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Abstract Apoptosis, a major pathogenesis of cerebral ischemia, is closely associated with the dysregulation of 
MAPK/ERK signaling pathway. The transplantation of neural stem cells (NSCs), as a therapeutic target of cerebral 
ischemia, could repair missing cells and the activation of endogenous cells to provide "self-repair". However, the 
neuroprotective mechanism of the transplantation of NSCs against cerebral ischemia injury is unclear. This study is 
to investigate the effect of the transplantation of NSCs on apoptosis and MAPK/ERK signaling in the cerebral 
ischemia/reperfusion rats to evaluate its neuroprotective role. These results suggest that the transplantation of NSCs 
provides a neuroprotective effect via decreasing neurological deficit and increasing the activity of MAPK/ERK 
signaling in MCAO-lesioned brains and restraining apoptosis. In view of the treatment and prevention of ischemic 
brain damage, the ability of NSCs to enhance the activity of MAPK/ERK signaling and inhibit apoptosis may be of 
great importance in the selection of neuroprotective agents. 
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1. Introduction 
Stroke is the fourth killer and number one cause of 

adult disability in the United States. The estimated direct 
and indirect costs of stroke care in this country are $68.9 
billion for 2009 [1]. In the Middle East and North Africa 
stroke is increasingly becoming a major health problem, 
with projections that deaths from it will nearly double by 
2030 [2]. With a rapidly aging population in the developed 
world and increasing life expectancy in the developing 
world, stroke is becoming a growing problem around the 
globe [3,4,5,6]. Although current stroke treatments may 
prevent stroke from progressing, they can temporarily 
slow the worsening of stroke progress and improve the 
quality of life for those with stroke and their caregivers. 
Today, there is a worldwide effort under way to find better 
ways to treat stroke, delay its onset, and prevent it from 
developing. 

Compelling research evidence has demonstrated that 
transplantation of neural stem cells (NSCs) on the brain 
after ischemic can play a critical role such as promoting 
subventricular zone cell proliferation and peri-infarct 
angiogenesis after focal cerebral ischemia [7], enhancing 
the recovery of damaged cells [8], secreting neurotrophic 
factors and neuropeptides [9], as well as enhancing 
structural plasticity and axonal transport and achieving 

recovery of brain function [10,11]. Previously we found 
that the transplantation of NSCs in the early stage could 
reduce focal infarct volume and improve the neurological 
functional recovery in the process of cerebral 
ischemia/reperfusion injury [12]. 

It is well-known that the MAPK/ERK signaling 
pathway acts a central mediator in signal transduction 
pathways involved in cell growth, proliferation, and 
survival under physiological and pathophysiologic 
conditions since the signal starts when a growth factor 
binds to the receptor on the cell surface and ends when the 
DNA in the nucleus expresses a protein and produces 
some change in the cell, such as cell division 
[13,14,15,16]. The neuroprotective role of MAPK/ERK 
signaling pathway in cerebral ischemia has been strongly 
evidenced including inhibiting inflammation and oxidative 
stress [17,18], improving the behavior impairment after 
cerebral ischemia [19,20], enhancing neurological 
rehabilitation and regeneration and limiting apoptosis 
procedure [21]. 

Apoptotic mechanism after cerebral ischemia is a major 
pathogenesis in stroke. Signaling cascades associated with 
apoptosis contribute to cell death after focal cerebral 
ischemia [22,23,24]. The activation of caspases 9 (the 
intrinsic apoptosis pathway), 8 (the extrinsic apoptosis 
pathway) and 3 (both extrinsic and intrinsic pathway) are 
critical steps [25]. Accordingly, we addressed the question 
whether the mechanism of neuroprotective effects by 
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transplantation of NSCs on cerebral ischemia contributes 
to activation of MAPK/ERK signaling pathway and 
inhibits expression of caspases 9, 8 and 3 after activation 
of MAPK/ERK pathway. This study analyzed that the 
transplantation of NSCs influenced on the expression of 
MAPK/ERK and caspases 9, 8 and 3 in the the 
hippocampus to investigate the neuroprotective 
mechanisms of the transplantation of NSCs against focal 
cerebral ischemia/reperfusion injury. 

2. Materials and Methods 

2.1. Animals 
Seventy-two female Wistar rats (clean grade, weighing 

200-250 g) and eighty E17 pregnant rats (about 250 g, 
grade Ⅱ of cleaning) were all provided by the 
Experimental Animal Center (License No. SCXK-Yue-
2008-2010), Southern Medical University, Guangzhou, 
China. The investigation conformed to the Guide for the 
Care and Use of Laboratory Animals published by the US 
National Institutes of Health (NIH Publication No. 85-23, 
revised 1996) [26]. The animal experiments were 
performed according to internationally followed ethical 
standards and approved by the research ethics committee 
of Southern Medical University, Guangzhou, China.  

2.2. Isolation and Culture of NSCs 
Seventy-two pregnant rats about 250 g, grade Ⅱ  of 

cleaning, were provided. At E17, the pregnant rat was 
anesthetized with 75% ethanol [27]. Remove the uterus 
along with the embryos and put it in a petridish containing 
icecold Hank's Buffered Salt Solution (HBSS). After 
dissecting the cortical tissues, mince it into small pieces 
with a scissors in a petridish containing ice-cold HBSS. 
Transfer the tissue in a 50 ml sterile tube. Spin it for 2 min. 
at room temperature (200~500g) and aspirate the 
supernatant. Add Dulbecco's Modified Eagle 
Medium/Nutrient Mixture F-12 (DMEM/F12, 20ng/mL 
EGF, 20ng/mL bFGF) (Sigma, USA), triturate 70x with a 
10ml pipette. Filter the cell suspension through a cell 
strainer fitted with 70 μm mesh in to a 50ml sterile tube. 
Add another 3ml complete DMEM (CEMEM) to rinse the 
mesh. Incubate cells at 37°C with 5% CO2 + 95% air. 
Change with fresh complete medium after 45 min. Treat 
cells with CEMEM containing 8μM Ara-c on day 4 for 3 
days. Cells with drug-free CEMEM on day 7 grow cells 
for another 4 days and do experiments. 

2.3. Identification of NSCs 
Bromodeoxyuridine (BrdU) (mouse anti-BrdU, Santa 

Cruz, USA) uses nucleotide substitution to replace 
thymidine with uridine in the DNA structure of dividing 
cells both in vitro and in vivo. BrdU has been utilised in a 
number of in vitro and in vivo studies to label a variety of 
cellular sources from human olfactory epithelium and 
neural progenitors to NSCs [28]. NSCs were labelled 
48hrs adding with BrdU (5μmol/L) and cultured 5 days in 
complete culture medium until the formation of a 
neurospheres [29]. Single cells dissociated from 
neurosphere were cultured in 96-well plates and formed 
single-cell cloning neurosphere 7 days later. The primary 

and single-cell cloning neurospheres were both positive 
for the immunofluorescent staining of nestin and were 
identified as NSC. 

2.4. Model Establishment 
A classical method for establishing a focal cerebral 

ischemia model is the middle cerebral artery occlusion 
(MCAO), which can be performed in a variety of species, 
including dogs, cats, rabbits, and rats. Because physiology, 
biochemistry, pathology, pathophysiology, and the 
cerebral vascular anatomy of humans are relatively similar 
to rats, the rat MCAO model was chosen for the present 
study. Ischemia was induced according to the method 
described by Longa et al. [30] by inserting a thread to 
block blood flow to the middle cerebral artery. Referring 
to the five-point scoring system of Longa et al. [30], rats 
with more than 2 scores were selected. The model rats 
were randomly divided into 2 groups: MCAO control and 
NSCs treatment group. Each group was divided into three 
subgroups: 3 day (n = 6), 7 day (n = 6) and14 day (n = 6).  

2.5. Stereotactic Transplantation 
Two days after middle cerebral artery occlusion, rats 

underwent stereotactic transplantation of 50000 E17 NSCs 
or 2μL PD98059 adjacent to ischemic hippocampus 
[31,32,33]. Rats were anesthetized with an intraperitoneal 
injection of 1% ketamine (30 mg/kg) and xylazine 
hydrochloride (4 mg/kg), and then positioned in a 
stereotaxic apparatus. The tip of the infusion cannula was 
implanted stereotaxically into the hippocampus in 
reference to the stereotaxic atlas (area postrema: -5 mm 
from interaural line; lateral: -1.3 mm from midline; 
dorsoventral: 1.8 mm above interaural line), and the 
cannula was cemented to three jeweler’s screws attached 
to the skull [34]. MCAO animals were administered by 
intracerebral infusion of same volume saline. All rats 
received a stereotaxic unilateral lesion of the hippocampus. 

2.6. Immunohistochemistry 
Tissue samples were collected after rats were perfused 

transcardially with 4% paraformaldehyde in phosphate 
buffered saline (PBS) and were embedded in paraffin wax. 
Coronal slides (6μm thickness) were cut from various 
sections of the brain. After the coronal sections were 
rinsed in PBS 3 times, endogenous peroxidase activity 
was blocked by incubation of specimen with 3% H2O2 for 
10 min. The sections were incubated with 10% normal 
goat serum. After the blocking serum was removed, the 
ABC immunohistochemical assay was carried out 
according to the protocols we described before Anti-
Caspase 3, 8 and 9 proteins (Santa Cruz, USA) were 
prepared. Two hundred cells were counted and the 
intensity of staining for each of those cells was adjusted. 
Five grades were employed to express the degrees of 
staining, which represent 5 reaction coefficient 
respectively. The 5 products of every coefficient and the 
corresponding cell number were added up, which resulted 
in the value of a positive score. All slides were measured 
in duplicate. Those samples with a positive score over 10 
or frequency over 5% were considered as positive. 

2.7. Western Blotting 
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Western blotting assay was carried out previously [35]. 
Rat tissues were dissected and homogenized in T-PER 
buffer in the presence of protease inhibitors. Following 
homogenization, the lysates were centrifuged at 
100,000×g, and the supernatants were saved for Western 
blot analysis. Equal amounts of lysates were subject to 
SDS-PAGE and Western blotting analysis using 
antibodies specific for the following antigens: p38MAPK 
(Anti-rabbit p38MAPK, Cell Signaling Technology, USA) 
(1:500) and β-tubulin (Bioss Inco., China) (1:200), 
pERK1/2 (Cell Signaling Technology, USA) (1:200) and 
β-tubulin (1:200), Caspase 3, 8 and 9 (1:200, 1:200 and 1: 
100, Santa Cruz, USA) and β-tubulin (1:2000). The 
optical densities of the specific bands were scanned and 
measured by image analysis software (HPIAS 2000, 
Tongji Qianping Company, Wuhan, China). 

2.8. Statistical Analysis 
Quantitative data were expressed as Mean ± SD. All 

statistical analyses were performed using SPSS software 
for Windows 13.0 (SPSS, Chicago, IL, USA). One-way 

analysis of variance was employed for multi-group 
comparison and q test for paired comparison. A value of 
P<0.05 was considered statistically significant.  

3. Results 
3.1. Nscs Transplantation Improved 
Neurological Behavior Deficit 

Neurological behavior scores was detected by Longa's 5 
score method [30] on rats from each group at 3, 7, 14 d 
following NSCs transplantation. MACO rats exhibited 
behavioral changes including limb hemiparalysis, 
decreased activities, the opposite circling when walking, 
and tail chasing. The scores of neurological behavior in 
NSCs treatment groups was significantly decreased than 
MCAO model group (P<0.01). These results demonstrated 
that the transplantation of NSCs decreased the scores of 
neurological behavior, suggesting that NSCs 
transplantation improved neurological behavior deficit 
produced by cerebral ischemia/reperfusion injury (Figure 1). 

 

Figure 1. The scores of neurological behavior in the four groups. The scores of neurological behavior in NSCs treatment groups was significantly 
decreased than MCAO model group. † P < 0.05, vs. NSCs transplantation group. n = 6 

 
Figure 2. NSCs transplantation activated MAPK/ERK pathway. Columns depict relative densitometric values obtained by comparing with β-actin 
normalized densitometric values. At each corresponding time point following MCAO, the protein level of p38MAPK and pERK1/2 in NSCs treatment 
group was more significantly increased than that in MCAO animals (*P<0.01). n = 6 
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3.2. NSCs Transplantation Activated MAPK 
/ERK Pathway 

This study detected the mechanism of the effect of 
NSCs transplantation on MAPK/ERK signaling pathway 
using Western blot, and try to clarify that NSCs 
transplantation on brain ischemia concerned with 

MAPK/ERK signaling pathway. At each time point 
following MCAO, the protein level of p38MAPK and 
pERK1/2 in NSCs treatment group was more significantly 
increased than that in MCAO model group (P < 0.01, 
Figure 2), indicating that NSCs transplantation may play a 
neuroprotective role via the activation of MAPK/ERK 
signaling. 

 

Figure 3. NSCs transplantation inhibited apoptosis pathway. Columns depict relative densitometric values obtained by comparing with β-actin 
normalized densitometric values. At 3, 7 and 14 days following MCAO, the protein level of Caspase 3, 8 and 9 in NSCs treatment group was more 
significantly decreased than that in MCAO animals (*P < 0.01). n = 6 

3.3. NSCs transplantation Inhibited Apoptosis 
The role of apoptosis in cerebral ischemia has been 

considered as a basic pathogenesis. To evaluate whether 
the neuroprotective effect on apoptosis in the pathogenesis 
of cerebral ischemia is due to NSCs transplantation, the 
effect of NSCs transplantation on the three apoptosis 
proteins including Caspase 3, 8 and 9 was examined. As 

Caspase 3, 8 and 9 are markers of apoptosis pathway, 
Caspase 3, 8 and 9 were measured by Western blot and 
immunohistochemistry to evaluate the activity of 
apoptosis. As shown in Figure 3 and Figure 4, Caspase 3, 
8 and 9 were more downregulated through treatment of 
NSCs transplantation (P < 0.01, Figure 3 and Figure 4), 
suggesting that NSCs transplantation retarded the activity 
of apoptosis. 
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Figure 4. Immunohistochemistry for Caspase 3, 8 and 9. The number of positive cells of Caspases around the damaged cerebral cortex following 
ischemia/reperfusion injury was shown by the immune-staining images. At 3, 7 and 14 days after ischemia/reperfusion injury, there were many yellow-
stained positive cells of Caspase 3, 8 and 9 in MCAO control rats, but in the NSCs treatment group, there were only a few or no positive cells of 
Caspase 3, 8 and 9. Results are shown as the mean ± SD. *P<0.001; n = 6. The scale bar is 25μm 

4. Discussion 
Cerebral ischemic injury can trigger a complex cascade 

of events such as initial tissue damage, neurological 
behavior deficit occur as early as several minutes after 
occlusion, neuroinflammation, as well as oxidative stress 
and apoptosis [36,37,38,39]. In the present study, research 
results demonstrated that the transplantation of NSCs in 
the early stage could improve the functional recovery in 
the process of cerebral ischemia/reperfusion injury and 
upregulate p38MAPK and pERK1/2 in the brain tissues 
following MCAO, implicating that the transplantation of 
NSCs activated MAPK/ERK signaling pathway. 
Furthermore, the transplantation of NSCs can inhibit the 
increased levels of Caspase 3, 8 and 9 in the process of 
cerebral ischemia/reperfusion injury. Therefore, the 
transplantation of neural stem cells may inhibit apoptosis 
through activation of MAPK/ERK signaling pathway in 
the pathogenic process of cerebral ischemia/reperfusion.  

Emerging research evidence has noted that the 
MAPK/ERK pathway can play a neuropretective role in 
the process of cerebral ischemia injury which mechanisms 
include direct protection of neurons and oligodendrocytes 
[40,41], inhibition of inflammatory cytokines and 
mediators involved in the brains response to injury [42], 
oxidative stress and apoptosis triggered by cerebral 
ischemia insult [40,43,44,45]. In response to cerebral 
ischemia, neurons also activate survival/repair pathways 
including activation of MAPK/ERK which is linked to 
neuroprotection in experimental animal models of stroke 
[44]. NSCs possess high potencies of self-renewal and 
neuronal differentiation. Considering that several studies 
showed that the transplantation of NSCs contributes to 
neuro-protection via activation of the MAPK/ERK 
signaling pathway [46,47,48], this present study result that 
the transplantation of NSCs increased the expression of 
p38MAPK and pERK1/2 further confirmed the protective 
role of the transplantation of NSCs through MAPK/ERK 
activation in ischemic stroke. 

Increasing number of research studies have clarified 
that apoptosis is a main pathogenesis in the process of 
cerebral ischemia injury and the transplantation of NSCs 
can inhibit apoptosis induced by cerebral ischemia 
damage [49,50,51,52,53]. This present study not only 
demonstrated that that the transplantation of NSCs limited 
apoptosis generating from MCAO administration, but 
found that the transplantation of NSCs can antagonize 
apoptosis by the inhibitor of MAPK/ERK signaling during 
cerebral ischemia as well. In view that the dysfunction of 
MAPK/ERK signaling pathway is an important 
contributor for apoptosis [54,55], the present research 
study discovered that the transplantation of NSCs can 
decrease apoptosis via activating MAPK/ERK signaling, 
and then play a neuropretective role in the process of 
cerebral ischemia injury. 

Previously, our research findings from our group 
suggest that the transplantation of NSCs may provide a 
neuroprotective effect by reducing infarct size and 
decreases neurological deficit following cerebral 
ischemia/reperfusion injury [12]. Our recent research 
literature also noted that the neuroprotective effect of 
NSCs transplantation could correlated with the increased 
level of BDNF in MCAO-lesioned brains and PI3K/Akt 
pathway activation [56]. Here, whether the transplantation 
of NSCs is a feasible therapeutic option for cerebral 
ischemia was explored again. In conclusion, these findings 
suggest that the neuroprotective role for the 
transplantation of NSCs is correlated with many 
mechanisms. The present findings also further have 
evidenced that NSCs could become an effective 
therapeutic target for the treatment and prevention of 
ischemic brain damage. 
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