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Introduction
The existing treatments for spinal cord injury (SCI) are un-
able to achieve the desired effect (Kim et al., 2012; Ercan et 
al., 2014). Neural regeneration after primary injury to the 
central nervous system is difficult, and the injury is often 
irreversible. In contrast, secondary injuries can be controlled 
and are reversible (Grimm et al., 2006). Neural stem cells 
(NSCs) continuously proliferate in vitro, self-renew, and 
can differentiate into neurons and astrocytes (Abbasnia et 
al., 2015). Thus, NSCs transplanted into rats after SCI can 
help recover their neurological functions (Cohen et al., 2015; 
Maiese et al., 2015). 

Recently, the important functions of erythropoietin (EPO) 
in spinal repair have been increasingly recognized. Wu et al. 
(2015) reported that EPO has neuroprotective effects against 
hypoxic-ischemic brain injury, and human EPO (hEPO) has 
multiple biological effects and is important clinically (Wu et 
al., 2015).  

NSC transplantation into the subarachnoid cavity allows 
the transplanted cells to quickly enter the nervous system 
and increases their survival rate (Mahmood et al., 2002). 
In the present study, hEPO was innovatively transfected 
into NSCs by gene transfection, the transfected NSCs were 
transplanted into the subarachnoid cavity of rats after SCI, 
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and the effects of the transfected NSCs on apoptosis and the 
recovery of lower limb motor function following SCI were 
assessed.

Materials and Methods 
Experimental animals 
A total of 12 Sprague-Dawley rat fetuses weighing 10–14 g 
were obtained from 1 female rat weighing 325 g at gestation-
al day 14. The NSCs were collected from these rat fetuses. 
A total of 85 healthy male Sprague-Dawley rats weighing 
200–250 g were used for the in vivo experiments. All rats 
were purchased from the Animal Laboratory of the Chinese 
Academy of Medical Sciences in China (license No. SCXK 
(Jin) 20090068). This study was approved by the Animal 
Ethics Committee of the Chinese Academy of Medical Sci-
ences in China. All of the rats were housed under controlled 
conditions (22°C) in 12-hour light/dark cycles with free ac-
cess to food and water. All surgeries were performed under 
anesthesia with 10% chloral hydrate 0.4 mL/100 g, and all 
efforts were made to minimize the pain and distress of the 
experimental animals. All of the animal procedures were 
conducted in accordance with the Guide for the Care and 
Use of Laboratory Animals as adopted and promulgated by 
the U.S. National Institutes of Health. 

Culture, identification, and labeling of NSCs from rat 
brain tissues 
NSC culture: The pregnant rat at gestational day 14 was 
euthanized by cervical dislocation, and then sterilized with 
75% ethanol (Wang et al., 2011). The fetal rats were harvest-
ed by opening the abdomen. The brains of the fetal rats were 
immersed in Dulbecco’s modified Eagle’s medium (DMEM)/
F12 medium (North of Shanghai Biological Technology Co., 
Ltd., Shanghai, China). After removing the meninges and 
blood vessels, the brain tissues were immersed in DMEM/
F12 medium, triturated with a pipette, and filtered through 
a 100-mesh sieve. The suspension was then placed in a cul-
ture flask and incubated with epidermal growth factor (10 
μg/mL; Sigma, St. Louis, MO, USA), basic fibroblast growth 
factor (10 μg/mL; Sigma), and N2 additive (Sigma) in an in-
cubator (RS Biotech, Irvine, UK) at 37°C and 5% CO2 for 72 
hours. The medium was then replaced. 

NSC identification: Immunocytochemical staining was 
performed to identify NSCs. After 3 days of culture, the 
NSCs were seeded onto polylysine-coated coverslips. The 
neurospheres that formed were subjected to immunohisto-
chemical staining for Nestin using a primary mouse anti-rat 
Nestin monoclonal primary antibody (Sigma; 1:200) at 4°C 
for 8 hours. The secondary antibody was fluorescein isothio-
cyanate-conjugated goat anti-mouse IgG (1:300; Boster, Wu-
han, China). The cells were visualized using phase contrast 
microscopy (Olympus, Tokyo, Japan). 

The identified NSCs were digested with 0.25% (1:4) 
trypsin and formed into a single cell suspension. The NSCs 
were then washed with serum-free DMEM/F12 medium, 
resuspended in 0.5 mL of diluent C at 2 × 107 cells/mL, 
and stained for immunofluorescence according to the CM-

Dil staining kit protocol (Shanghai Qianchen Biological 
Technology Co., Ltd., Shanghai, China). An aliquot of 1 × 
105 cells was washed with phosphate buffered saline (PBS; 
North of Shanghai Biological Technology Co., Ltd., Shang-
hai, China) immediately after labeling and fixed with 1% 
paraformaldehyde. After 24 hours of culture, the cells were 
visualized with a fluorescence microscope (Olympus). 

hEPO transfection and western blot assay
As previously described (Yang et al., 2010), fourth passage 
NSCs were incubated in DMEM containing 10% fetal bo-
vine serum in an incubator at 37°C and 5% CO2. The NSCs 
were subcultured once every 3 days. NSCs in the logarithmic 
growth phase were seeded onto a 24-well plate at 6 × 104 
cells/well and cultured for 3 days. The medium was discard-
ed, and the NSCs were washed twice with PBS. Recombinant 
adeno-associated virus (rAAV) 2-hEPO diluted with se-
rum-free, low glucose DMEM was added following a multi-
plicity of infection = 105 and incubated at 37°C for 2 hours. 
Sufficient amounts of fetal bovine serum and low glucose 
DMEM for 1 week were separately added. The cell culture 
medium was not replaced for 3 days prior to the western blot 
assay. Under the same conditions, normal control cells were 
transfected with empty vectors. Thus, two groups were set 
up during the rAAV2-hEPO transfection: a control group 
receiving an empty vector and an hEPO transfection group. 
The cell suspensions for each group were centrifuged at 300 
× g for 5 minutes, and then the target cells were collected. 
Following removal of the medium, 400 μL of lysate was 
added to extract the total protein. The protein concentra-
tion was measured using the Bradford assay. The extracted 
proteins were electrophoresed on a 5% stacking gel at 40 
V for 1 hour and 10% separating gel at 60 V for 3.5 hours 
before transfer to a polyvinylidene difluoride membrane 
using the wet method at 14 V for 14 hours. The membranes 
were blocked in a swing bed at 37°C for 2 hours, incubated 
with rabbit anti-human EPO polyclonal antibody (1:800; 
Santa Cruz Biotechnology, Santa Cruz, CA, USA) at 37°C 
for 2 hours, and washed four times in Tris-buffered saline 
with Tween 20 for 5 minutes each. The membranes were 
then incubated with goat anti-rabbit antibody (1:700; BD, 
Pharmingen, San Diego, CA, USA) at 37°C for 1.5 hours, 
washed four times in Tris-buffered saline with Tween 20 for 
5 minutes each, and visualized with dimethylbenzidine. The 
experiment was repeated in triplicate. Data were analyzed 
using the Quantity One image analysis system (Bio-Rad, 
Hercules, CA, USA). Protein expression levels are reported 
as the optical density ratio of the target protein to glyceral-
dehyde phosphate dehydrogenase (GAPDH). 

Animal models of spinal cord injury and cell 
transplantation 
A total of 85 healthy female Sprague-Dawley rats were accli-
matized for 2 weeks, anesthetized with an intraperitoneal in-
jection of 2.5% ketamine 20 mg/kg, and secured on a bench 
in the prone position. The lower back was shaved. A median 
incision was made on the back centered on the T8–9 spinous 
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process to expose the T7–10 spinous processes and the lamina. 
The T8–9 spinous process and part of the lamina tissue were 
removed. This exposed spinal cord tissue defined the lesion 
area. Using a modification of Allen’s method (Verstraete et 
al., 2014; Lai et al., 2015), a 10-g object was dropped from a 
vertical height of 2.5 cm that directly impacted the rat spinal 
cord. Paralysis of the lower limbs was observed after impact 
as the rat tail experienced swings and spasms, suggesting 
successful establishment of the model. The wound was then 
washed with penicillin saline, and the tissues were sutured 
closed in layers. 

Abdominal massage and extrusion were performed in the 
morning and afternoon daily to assist urination. A total of 
69 rats with SCI were established, and those were randomly 
assigned to the SCI, NSCs, or hEPO gene-modified NSCs 
(hEPO-NSCs) groups. 

Six hours after SCI, a 1-cm longitudinal incision was made 
centered on the T5 spinous process by cutting the skin and 
fascia and dissociating the bilateral paraspinal muscles to 
expose the L3 spinous process and vertebral plate. The L3 
spinous process and vertebral plate were then removed to 
expose the L3–4 spinal dura mater. A microsyringe was used 
to gently pierce the spinal dura mater with the tip parallel 
to the vertebral canal. The needle was slowly inserted in the 
direction of the rat head until cerebrospinal fluid was ob-
served upon pumpback. In the SCI group, 20 μL of DMEM/
F12 medium was infused into the subarachnoid cavity. In 
the NSCs group, 20 μL of DMEM/F12 medium (2 × 104 
cells/μL) was infused into the subarachnoid cavity. In the 

hEPO-NSCs group, 20 μL of DMEM/F12 medium (2 × 104 
cells/μL) (Wang et al., 2015) was slowly infused into the sub-
arachnoid cavity over 5 minutes. 

In each group, five rats were used for the terminal dexynu-
cleotidyl transferase(TdT)-mediated dUTP nick end labeling 
(TUNEL) assay, five for reverse transcription-polymerase 
chain reaction (RT-PCR), five for hematoxylin-eosin staining 
and CM-Dil counting, five for the horseradish peroxidase 
(HRP) tracer experiment, five for detection of motor function 
(three for CM-Dil fluorescence and hematoxylin-eosin stain-
ing, two for HRP retrograde tracing), and six for the electro-
physiological evaluations (two for CM-Dil fluorescence and 
hematoxylin-eosin staining, one for HRP retrograde tracing, 
and only three for the electrophysiological evaluation).

TUNEL assay for apoptosis in the rat spinal cord
At 72 hours post injury, each rat was anesthetized with 
chloral hydrate. The chest was opened, and the rat was 
fixed with 4% paraformaldehyde after aortic cannulation 
through the left ventricle. With the injured spinal cord as 
the center point, 2 cm of spinal cord was harvested and 
fixed with paraformaldehyde, and paraffin sections were 
prepared. The paraffin sections were dewaxed, and the cells 
were quantified by TUNEL assay following the kit instruc-
tions (Perchem, Shanghai, China). A total of 500 μL of 
TUNEL reaction mixture was prepared by adding 50 μL of 
enzyme solution to 450 μL of marking fluid. After centrifu-
gation and mixing, the samples were washed twice in PBS. 
The sample and positive control sections were separately 

Table 1 Primer sequence 

Primer Sequence Product size (bp) Temperature (°C)

bcl-2 Upstream: 5'-CTG GTG GAC AAC ATC GCT CTG-3'
Downstream: 5'-GGT CTG CTG ACC TCA CTT GTG-3'

228 55 

Caspase-3 Upstream: 5'-GAA CGC GAA GAA AAG TGA CC-3'
Downstream: 5'-AGC CCA TTT CAG GGT AAT CC-3'

156 55 

GAPDH Upstream: 5'-AGT ATG ACT CCA CTC ACG GCA A-3'
Downstream: 5'-TCT CGC TCC TGG AAG ATG GT-3'

100 55

GAPDH: Glyceraldehyde phosphate dehydrogenase.

Table 2 Motor function as assessed by the BBB and inclined plane test scores in  SCI rats 

Group Before injury

Time after injury 

1 day     3 days 1 week 2 weeks 3 weeks 4 weeks

BBB score 
SCI 21.00±0.00 0.00±0.00 1.52±0.23 2.75±0.89 8.35±1.56 11.24±2.23 13.64±1.20

NSCs 21.00±0.00 0.00±0.00 2.71±0.36 4.58±0.32 10.6±2.62 12.66±1.98 15.66±1.18

hEPO-NSCs 21.00±0.00 0.00±0.00 3.80±0.47 6.98±0.43 12.82±2.63 15.62±2.24 17.56±0.35

Inclined plane test (°)
SCI 42.34±2.23 15.62±2.34 16.9±2.43 20.14±3.52 23.56±4.20 26.47±2.75 28.42±2.55

NSCs 42.52±3.80 15.68±2.79 19.20±3.22 25.24±4.72 30.42±6.32 32.83±3.05 36.74±2.47

hEPO-NSCs 42.53±3.21 15.83±3.32 23.58±3.52 29.27±6.25 33.7±5.18 36.67±4.45 40.37±3.32

At 1–4 weeks post injury, significant differences in the inclined plane test and modified BBB scores were detected at the same time point between 
groups (P < 0.05; mean ± SD, n = 5, one-way analysis of variance and the least significant difference test). SCI: Spinal cord injury; NSCs: neural 
stem cells; hEPO: human erythropoietin; BBB: Basso, Beattie, and Bresnahan locomotor scale. 
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treated with 50 μL of TUNEL reaction mixture, while the 
negative control sections were treated with 50 μL of mark-
ing fluid without the enzyme solution. All sections were 
incubated in a wet box in the dark at 37°C for 60 minutes, 
washed three times in PBS, and imaged using a fluorescence 
microscope (Olympus, Tokyo, Japan) after adding a drop of 
PBS. The excitation wavelength was 450–500 nm. The range 
of emission was 515–565 nm. The cells were quantified in 

a 200× magnification field in ten sections from each group, 
and the average values were calculated. 

RT-PCR 
At 72 hours post injury, 50 mg of spinal cord was harvest-
ed from the injured region (Yi et al., 2005). Following the 
Trizol kit (Invitrogen Life Technologies, Carlsbad, CA, USA) 
instructions, the total RNA was extracted from the spinal 

Figure 1 Culture, identification, and labeling of neural stem cells (NSCs). 
(A) Morphology of primary NSCs by inverted phase contrast microscopy (× 40); (B) NSCs positive for Nestin (immunofluorescence staining, × 40, 
red); (C) CM-Dil-positive NSCs (× 100; red). 

Figure 2 hEPO protein expression by NSCs in each group after 48 
hours of transfection. 
EPO protein expression by NSCs in the hEPO transfection group was 
apparent, but absent in the control and empty vector groups. hEPO: 
Human erythropoietin; NSCs: neural stem cells; GAPDH: glyceralde-
hyde phosphate dehydrogenase.

Control                 Empty vector         hEPO transfection 

hEPO    (43 kDa)

                 

              

GAPDH  (56 kDa)  

Figure 3 Apoptosis in the injured regions of the SCI rats in each 
group (TUNEL assay, fluorescence microscopy).
(A) Nuclei stained red indicate TUNEL-positive cells (× 200). (B) 
The number of apoptotic cells in the SCI group > NSCs group > 
hEPO-NSCs group (P < 0.05; mean ± SD, n = 5, one-way analysis of 
variance and the least significant difference test). SCI: Spinal cord in-
jury; NSCs: neural stem cells; hEPO: human erythropoietin; TUNEL: 
terminal dexynucleotidyl transferase(TdT)-mediated dUTP nick end 
labeling. 
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Figure 4 bcl-2 and Caspase-3 mRNA expression in the injured regions of the SCI rats in each group. 
(A) Compared with the SCI group, Caspase-3 gene expression was obviously lower, but bcl-2 gene expression was higher in the hEPO-NSCs group. 
(B) Significant differences in the relative optical density values (/GAPDH) for both the Caspase-3 and bcl-2 mRNA expression levels were detected 
between groups (P < 0.05; mean ± SD, n = 5, one-way analysis of variance and the least significant difference test). SCI: Spinal cord injury; hEPO: 
human erythropoietin; NSCs: neural stem cells; GAPDH: glyceraldehyde phosphate dehydrogenase.

Figure 5 Pathological changes in the injured regions of the SCI rats from all groups. 
Hematoxylin-eosin staining showed that a cavity formed in the spinal cord of the SCI group. The cavity was small in the NSCs group, but had 
nearly disappeared in the hEPO-NSCs group. The numbers of CM-Dil-positive cells and HRP-positive nerve fibers were larger in the hEPO-NSCs 
group than in the NSCs group, and smallest in the SCI group (P < 0.01; mean ± SD, n = 5, one-way analysis of variance and the least significant 
difference test). SCI: Spinal cord injury; NSCs: neural stem cells; hEPO: human erythropoietin; HRP: horseradish peroxidase. 

Figure 6 Detection of SEP and MEP in rats from each group at 4 
weeks post injury. 
Significant differences in the latencies and amplitudes of SEP and MEP 
were detected between groups (P < 0.05; mean ± SD, n = 6, one-way 
analysis of variance and the least significant difference tests). SCI: Spi-
nal cord injury; hEPO: human erythropoietin; NSCs: neural stem cells; 
SEP: somatosensory evoked potential; MEP: motor evoked potential. 

35

30

25

20

15

10

5

0

N
um

be
r o

f p
os

iti
ve

 c
el

ls
 

in
 th

e 
in

ju
re

d 
re

gi
on

        SCI                                              NSCs                                     hEPO-NSCs

H
em

at
ox

yl
in

-e
os

in
 

st
ai

ni
ng

 (×
 4

0)
Im

m
un

ofl
uo

re
sc

en
ce

 
st

ai
ni

ng
 (×

 2
00

)
H

R
P 

re
tro

gr
ad

e 
tra

ci
ng

 (×
 2

00
)

SCI             NSCs           hEPO-NSCs

CM-DiI-positive cells    HRP-positive cells

La
te

nc
ie

s 
an

d 
am

pl
itu

de
s 

 

35

30

25

20

15

10

15

0
SEP (ms ）   SEP (μV)       MEP (ms)       MEP (μV)

SCI             NSCs           hEPO-NSCs

228 bp

156 bp

100 bp

bcl-2

Caspase-3
 

GAPDH

SCI                     NSCs                hEPO-NSCs

 A    B   

 m
R

N
A 

ex
pr

es
si

on

2.5

2.0

1.5

1.0

0.5

0
Caspase-3                     bcl-2

SCI             NSCs           hEPO-NSCs



1488

Wu MF, et al. / Neural Regeneration Research. 2015;10(9):1483-1490.

cord samples. The amount of total RNA was determined 
using an ultraviolet spectrophotometer. The mRNA was 
reverse-transcribed into cDNA using a two-step RT-PCR 
kit (TaKaRa), and then the cDNA was amplified by PCR. 
The primers used are shown in Table 1. The best primers 
for bcl-2 and Caspase-3 were identified using GenBank 
data and Primer 5.0 software (http://pga.mgh.harvard.edu/
primerbank/). The primers were synthesized by Sangon 
Biotech (Shanghai) Co., Ltd. (Shanghai, China) after com-
parisons using the Basic Local Alignment Search Tool. The 
amplified products were electrophoresed, and a gel image 
analysis system (Beijing Wuyejia Technology Co., Ltd., Bei-
jing, China) was used to determine the optical density. The 
integrated optical density ratio of bcl-2 and Caspase-3 to 
GAPDH was calculated.

Motor function and electrophysiological assessment
Before injury and at 1 and 3 days and 1, 2, 3, and 4 weeks after 
injury, the motor function in the lower limbs was assessed 
using an inclined plane test and the Basso, Beattie, and Bres-
nahan (BBB) locomotor scale. The range of BBB scores was 
between 0 (complete paralysis) and 21 (normal). The number 
and range of motion, weight loading, coordination of fore-
limb and hindlimb, and motion of the forepaw, hindpaw, and 
tail were assessed (Wang et al., 2013). For the inclined plane 
test, the rats were placed horizontally on a smooth tiltboard. 
From the horizontal position (0°), the angle of the board was 
increased 5° every attempt. The maximum angle at which the 
rats remained on the board for 5 seconds was recorded. The 
evaluation was started at 8:00 a.m. and was conducted by two 
investigators blinded to the group assignments. 

At 4 weeks post injury, six rats were selected from each 
group. As previously described (Vaquero et al., 2006), a Key-
point 4 induced potential instrument (Beijing Weidi Kangtai 
Medical Instrument Co., Ltd., Beijing, China) was applied 
to measure the somatosensory evoked potentials and mo-
tor-evoked potentials. The rats were anesthetized with an 
intraperitoneal injection of 10% chloral hydrate, and then 
laid on the horizontal plane. The hind limbs were stimulated 
with a stimulating electrode, while a recording electrode was 
placed under the scalp at the intersection of the sagittal su-
ture and coronal suture healing line (i.e., the hindlimb cor-
tical sensory area). A reference electrode was also placed 0.5 
cm posterior to the hindlimb cortical sensory area. Direct 
current, square wave, electrical pulses were applied until the 
hind limb exhibited a slight tic. The test conditions includ-
ed a pulse width of 0.2 ms, current intensity of 5–15 mA, 
and frequency of 3 Hz that was superimposed 50–60 times. 
Neurophysiological recovery was assessed by recording al-
terations in the somatosensory evoked potential amplitude 
and latency and by detecting the motor-evoked potential 
amplitudes and latencies. These parameters were obtained 
after anesthesia by placing the stimulating electrodes under 
the scalp 2 mm anterior to the coronal suture and 2 mm lat-
eral to the sagittal suture (i.e., in the motor cortex) and using 
a pulse width of 0.1 ms, stimulus intensity of 40 mA, and 
frequency of 1 Hz that was superimposed 300–500 times at a 

scanning speed of 5 ms/D and sensitivity of 5 μV/D. 

Hematoxylin-eosin and CM-Dil fluorescence staining  
At 4 weeks post injury, sections of the injured spinal cord 
were prepared for histological examination, fixed with 4% 
paraformaldehyde, sliced as frozen sections, and imaged 
using fluorescence microscopy (Wang et al., 2015) at 200× 
magnification. Ten fields from each section were observed 
to quantify the number of CM-Dil-positive cells per field, 
and the average value was used to calculate the number of 
CM-Dil-positive cells for each group (Wang et al., 2015). 

HRP retrograde tracing  
First, HRP was dissolved in physiological saline. After in-
ducing anesthesia, the spinal cord of the rats was exposed. A 
solutions of 50% HRP (1 μL) was injected at 0.1 μL/10 min 
into the region 1 mm left and right of the T12 spinal dorsal 
median vein. The injection needle depth was 1.5 mm, and 
the needle was maintained in place for 15 minutes. After 3 
days, the rats were anesthetized with chloral hydrate, and 
their hearts were perfused with 4% paraformaldehyde. The 
spinal cord T3–11 segments were immersed in 30% sucrose 
solution at 4°C for 20 hours, and then cut into 5-μm-thick 
frozen sections. The sections were visualized with 3,3′-di-
aminobenzidine. Ten sections were randomly selected from 
each group, and the number of HRP-positive nerve fiber 
bundles on the spinal cord cross-sections was calculated 
using light microscopy imaging (Olympus) at 200× magni-
fication (/mm3). The average value was also calculated.

Statistical analysis 
Measurement data are expressed as the mean ± SD. All data 
were analyzed using SPSS 17.0 software (SPSS, Chicago, IL, 
USA). The differences among multiple groups were com-
pared using one-way analysis of variance and the least signif-
icant difference test. P-values less than 0.05 were considered 
statistically significant.

Results
In vitro culture, identification, and labeling of NSCs 
After 1 day of culture, the number of NSCs was increased, 
but the cells were small and irregularly shaped. A small 
part of the cell mass was adhered to the wall. After 5 days 
of culture, the number of NSCs was further increased, and 
the cells were large and spherical (Figure 1A). The immu-
nofluorescence staining showed that the NSCs were strongly 
positive for Nestin (Figure 1B). The CM-Dil-positive NSCs 
appeared red under the fluorescence microscope (Figure 
1C). The CM-Dil expression was stable in the cells, and the 
labeling rate was greater than 98%. 

EPO expression in NSCs after transfection 
The western blot assay indicated that 48 hours after the 
rAAV-mediated EPO gene transfection, EPO protein was 
being expressed by the NSCs in the hEPO transfection 
group, but not by the control or empty vector cell groups. 
This indicated that the hEPO gene was stably integrated in 
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the NSCs in the hEPO transfection group, and they main-
tained a stable expression of the target protein (Figure 2). 

Apoptosis in the injured region of SCI rats after 
transfection 
The TUNEL staining showed specific brown particles in the 
nuclei of apoptotic NSCs. Under light microscopy, the apop-
totic cells were scattered all around the injured region and 
its edge. Significantly fewer apoptotic cells were found in the 
NSCs group than in the SCI group in the 200× fields (P < 
0.05), and the smallest number of apoptotic cells was found 
in the hEPO-NSCs group (P < 0.05; Figure 3). 

bcl-2 and Caspase-3 mRNA expression in the injured 
regions of SCI rats after transplantation of hEPO 
gene-modified NSCs into the subarachnoid cavity
The RT-PCR results showed that at 72 hours after SCI, more 
Caspase-3 mRNA expression in the spinal cord was found in 
the NSCs group than in the hEPO-NSCs group (P < 0.05). 
The bcl-2 mRNA expression was lower in the NSCs group 
than in the hEPO-NSCs group (P < 0.05). In addition, the 
Caspase-3 mRNA expression was significantly lower in the 
NSCs group than in the SCI group (P < 0.05), but the bcl-2 
mRNA expression was higher in the NSCs group than in the 
SCI group (P < 0.05; Figure 4). 

Changes in motor function in SCI rats after 
transplantation of hEPO gene-modified NSCs into the 
subarachnoid cavity
No significant differences in inclined plane test or modified 
BBB scores were found among all of the rats before injury 
(P > 0.05). The inclined plane test and modified BBB scores 
were significantly higher in the NSCs and hEPO-NSCs groups 
than in the SCI group at 1–4 weeks after injury (P < 0.05). 
In addition, the inclined plane test and modified BBB scores 
were significantly greater in the hEPO-NSCs group than in 
the NSCs group at 1–4 weeks after injury (P < 0.05; Table 2). 

Pathological changes in the injured regions of SCI rats 
after transfection
At 4 weeks post injury, the hematoxylin-eosin staining 
demonstrated changes to the spinal cord tissue at the inju-
ry site with a clear cavity, scarring, and structural disorder 
visible in the SCI group rats. These typical morphological 
changes to nerve cells were also observed in the transplanted 
region of the NSCs group rats. However, the cavity in the 
NSCs group was smaller than that in the SCI group, but 
larger than that in the hEPO-NSCs group. Typical nerve cell-
like morphological changes were found in the hEPO-NSCs 
group, but no cavity was seen (Figure 5). 

Scattered CM-Dil expression (red fluorescence) was found 
both in the NSCs and hEPO-NSCs groups, with less staining 
in the SCI group than that in the NSCs group, and the least 
amount of staining found in the hEPO-NSCs group (P < 0.01). 

In the SCI group, 3 days after HRP injection through the 
intumescentia lumbalis and retrograde transportation, a few 
HRP-labeled nerve fibers were observed in the T8 or higher 
segments. More HRP-positive nerve fibers were detected 

in the NSCs group than in the SCI group, and the largest 
number was found in the hEPO-NSCs group. In fact, many 
HRP-positive nerve fibers were seen in the hEPO-NSCs 
group. At 4 weeks post injury, significantly more HRP-posi-
tive nerve fibers were found in the hEPO-NSCs group than 
in the SCI group (P < 0.01). 

Changes in somatosensory evoked potentials and motor 
evoked potentials in the rats after transfection
After inducing SCI in the rats, detection of the somatosensory 
evoked potentials and motor evoked potentials showed that 
the evoked potential waveforms had completely disappeared in 
the rats from every group. At 4 weeks post injury, the somato-
sensory and motor evoked potentials were slightly improved in 
the SCI group. The somatosensory and motor evoked poten-
tials had noticeably recovered and the amplitudes increased. 
The latencies of the somatosensory and motor evoked poten-
tials were smaller in the hEPO-NSCs group than in the NSCs 
group, and largest in the SCI group (P < 0.05). The amplitudes 
of the somatosensory and motor evoked potentials were larger 
in the hEPO-NSCs group than in the NSCs group, and small-
est in the SCI group (P < 0.05). These results suggest that the 
conduction time for electrical signals from the hindlimb to the 
scalp was shorter in the hEPO-NSCs group than that in the 
SCI and NSCs groups. The conduction pathway was smooth 
and recovered well (Figure 6). 

Discussion
NSCs can differentiate into nerve cells or glial cells, main-
tain the properties of stem cells after multiple passages, and 
survive in the body for extended periods of time after trans-
plantation (Courtine et al., 2009; Chang et al., 2014; He et 
al., 2014). NSCs divide and proliferate at the transplantation 
site, and they can differentiate into the appropriate cells for a 
given local microenvironment as a substitute for the injured 
cells (Ung et al., 2008; Murray et al., 2010; Ren et al., 2013; 
Li et al., 2014). The transplantation of NSCs alone was not 
sufficient to fully repair injured spinal cord, suggesting that 
a combination of techniques is needed (Hasnan et al., 2013; 
Smithason et al., 2013). 

EPO strongly inhibits neuronal apoptosis and the inflam-
matory reaction (Kristal et al., 2008; Recio et al., 2010; Seo 
et al., 2013; Zhong et al., 2013). Gorio et al. (2005) reported 
that the number of inflammatory cells in the injury site and 
surrounding area was clearly decreased and the neurological 
function was apparently recovered after EPO treatment. Pre-
vious studies have shown that EPO mitigates lipid peroxida-
tion, reduces the degree of injury, suppresses the expression 
of excitatory amino acids, weakens the toxic effects, and 
protects neurons in SCI rats (Kaptanoglu et al., 2004; Lu et 
al., 2012). The results of the present study demonstrated that 
at 72 hours after injury, transplantation of hEPO gene-mod-
ified NSCs decreased Caspase-3 mRNA and protein expres-
sion, and increased bcl-2 mRNA and protein expression. In 
addition, hEPO mPRNA-modified NSCs transplantation de-
creased apoptosis, promoted spinal cord repair, increased the 
numbers of CM-Dil-positive cells and HRP-positive nerve 
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fibers, and contributed to the recovery of hindlimb motor 
function in SCI rats.
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