR-silenced cells 
+ PLGA group, a large number of myelinated nerve fibers 
and non-myelinated nerve fibers, as well as many axons, were 
found. In addition, the sheath myelin was intact in the regen-
erated axons. In the NSCs + SCs + PLGA group and NgR-si-
lenced cells + PLGA group, the number of myelinated nerve 
fibers and non-myelinated nerve fibers was higher than in 
the simple PLGA scaffold group, but lower than in the mild 
hypothermia + NgR-silenced cells + PLGA group (Figure 5).

Discussion
Injured spinal cord nerve cannot regenerate or repair, which 
is a major problem in the medical field. The accumulating 
evidence has highlighted the changes in the microenviron-
ment after spinal cord injury and the effects of mild hypo-
thermia, as well as nerve cell scaffolds, for the repair of spinal 
cord injury and nerve cell regeneration (Teng et al., 2002; Du 
et al., 2014; Peterson and Anderson, 2014).

Transplanted NSCs can differentiate into astrocytes be-
cause of a lack of external induction factors, leading to the 
formation of a large number of glial scars and a reduction 
in the number of differentiated neurons. In addition, axon 
growth within the neurons is difficult to control (Ban et al., 
2009; Peterson and Anderson, 2014). Therefore, biological 
scaffolds that better mimic the normal microenvironment 
have been developed applied in scientific research (Teng et 
al., 2002; Saberi et al., 2008; Ban et al., 2009; Chi et al., 2010; 
Choi et al., 2012; Batchelor et al., 2013). In the present study, 
we used PLGA, a tissue engineering scaffold, for nerve re-
pair. The PLGA copolymers provide the three-dimensional 
environment that is required for the growth of nerve cells, 
thereby promoting nerve regeneration. In addition, the cell 
axons are able to closely adhere to the PLGA scaffold. The 
ideal tissue engineering scaffold material should be easily 
inoculated with in vitro cultured and expanded SCs to facil-
itate the formation of a peripheral nerve bridging graft with 
NSCs (Saberi et al., 2008; Chi et al., 2010; Peng et al., 2010), 
which can then migrate from the graft towards the damaged 
area, and be able to guide the differentiation of NSCs (Ban et 
al., 2009; Xu et al., 2011; Karimi-Abdolrezaee and Eftekhar-

pour, 2012; Akbary and Arora, 2014).
Several previous studies (Ban et al., 2009; Antonic et al., 

2013; Batchelor et al., 2013) have reported that the im-
portant aspects of the microenvironment after spinal cord 
injury include the nerve cells and their genes, proteins, mi-
tochondria, and expression of cytokines, and changes in the 
local environment are accompanied by changes in the re-
generation capacity of injured nerve axons. Treatment with 
mild hypothermia was reported to effectively reduce sec-
ondary nerve damage and prevent severe brain trauma and 
spinal cord injury (Young, 2002; Pallini et al., 2005; Dididze 
et al., 2013; Hou et al., 2013; Zaminy et al., 2013; Zhang 
and He, 2014), protect the mitochondrial function of nerve 
cells, enhance the expression of nerve cell nutrition factors, 
and improve the microcirculation in the areas of spinal 
cord damage. By altering the microenvironment of the spi-
nal nerve cells, mild hypothermia promotes the survival, 
division, proliferation, differentiation, and migration of 
nerve cells; accelerates the recovery of spinal cord conduc-
tion function; and prolongs the proliferation and survival 
of NSCs and SCs. Additionally, hypothermia contributes to 
vascular proliferation, increases the microcirculation to the 
spinal nerve tissue, and increase the long-term survival of 
transplanted cells (Young, 2002; Pallini et al., 2005; Lepore 
et al., 2006; Saberi et al., 2008; Ok et al., 2012; Hou et al., 
2013; Zhang and He, 2014).

In the present study, we transplanted cell-scaffold com-
plexes into the spinal cord of rats and treatment them 
with mild hypothermia to determine the effects of the 
treatment on spinal cord injury. The results of this study 
showed that transplantation of gene-modified cell-scaffold 
complexes and treatment with mild hypothermia signifi-
cantly improved the repair of spinal cord injury compared 
with treatment with a simple cell-scaffold complex, both 
in terms of the histology and nerve functions. The hema-
toxylin-eosin staining of the spinal cord sections showed 
normal nerve cell-like morphological changes in the mild 
hypothermia + NgR-silenced cells + PLGA group, and the 
cavity created by the injury was absent. In addition, the tis-
sue restoration overall was better than in the simple PLGA 
scaffold group, the NSCs + SCs + PLGA group, and the 
NgR-silenced cells + PLGA group. The immunofluorescence 
staining of the spinal cord tissue showed that the number of 
PKH-26-positive cells was higher in the mild hypothermia 
+ NgR-silenced cells + PLGA group than that in the simple 
PLGA scaffold group, NSCs + SCs + PLGA group, and NgR 
-silenced cells + PLGA group. This result suggests that the 
transplanted cells survived better in the mild hypothermia 
+ NgR-silenced cells + PLGA group. By transmission elec-
tron microscopy, a large number of myelinated nerve fibers 
and non-myelinated nerve fibers were found in the mild 
hypothermia + NgR-silenced cells + PLGA group, and the 
number of axons was significantly higher than that in the 
simple PLGA scaffold group, NSCs + SCs + PLGA group, 
and NgR-silenced cells + PLGA group. This result indicates 
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Figure 3 Effect of mild hypothermia combined with transplantation of the NgR-silenced cell scaffold on hindlimb motor function in rats 
after spinal cord injury.
(A) Inclined plate test; (B) modified BBB scores. Higher angles and higher BBB scores indicate better recovery of hindlimb motor function. Data 
are expressed as the mean ± SD, and repeated measures analysis of variance and Student-Newman-Keuls tests were performed. #P < 0.05, ##P < 0.01, 
vs. simple PLGA scaffold group; †P < 0.05, vs. NSCs + SCs + PLGA group. PLGA: Poly(D,L-lactide-co-glycolic acid); NSCs: neural stem cells; SCs: 
Schwann cells; BBB: Basso, Beattie, and Bresnahan scale.

Figure 4 Effect of mild hypothermia combined with transplantation of the NgR-silenced cell scaffolds on the somatosensory evoked 
potential and motor evoked potential in rats after spinal cord injury.
Data are expressed as the mean ± SD (n = 12), and repeated measures analysis of variance and Student-Newman-Keuls tests were performed. #P 
< 0.05 and ##P < 0.01, vs. simple PLGA scaffold group; †P < 0.05, vs. NSCs + SCs + PLGA group. PLGA: Poly(D,L-lactide-co-glycolic acid); NSCs: 
neural stem cells; SCs: Schwann cells; I: simple PLGA scaffold group; II: NSCs + SCs + PLGA group; III: NgR-silenced cells + PLGA group; IV: Mild 
hypothermia + NgR-silenced cells + PLGA group.
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that the transplanted cells were able to repair the spinal 
nerve fibers in the mild hypothermia + NgR-silenced cells 
+ PLGA group. The BBB scores and inclined plate test an-
gle results showed that the rats in the mild hypothermia + 
NgR-silenced cells + PLGA group performed better than 
the animals in the simple PLGA scaffold group, NSCs + SCs 
+ PLGA group, and NgR-silenced cells + PLGA group at 4 
weeks after injury, with significant differences among the 
groups. The somatosensory evoked potentials and motor 

evoked potentials in the mild hypothermia group showed 
the most significant recovery at 8 weeks after injury, and 
the increase in amplitude was more apparent than that 
in the other groups. The differences between groups were 
statistically significant. Together, these results suggest that 
mild hypothermia facilitates the development of electrical 
signal conduction time from the hindlimbs to the scalp, 
and that conduction pathway was smoother and better re-
covered.
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In conclusion, mild hypothermia treatment prior to trans-
plantation of scaffolds seeded with NgR gene-silenced cells 
can prolong the survival, proliferation, differentiation, and 
migration of transplanted neural stem cells at the site of 
injury, reduce glial scar formation, and promote the recov-
ery of neurological function in rats after spinal cord injury, 
thereby contributing to the processes of restoration and re-
generation following spinal cord injury.
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