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Introduction
There is currently no effective treatment for spinal cord in-
jury (SCI), which results in severe skeletal muscle dystrophy, 
loss of endurance, loss of fiber cross-sectional area, and loss 
of force (Dudley-Javoroski and Shields, 2008; Biering-So-
rensen et al., 2009; Qin et al., 2010). Furthermore, SCI results 
in chronic disability, extending the suffering of patients and 
creating a burden on society. Studies have shown that, after 
SCI, multiple detrimental factors converge to induce large-
scale oligodendrocyte death that results in axonal demyelin-
ation of the remaining neurons, which is unfavorable for the 
recovery of neural function in the damaged spinal cord. Acu-
puncture is widely used to treat SCI patients (Munce et al., 
2013), and improves outcomes after SCI (Gad et al., 2013). 
Some studies have shown that electroacupuncture (EA) at 
early and mid-stages of SCI can prevent or inhibit the death 
of functional neurons (Mekhail et al., 2012). Studies have 
also shown that treating SCI with EA improves the local mi-
croenvironment of the spinal cord, accelerates the reduction 
of edema, and induces tissue antioxidant formation that 
lowers the production of excitatory amino acids and inhibits 

apoptosis and necrosis (Sun et al., 2010; Ohri et al., 2011; Su 
et al., 2011). Previous studies have shown that treating SCI 
with EA induces the repair of neural function (Li et al., 2010; 
Ding et al., 2011; Huang et al., 2011).

Neural stem cells (NSCs) that form new neurons may im-
prove the function of the damaged nervous system (Arvids-
son et al., 2002; Parent et al., 2002).

After SCI, damage to the blood-brain barrier can lead to 
massive peripheral infiltration of inflammatory cells, and 
produce large amounts of inflammatory cytokines, which 
causes progressive degeneration of tissue damage and ne-
crosis (Frei et al., 1990). SCI can also cause cascades at the 
cellular and molecular levels, and these secondary damage 
factors can cause serious nerve damage (Choo et al., 2008). 
Among these secondary injury factors, inflammation is the 
main one, playing a major role in the pathogenesis of SCI 
(Trivedi et al., 2006; Donnelly and Popovich, 2008). The 
Notch signaling pathway is a highly conserved pathway that 
uses cell-cell interactions to control developmental growth. 
The Notch signaling pathway is important for cell fate deter-
mination, neural system development, organ formation, and 
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segmentation in vertebrate and invertebrate animal develop-
ment. Studies have shown that the Notch signaling pathway 
is involved in repair after SCI (Loy et al., 2002; Fassbender et 
al., 2011).

In the present study, we investigated the effect of EA on 
tissue repair after SCI and its underlying mechanisms, pro-
viding important insights into the treatment of SCI.

Materials and Methods
Animals
Two-hundred clean adult male Sprague-Dawley rats weigh-
ing 300–350 g and aged 6–7 weeks were used for these ex-
periments. Rats were provided by the Experimental Animal 
Center of Kunming Medical University in China (license No. 
SCXK (Dian) 2011-0004). All experimental procedures in-
volving animals were carried out in accordance with the US 
National Institute of Health Guide for the Care and Use of 
Laboratory Animals and were approved by the Administra-
tion Committee of Experimental Animals, Yunnan Province, 
China.

SCI model and EA stimulation
Sprague-Dawley rats were randomly divided into five 
groups: control, sham, SCI, sham + EA, and SCI + EA. To 
provide a range of time points for analysis, animals were sac-
rificed under anesthesia at 1, 3, 7, 14, 21, 28, and 56 days after 
injury or sham surgery (or after the start of the experiment 
in the case of control animals). There were five rats in each 
time point subgroup. The surgical procedure was performed 
with animals under general anesthesia. The control group 
consisted of normal rats without any treatment. In the sham 
groups, the spinal cords of rats were exposed without sur-
gery. In the SCI groups, the spinal cords of rats were exposed 
and clamped for 60 seconds according to previous studies 
(Joshi and Fehlings, 2002; Poon et al., 2007; Rice et al., 2007). 
In the EA group, the rats were restrained to a board, and two 
bilateral stainless steel 0.18-mm-diameter needles (Hwato 
Disposable Acupuncture Needle, Jiangsu Medical Supplies 
Factory, Jiangsu Province, China) were inserted to a depth 
of approximately 5 mm at the acupoints corresponding to 
Mingmen (GV4, posterior midline and in the depression 
below the spinous process of the second lumbar vertebra) 
and 3 mm at Dazhui (GV14, posterior midline and in the 
depression below the spinous process of the seventh cervical 
vertebra) and connected to a Hwato SDZ-V electrostimu-
lator (Jiangsu Medical Supplies Factory). EA treatment was 
administered with 2 Hz stimulation for 30 minutes and the 
output voltage was set at 2 V. EA was administered once per 
day. Subjects in the non-EA groups were only restrained for 
30 minutes.

Survival and motor function 
The survival ratio of rats was calculated using a Kaplan-Mei-
er curve, with P < 0.05 in a log-rank test indicating signifi-
cance. The hindlimb motor function of rats was assessed at 
1, 3, 7, 14, 21, 28, and 56 days using the open field locomotor 
test developed by Basso, Beattie, and Bresnahan (BBB; Basso 

et al., 1995). Double independent BBB scores were recorded, 
and the average values in five rats are presented.

Hematoxylin-eosin staining
Paraffin sections were dewaxed using xylol, stained with he-
matoxylin (Dingguo, Beijing, China) working solution for 
8 minutes, placed in HCl solution (Dingguo) for 5 seconds, 
washed with running water for 10 minutes, stained with eo-
sin solution (Dingguo) for 5 minutes, and dehydrated in al-
cohol (Dingguo). The sections were examined under a light 
microscope (Olympus, Tokyo, Japan).

Enzyme-linked immunosorbent assay (ELISA)
Total blood samples were collected at 1, 3, 7, 14, 21, 28, and 
56 days by cutting the tails of rats in each group, and the 
serum was collected by centrifugation. Tumor necrosis fac-
tor-α (TNF-α), interleukin (IL)-1α, IL-6, and IL-10 contents 
in rats were tested using ELISA kits (Huamei Biological 
Technology Ltd., Wuhan, China). These assays employed 
the quantitative sandwich enzyme immunoassay technique. 
Antibodies specific for TNF-α, IL-1α, IL-6, and IL-10 were 
pre-coated onto a microplate. The ELISA kits were used ac-
cording to the manufacturers’ instructions and absorbance 
at a wavelength of 450 nm was detected using a spectrometer 
plate reader (Bio-Tek company, Vermont, USA) (n = 5 rats). 
After testing, a standard curve was constructed by plotting 
the mean absorbance for each standard on the X-axis against 
concentration on the Y-axis and a best fit line was drawn, 
determined by regression analysis. Concentrations were cal-
culated from these curves.

Real-time quantitative polymerase chain reaction (qPCR)
Total RNA was isolated from the spinal cords of animals in 
each group at 1, 3, 7, 14, 21, 28, and 56 days using TRIzol 
solution (TAKARA Biotechnology Co., Ltd., Dalian, Liaoning 
Province, China). The expression levels of Notch1, Notch3, 
Notch4, PS1 and Hes1 genes were measured using a re-
al-time qPCR system (Applied Biosystems, ABI Prism 7300, 
USA) with SYBR Green (TAKARA Biotechnology Co., Ltd.). 
cDNA was amplified by PCR using primers for each target 
gene. The real-time qPCR program was as follows: 95°C for 
10 minutes, followed by 35 cycles of 95°C for 15 seconds and 
60°C for 31 seconds. The qPCR primer sequences are shown 
in Table 1. The amplification efficiency was compared be-
tween the target and reference control (GAPDH) using the 
delta-delta Ct (∆∆Ct) method (Livak and Schmittgen, 2001).

western blot assay
All spinal cord tissues (T10 spinous process) obtained at 1, 3, 
7, 14, 21, 28, and 56 days in each group were homogenized 
in lysis buffer (Kangwei Biotechnology, Beijing, China). 
Equal amounts of proteins were separated by sodium do-
decyl sulfate-polyacrylamide gel electrophoresis, and then 
the resolved proteins were transferred to a nitrocellulose 
membrane (Whatman, Dassel, Germany). The membrane 
was incubated with primary antibodies overnight at 4°C. 
The primary antibodies used were: mouse monoclonal IgG 
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Notch1 (A-8) (1:1,000; Santa Cruz Biotechnology, Santa 
Cruz, CA, USA); rabbit polyclonal Notch3 (M-134) (1:1,000; 
Santa Cruz Biotechnology); goat polyclonal IgG Notch4 (L-
16) (1:1,000; Santa Cruz Biotechnology); goat polyclonal 
IgG PS1 (C-20) (1:1,000; Santa Cruz Biotechnology); and 
rabbit polyclonal IgG Hes1 (H-140) (1,000; Santa Cruz Bio-
technology). Subsequently, the membranes were incubated 
with secondary antibody at room temperature for 2 hours. 
β-Actin antibody (1:2,000; Santa Cruz Biotechnology) was 
used as a loading control for all experiments. The immuno-
reactive bands were visualized using an enhanced chemilu-
minescence reagent (Beyotime, Beijing, China). The gray-
scale values of bands were quantified using Image J software 
(Fujifilm, Tokyo, Japan). The relative expression of protein 
was calculated based on the ratio of target grayscale values to 
loading control grayscale values.

Immunohistochemistry
The injured spinal cords were removed at 1, 3, 7, 14, 21, 
28, and 56 days in each group and post-fixed overnight in 
paraformaldehyde. Serial sections (4-µm thickness) were 
cut from a paraffin block. The following primary antibod-
ies were used: mouse monoclonal antibody nestin (Rat-
401) (dilution 1:100); and rabbit polyclonal antibody glial 
fibrillary acidic protein (GFAP) (H-50) (1:100) (Santa Cruz 
Biotechnology). The sections were incubated with primary 
antibody overnight at 4°C, and then incubated with horse-
radish peroxidase-conjugated goat anti-mouse secondary 
antibody (1:500) and goat anti-rabbit secondary antibody 
(1:500) (Santa Cruz Biotechnology) for 2 hours at room 
temperature. The reactions were visualized using 3,3′-diam-
inobenzidine reagent (Boster Biological Technology Ltd., 
Wuhan, Hubei Province, China). Nuclei were counterstained 
with hematoxylin. The sections were examined under a 
light microscope (Olympus, Tokyo, Japan). Brown staining 
indicated immunoreactive cells and blue staining indicated 
nuclei. Three representative staining fields for nestin and 
GFAP of each section were analyzed to produce a mean op-
tical density value using Image-Pro Plus 6.0 software (Media 
Cybernetics Inc., USA), which represents the strength of 
staining signals as measured per positive pixel.

Statistical analysis
All data are expressed as the mean ± SD. Data were analyzed 
by one-way analysis of variance and Tukey’s post hoc test 
using GraphPad Prism Version 5.0a software (GraphPad 
Software Inc., CA, USA). A value of P < 0.05 was considered 
statistically significant.

Results
Effects of EA on survival ratios and behavior in rats with 
SCI
Survival, weight, and behavioral scores for each group of rats 
are shown in Figure 1A–C. As shown in the survival curves, 
compared with the control group, the survival ratio was sig-
nificantly lower in the SCI group (P < 0.001). The survival 
ratio was also lower in the SCI + EA group than in the con-

trol group (P < 0.01); however, it was significantly higher in 
the SCI + EA group than in the SCI group (P < 0.05). BBB 
score was significantly lower in the SCI group and SCI + EA 
group (both P < 0.05) than in the control group. BBB score 
was significantly higher in the SCI + EA group than in the 
SCI group (P < 0.05). After treatment with EA, rats condi-
tions improved in each group (both P < 0.05). The results in 
the sham group and the sham + EA group suggest that EA 
did not have any side effects in normal rats.

EA promoted morphological recovery in rats with SCI
Results from hematoxylin-eosin staining of spinal cords 
showed that rat spinal sections from animals in the control, 
sham and sham + EA groups displayed normal gray and 
white matter; the anterior horn neurons had large round 
nuclei with clear large nucleoli, and the structure of the cen-
tral canal was clear without hemorrhagic necrosis, edema, 
or degeneration. After SCI, the injured region showed dis-
ruption of structure, blurred visualization, bleeding in the 
central canal, multifocal hemorrhage in the gray matter, and 
sporadic localized hemorrhage in the white matter. Further-
more, anterior horn neurons in the gray matter displayed 
pyknosis of nuclei. In the SCI group, at 1 day after SCI, there 
were structural disruptions in the central canal, edema in 
the white matter, and traces of hemorrhage. At 3 days after 
SCI, there was edema in the gray and white matter around 
the area of central damage. There was structural disruption 
of the gray and white matter with substantial hemorrhage 
of the white matter at the affected region. The structures of 
spinal cord neurons were disrupted, and empty vacuoles were 
visible between the gray and white matter in the damaged 
region. In addition, the neurons were swollen, pyknosis of 
part of the neuronal nuclei was observed, and the boundary 
for the gray matter in the spinal cord was blurred. At 7 days, 
the structure of the gray and white matter was disorganized 
with unclear boundaries, the gray matter lamina was lost, and 
empty vacuoles remained visible between the gray and white 
matter in the damaged region. At 14 days, the gray and white 
matter boundary was still blurred with no hemorrhage, and 
there were visible empty vacuoles between the gray and white 
matter. At 21 days, a subtle gray and white matter boundary 
was visible, and neuronal edema was alleviated. However, the 
empty vacuoles remained visible at the site of SCI. At 28 days, 
abnormalities of the white matter were gradually restored, 
and a clear gray and white matter boundary appeared with 
the presence of empty vacuoles. At 56 days, swelling and small 
vacuoles were slightly visible with a clear gray and white mat-
ter boundary. Compared with the seven time points in the 
SCI group, the SCI + EA group rats showed similar trends. 
However, with EA treatment, the level of SCI was not as se-
vere as in the SCI group, with no display of large-scale edema 
or empty vacuoles and improved tissue repair and recovery 
compared with that in the SCI group (Figure 1d). These re-
sults show that EA provided a reparative effect on SCI rats. 

EA inhibited the content of proinflammatory cytokines in 
the serum of SCI rats
SCI pathology involves an inflammatory response, and 
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excessive inflammation damages normal tissue and in-
hibits functional recovery after SCI. Key factors that play 
important roles in secondary damage are proinflammatory 
cytokines, including IL-1, IL-6, and TNF-α (Pineau and 
Lacroix, 2007). Rats in the control group, sham group, and 
sham + EA group showed no changes in TNF-α, IL-1a, IL-
6, IL-10, whereas rats in the SCI group and SCI + EA group 
showed gradually increased expression of proinflammatory 
cytokines at 1 day after surgery (P < 0.001), reaching the 
highest expression level at 3 days (P < 0.01). Proinflamma-
tory cytokine expression started decreasing at 7 days (P < 
0.001) and stabilized at 28 days (P < 0.01). However, rats in 
the SCI group displayed higher expression than did those in 
the SCI + EA group at each time point (P < 0.05; Figure 2). 
This result indicates that SCI-induced inflammation and EA 
treatment inhibited the expression of TNF-α, IL-1a, IL-6 and 
IL-10 to induce tissue repair in SCI rats.

EA suppressed Notch signaling pathway-related factors in 
injured spinal cords of rats
To analyze the mechanism by which EA mediates repair af-
ter SCI, we used real-time qPCR and western blot assays to 
study the relationship between EA and Notch-related factors. 
We found that, at each time point, the expression of Notch1, 
Notch3, Notch4, PS1, and Hes1 mRNA among the control, 
sham, and sham + EA groups was not significantly altered, 
whereas the expression levels were significantly increased in 
the SCI group and SCI + EA group, peaking at 14 days and 
decreasing afterwards. However, rats in the SCI + EA group 
displayed a decreasing trend compared with those in the 
SCI group, although compared with the control, sham, and 
sham + EA groups, they still displayed a significant increase 
(Figure 3; P < 0.001 or P < 0.01 or P < 0.05). These results 
primarily showed that SCI activated the Notch signaling 
pathway and EA inhibited this SCI-activated Notch signaling 
pathway (P < 0.05). Similarly, we analyzed the levels of Notch 
signaling pathway-related factors. Western blot assay results 
showed the same trend as did the qPCR assay (Figure 4). The 
above results showed that the Notch signaling pathway was 
activated rapidly after SCI and inhibited after EA treatment.

EA improved the proliferation of neural stem cells (NSCs) 
and inhibited NSC differentiation into astrocytes
Immunohistochemical results revealed that the effects of EA 
treatment after SCI in rats were mediated by inhibiting as-
trocyte expression and inducing NSC differentiation.

As shown in Figure 5A, GFAP-immunoreactive cells con-
tained brown yellow spots or particles. Compared with the 
control group, sham group, and sham + EA group, the num-
ber of GFAP-immunoreactive cells was increased in the SCI 
group at 1 (P < 0.01), 3 (P < 0.01), 7 (P < 0.001) and 14 days 
(P < 0.001). The number of GFAP-immunoreactive cells in 
the SCI group peaked at 14 days and then stabilized without 
continued increases at 21 days (P < 0.01). Compared with 
the SCI group, a significant inhibition of this increase in the 
number of GFAP-immunoreactive cells was visible with time 
in the SCI + EA group. However, the number of immunore-

active cells was still higher in the SCI + EA group than in the 
control, sham, and sham + EA groups at 1 (P < 0.05), 3 (P < 
0.01), 7 (P < 0.01) and 14 (P < 0.01), 21 (P < 0.01), 28 (P < 
0.01), and 56 days (P < 0.01). At 28 days, no further inhibi-
tion of the increase in the number of GFAP-immunoreactive 
cells was seen in the SCI + EA group and the level of im-
munoreactivity stabilized (P < 0.01). However, the number 
of GFAP-immunoreactive cells in the SCI + EA group was 
always lower than that in the SCI group and higher than 
those in the control, sham, and sham + EA groups (P < 
0.05). Nestin-immunoreactive cells showed nestin cyto-
plasmic staining, and the cells showed ovoid or triangular 
protrusions. The control, sham, and sham + EA groups dis-
played more nestin-immunoreactive cells and these immu-
noreactive cells were denser. Compared with the control, 
sham, and sham + EA groups, nestin-immunoreactive cells 
were rare in the SCI group, and were significantly decreased 
in number, with a gradually decreasing trend at 1 day (P < 
0.05). However, the nestin-immunoreactive cell bodies were 
larger, with large, long protrusions, and showed time-de-
pendent increase in body size in the SCI + EA group (P < 
0.05; Figure 5B). We also quantified the mean optical den-
sity of these proteins, as shown in Figure 5C. These results 
showed that, after SCI, expression of nestin protein was 
suppressed. The proliferation and differentiation of NSCs 
were significantly increased with EA treatment and peaked 
at 14 days (P < 0.05), although the levels of proliferation 
and differentiation were still lower than those in the control 
groups. These results also showed that 2 weeks after SCI 
was the optimal time for repair.

discussion
We found that EA decreased the levels of inflammatory fac-
tors (TNF-α, IL-1a, IL-6 and IL-10), inhibited the activation 
of the Notch signaling pathway and GFAP protein expres-
sion, subsequently promoted the proliferation of neural 
stem cells, and repaired the spinal cord following SCI. SCI is 
the pathophysiological process of SCI-induced neural dam-
age, including the initial mechanical disruption or primary 
injury, followed by a series of cellular and molecular events 
that result in secondary damage or secondary injury (Park et 
al., 2004). Secondary injury includes edema, ion toxicity, free 
radical formation, fatty acid oxidation, and inflammation, 
which can result in necrosis, apoptosis, neuronal demyelin-
ation, and axonal degeneration. The results of ELISA showed 
that EA obviously suppressed the inflammatory reaction.

Modern Chinese medicine analyzes the location of inju-
ry and the physiological function of EA, and considers the 
mechanism of action of EA in treating SCI. With the deep-
ening of our knowledge of electrical stimulation-induced 
regeneration, EA treatment has been used to treat SCI, and 
clinical and experimental results have shown the efficacy 
of EA and electric field therapy for SCI (Loy et al., 2002; 
Conboy et al., 2003; Benedito et al., 2009; Fassbender et al., 
2011). However, the detailed mechanisms underlying its ef-
fects are not clear. In the present study, we investigated the 
detailed mechanisms underlying EA treatment.
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system, including in the spinal cord (Morshead et al., 1994; 
Chillakuri et al., 2012). NSCs possess the ability to divide, 
proliferate, regenerate, and differentiate into all of the neural 
cells of the central nervous system, including neurons, as-
trocytes, and oligodendrocytes (Suh et al., 2007; Zhao et al., 
2008). Their discovery reversed the original conception that 
neural regeneration was not possible after central nervous 
system injury and provided new hope for the restoration of 
neural function after central nervous system injuries, such 
as SCI. In addition, the use of NSCs as seed cells for central 
nervous system repair has become a basic and popular as-
pect of neuroscience research. The discovery of this mech-
anism has provided novel insights into potential targeted 
clinical treatment of SCI. Nestin is expressed during the 
development and differentiation of neural stem cells. Nestin 
is regarded as a marker for NSCs or neural precursor cells 
during central nervous system development (Almazan et al., 
2001). GFAP is a primary component of astrocytes, is used 
in the construction of the astrocyte cytoskeleton, and is in-
volved in locomotion and morphology regulation (Casper 
and McCarthy, 2006). Under SCI conditions, neural stem cell 
differentiation is limited, especially under the influence of 
astrocytes and oligodendrocytes. Based on the results of im-
munohistochemistry for nestin and GFAP proteins, it is im-
plied that EA induces the proliferation of NSCs and inhibits 
NSC differentiation into astrocytes and oligodendroglias (not 

Figure 1 EA treatment in the repair of SCI.
(A) Survival curves for rats. The percentage of rats surviving over time is shown. The survival ratios in the control, sham and sham + EA groups 
are 100%. The survival ratio was approximately 45.33% in the SCI group, and 68.90% in the SCI + EA group. (B) Body weight changes from 1 to 
56 days of rats. The weights of surviving mice over time are shown. (C) BBB scores in rats, recorded at 1, 3, 7, 14, 21, 28 and 56 days. *P < 0.05, **P 
< 0.01, ***P < 0.001, vs. control group. (A–C) Data are expressed as the mean ± SD (n = 5; one-way analysis  variance and Tukey’s post hoc test). 
(D) Hematoxylin-eosin staining: histological changes in the spinal cords of rats (× 200). Scale bars: 100 µm. Spinal cords had similar appearances at 
different time points in the control, sham and sham + EA groups. There was a progressive enlargement of the cavity in the SCI group, occurring in 
a time-dependent manner, and a significant recovery in the SCI + EA group. SCI: Spinal cord injury; EA: electroacupuncture; BBB: Basso, Beattie, 
and Bresnahan.

Table 1 Primer sequences for real-time PCR

Gene Sequences (5′–3′)
Product
size (bp)

Nocth1 Forward: CCT TTA CCT GCC TCT GCC 150

Reverse: GTC CTG TGG TCC CCT TGA

Nocth3 Forward: TGT AGT GAT GCT GGA GAT TGA 141

Reverse: CGT AGT GGG TAT GGG AAA T

Nocth4 Forward: TCC TCC TAT TTC TGT CGC TG 170

Reverse: ACT TTT GAG CAG TTC TGT CCT T

Hes1 Forward: GAG GCT GCC AAG GTT TTT 189

Reverse: GGT GGG CTA GGG AGT TTA TG

ps1 Forward: GCT CAA AAG TAC ACG ACG CT 99

Reverse: TGT GAA AGA ATG GCA GGA

GAPDH Forward: ACG GCA AGT TCA ACG GCA CAG 146

Reverse: GAC GCC AGT AGA CTC CAC GAC A

GAPDH: Glyceraldehyde-3-phosphate dehydrogenase.
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NSCs are a type of cells with self-replication and plurip-
otent capabilities. NSCs can replace various types of dead 
cells in the injured spinal cord, making them an ideal and 
clinically valuable type of cells. These cells differentiate into 
the various cells of the neural system after proliferation. 
Since 1992, when the presence of NSCs was first discovered 
in the corpus striatum (Gage, 2000), considerable research 
has confirmed the prevalence of NSCs in the central nervous 
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Figure 2 Effect of EA on serum concentrations of inflammatory cytokines in SCI rats.
Serum concentrations of TNF-α (A), IL-1α (B), IL-6 (C) and IL-10 (D) inflammatory cytokines were detected by ELISA. Standard curves were 
constructed by plotting the mean absorbance for each standard on the X-axis against the concentration on the Y-axis and a best fit line was drawn, 
determined by regression analysis. *P < 0.05, **P < 0.01, ***P < 0.001, vs. control group. Data are expressed as the mean ± SD (n = 3; one-way 
analysis of variance and Tukey’s post hoc test). The experiment was repeated in triplicate. SCI: Spinal cord injury; TNF: tumor necrosis factor; IL: 
interleukin; EA: electroacupuncture; ELISA: enzyme-linked immunosorbent assay.

shown in this paper).
During nervous system development, the Notch signaling 

pathway induces many long-term effects on neighboring 
cells, including neurons and neuroglia (Louvi and Arta-
vanis-Tsakonas, 2006). The Notch signaling pathway is 
important for cell fate determination, neural system devel-
opment, organ formation, and segmentation in vertebrate 
and invertebrate animal development. Notch is a highly 
conserved receptor protein that is expressed ubiquitously on 
the cellular membrane and involved in intercellular signaling 
pathways. In adult mammals, the Notch signaling pathway 
is essential in vascular development and maintenance (Liu 
et al., 2003; Karsan, 2005). Notch modulates many proteins, 
and mutations of Notch or its corresponding ligands results 
in numerous diseases (Conboy et al., 2003). Studies have 
shown that the Notch signaling pathway is involved in repair 
after SCI (Loy et al., 2002; Fassbender et al., 2011). Patholog-
ical obstruction of the central nervous system vasculature, 
such as that caused by ischemic stroke or SCI, compromises 
the integrity of neural tissue. Although angiogenesis oc-
curs at 3–14 days after SCI, normal vascular markers are 
absent in most capillaries (Benton et al., 2008; Benedito et 
al., 2009). The Notch signaling pathway may be an effective 
pathway regulating the recovery of vascular formation and 
capillary functional morphology. Our findings in the pres-
ent study suggest that the Notch signaling pathway induces 

NSCs to differentiate into glial cells, which is not beneficial 
to treating SCI, and inhibits NSC proliferation. The Notch 
signaling pathway plays an important part in environ-
ment-dependent cell fate specification during neurodevel-
opment. Therefore, research into the relationship between 
EA treatment and the Notch signaling pathway in SCI is 
both promising and significant. With the constant advance-
ment of regenerative medicine, EA treatment and signal 
transduction, this knowledge will have a positive impact on 
future clinical treatment.

Importantly, we investigated the mechanism underly-
ing the effects of EA on SCI at the molecular level. Our 
experiments used detailed and accurate groups and time 
points; the results in the sham + EA group implied that EA 
treatment had no side effects, and the detailed time points 
provided evidence for the best time for repair of SCI. The 
results show that EA treatment of SCI inhibits the Notch 
signaling pathway and proinflammatory cytokine expres-
sion, induces NSC proliferation and differentiation, and 
inhibits the differentiation of NSCs into astrocytes, thereby 
inducing morphological recovery from SCI. In conclusion, 
the repair processes induced by EA after SCI are mediated 
by inhibiting the Notch signaling pathway and inducing 
NSC proliferation. These findings provide evidence for the 
widespread clinical utilization of EA. However, there are 
some deficiencies in this study, and additional studies are 
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necessary emplying methods such as RNA interference and 
electrophysiology techniques.
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Figure 3  Effect of EA on changes in mRNA expressions of Notch 
signaling pathway-related factors Notch1 (A), Notch3 (B), Notch4 (C), 
PS1 (d) and Hes1 (E; real-time qPCR) in injured spinal cord of rats.
The mRNA expression level was calculated using the 2–∆∆Ct analytical 
method. *P < 0.05, **P < 0.01, ***P < 0.001, vs. control group. Data 
are expressed as the mean ± SD (n = 3; one-way analysis of variance 
and Tukey’s post hoc test). The experiment was repeated in triplicate. 
SCI: Spinal cord injury; EA: electroacupuncture; qPCR: quantitative 
polymerase chain reaction.
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Figure 4  Effect of EA on changes in protein expressions of Notch 
signaling pathway-related factors Notch1, Notch3, Notch4, PS1 and 
Hes1.
(A) Western blotting bands for Notch1, Notch3, Notch4, PS1 and Hes1 
in different groups. (B) Quantification of protein expression of Notch1, 
Notch3, Notch4, PS1 and Hes1. Y-axis indicates the relative optical den-
sity of protein bands (the ratio of target grayscale values to loading con-
trol grayscale values). *P < 0.05, **P < 0.01, ***P < 0.001, vs. control 
group. Data are expressed as the mean ± SD (n = 3; one-way analysis 
of variance and Tukey’s post hoc test). The experiment was repeated in 
triplicate. SCI: Spinal cord injury; EA: electroacupuncture; d: day(s).
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Figure 5 EA effects on NSC proliferation in rats after SCI.
(A, B) Immunohistochemical staining for GFAP (A) and nestin (B) separately in the spinal cord. The reactions were visualized using 3,3′-diami-
nobenzidine tetrahydrochloride reagent, and the nuclei were counterstained with hematoxylin (× 400). Scale bars: 50 µm. GFAP-immunoreactive 
cells contain brown spots or particles. The nestin-immunoreactive cells showed cytoplasmic staining, and the cells showed ovoid or triangular 
protrusions. Arrows indicate the GFAP- and nestin-immunoreactive cells. (C) Quantification of nestin- and GFAP-immunoreactive cells. Fewer 
GFAP-immunoreactive cells were seen in the SCI + EA group than in the SCI group. Higher numbers of nestin-immunoreactive cells were seen in the 
SCI + EA group than in the SCI group (*P < 0.05, **P < 0.01, **P < 0.001). Data are expressed as the mean ± SD (n = 3; one-way analysis of vari-
ance and Tukey’s post hoc test). The experiment was repeated in triplicate. SCI: Spinal cord injury; EA: electroacupuncture; GFAP: glial fibrillary 
acidic protein; NSC: neural stem cell; MOD: mean optical dentsity. 
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