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Abstract: This study was to evaluate the effects of recombinant human granulocyte colony-stimulating factor 
(rhG-CSF) on the proliferation of endogenous neural stem cells (NSCs) after cerebral ischemia-reperfusion injury 
(I/R injury) in rats. The animal model of I/R injury was established by middle cerebral artery occlusion (MCAO) 
method. Rats were divided into 3 groups: Sham operation group, ischemia-reperfusion group (I/R group) and I/R + 
rhG-CSF group. NSCs proliferation activity in hippocampus was evaluated using BrdU (5-bromo-2’-deoxyuridine) 
cell proliferation assay. The expression of two key molecules, Wnt1 and β-catenin, which play an important role in 
the signal transduction pathway of mediating NSCs proliferation, was determined by RT-PCR and Western Blot. 
Our study showed that the number of BrdU positive cells in I/R group significantly increased after 3d, and reached 
the peak after 7d, compared with the sham group. When the rats were treated with rhG-CSF (30 μg/kg/d), the NSCs 

proliferation activity were enhanced significantly, compared with the other two groups. Furthermore，the mRNA and 
protein expression levels of Wnt1 and β-catenin also were significantly higher in I/R + rhG-CSF group than that in 
the other two groups. These findings demonstrated that ischemic brain damage can induce the NSCs proliferation in 
the hippocampal dentate gyrus of adult rats and suggested that rhG-CSF could be used as an potential agent to repair 
the cerebral injury induced by ischemia-reperfusion. 
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Introduction 

Ischemic cerebrovascular diseases account 
for about 60-80 percent of the cerebral vascular 
diseases in human [1]. After ischemia injury, apoptosis 
and inflammatory response were observed at the 
peripheral area of cerebral ischemia [2]. How to reduce 
hemorrhagic brain injury and protect the injured brain 
with the potential of reversibility becomes the hotspot 
of current neuroscience research.  

Neural stem cells (NSCs) mainly exist in the 
dentate gyrus of hippocampus, subventricular zone 
(SVZ) and subgranular zone (SGZ) in adult animal 
brains. NSCs have the potential of differentiating into 
neurons and glial cells [3, 4]. In the recent years, stem 
cell therapy has become a new strategy for treating 
various cerebrovascular diseases [5, 6]. NSCs treatment 
for isomeric cerebral injury has two main ways: NSCs 
transplantation and autologous in-situ activation[7]. 
The recent finding that endogenous NSCs reside in the 
adult brain opened plausible options for cell 
replacement strategies directed to CNS diseases [8, 9]. 
The controlling process of stem cell proliferation and 
differentiation at the molecular level has been explored 
[10, 11] . NSCs can be stimulated to proliferate by 

certain substances released during the injury [12]. 
However, the proliferative capability of NSCs is very 
limited, which restricted their role for repairing the 
brain damage.  

G-CSF, a glycoprotein whose molecular 
weight is 20 kD, is generated by hematopoietic cell 
such as monocyte/macrophage and lymphocyte.  At its 
high concentration, G-CSF could promote 
hematopoietic stem cells to proliferate, influence the 
mutual adhesion between stem cells and stromal 
microenvironment of bone marrow, and mobilize lots 
of hematopoietic stem cells into the peripheral blood 
circulation[13]. The recent studies have found that 
G-CSF could promote stem cell proliferation after 
myocardial infarction, being captured in the place of 
myocardial injury [14-16]. In this study, middle 
cerebral artery occlusion (MCAO) method was used to 
establish the I/R model in rats[17], NSCs proliferation 
activity in the ischemia area of hippocampus was 
evaluated using BrdU marker method. The expression 
of two key molecules in the signal transduction 
pathway of adjusting the NSCs proliferation, Wnt1 and 
β-catenin, was determined in the presence an absence of 
G-CSF. This could provide exprimental envidence for 
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the clinical treatment of ischemic cerebrovascular 
diseases. 
 Materials and Methods 

Animals: Regional cerebral ischemia was 
induced by MCAO for 120 min, followed by 
reperfusion for 1d, 3d, 7d, 14d and 21d [18]. 120 
healthy male Wistar rats (weighing 250-300g, provided 
by Laboratory Animal Center of Zhengzhou University, 
SCXK Henan 2010-0002) were randomly divided into 
3 groups: Sham operation group; I/R group; I/R+ 
rhG-CSF group. In Sham group, carotid artery (CA) 
and external carotid artery (ECA) were isolated without 
occlusion. In I/R+ rhG-CSF group, the rats were given 
hypodermic injection of rhG – CSF 30μg/kg/d after 
occlusion but before reperfusion. In I/R group, animals 
were given equal amounts of physiological saline. Rats 
were killed on 1, 3, 7, 14, 21 days. Use of the animals 
was reviewed and approved by the guidance suggestion 
of caring laboratory animals, introduced by the 
Ministry of Science and Technology of the People’s 
Republic of China in 2006. 
Reagents   

For BrdU proliferation assay: Polyphosphate 
lysine (Fujian Maixin Company, China); Streptavidin- 
Peroxidase (SP) immunohistochemical (IHC) kit, DAB 
color-display reagent and Mice anti-BrdU monoclonal 
antibody (Beijing Zhongshan Biotech Co., China); 

For RT – PCR: Primer and RT - PCR kit 
(TaKaRa Biotechnology(Dalian)Co., Ltd, China ); 
Wnt1 (Santa Cruz Company, America); β-catenin, 
β-actin (Labvision Company, America);  

For western blot: Sheep anti-rat polyclonal 
antibody (Wnt1) (Santa Cruz Company, America) ; 
Rabbit anti-rat polyclonal antibody(β-catenin) 
(Labvision Company, America); 

rhG - CSF injection (Qilu Pharmaceutical Co 
Ltd, China).  
BrdU cell proliferation assay   

12 hours before execution, animals were 
injected intraperitoneally with BrdU (50mg/kg, every 
four hours). BrdU were incorporated into cellular DNA 
during cell proliferation. Then anti-BrdU antibody 
(1/100 dilution, mouse against rat) was used to detect 
the incorporated BrdU. Anti-mouse IgG, HRP-linked 
antibody is then used to recognize the bound antibody. 
The magnitude of the absorbance for the developed 
color is proportional to the quantity of BrdU 
incorporated into cells, which is a direct indication of 
cell proliferation. Metalnorph/EvolutionMP5.0 
microscopic image analysis system was used to count 
the number of positive cells at the five same given areas 
of every part of each section. 
RT - PCR   

Total RNA from rat hippocampal tissue (0.5 
g) was isolated using 1ml Trizol. First-strand cDNA 
was synthesized using random hexamers and 

Superscript II reverse transcriptase according to the 
manufacturer's instructions (Invitrogen), and 
subsequently diluted with nuclease-free water to 12.5 
ng/μl cDNA. RT-PCR amplification mixtures (25 μl) 
contained 25 ng template cDNA, 2x PCR Master Mix 
buffer (12.5 μl) and 300 nM forward and reverse primer 
(table 1). PCR reaction conditions: Wnt1, β-catenin, 

β-actin, preheat denatured for 2 min at 94℃, 30 s at 

95℃, 40 s at 52℃, 1 min at 72℃, and extend to 8 min 

at 72℃ after 30 cycles. Relative quantitative analysis 
was done using FluChemV2.0 image analysis software. 
Western Blot Assay for the Determination of Wnt1 and 
β-catenin level.  

8 μl of sample was mixed with 4 μl of 3 × 
sample loading buffer (6% SDS, 15% 
2-mercaptoethanol, 30% glycerol, and 0.3 mg/ml 
bromphenol blue in 188 mM Tris-HCl, pH 6.8), heated 
at 100°C for 10 min, and separated by SDS-PAGE. 
Separated proteins in the gels were transferred onto 
nitrocellulose membrane. The blotted membrane was 
blocked with 5% skim milk in PBS containing 0.05% 
Tween 20 (PBS-T buffer) for 30 min. After washing the 
membrane with PBS-T, the first antibody diluted in 
PBS-T containing 0.25% BSA (Anti-Wnt1, 1/100 
dilution; Anti-β-catenin l: 200 dilution), was added and 
incubated for overnight at 4°C. The bound antibodies 
were detected by horseradish peroxidase-conjugated 
anti-mouse IgG secondary antibody followed by ECL 
detection system according to the manufacturer's 
instruction. Band density was quantitated by 
densitometric analysis using FluochemV2.0 image 
analysis software.  
Statistical analysis    

Data were presented as means± SEM. SPSS 
13.0 software was used to analyze the data.. 
Comparison among groups was conducted using single 
factor analysis of variance, and comparison between 
two groups using t-test. p <0.05 indicates statistical 
significance 
Results 
BrdU IHC test   

Compared with the Sham group, I/R group 
showed more BrdU positive cells in the hippocampus. 
On 7d after reperfusion, the number of BrdU positive 
cells reached the highest. Compared with I/R group, the 
number of BrdU positive cells in ischemia 
hippocampus in I/R + rhG - CSF group was 
significantly increased (P < 0.05) (Figure.1) on 3d, 7d, 
14d and 21d after reperfusion. 
mRNA expression of Wnt1, β-catenin in the 
hippocampus at different date after reperfusion  

Wnt1 mRNA expression in Sham group was 
rarely detected. β-catenin mRNA in Sham group had 
mild expression. In I/R Group, the expression of Wnt1 
mRNA, β-catenin mRNA increased gradually. Both 
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Wnt1 mRNA and β-catenin mRNA levels reached a 
peak after reperfusion for 7d and declined after 14d. 
Both Wnt1 mRNA and β-catenin mRNA in I/R + rhG - 
CSF group were increased significantly compared with 
I/R group (P<0.05) (Figure.2). 

 
Figure 1. Immunohistochemistry for BrdU in the 
hippocampus of the Sham (A), I/R+rhG-CSF (B), and 
I/R (C) group on 7d after reperfusion. In the 
I/R+rhG-CSF group, BrdU positive nuclei (arrow) are 
markedly increased compared with the other groups. D: 
The mean number of BrdU positive nuclei per secion of 
each group (n=10 per group) at different date after 
reperfusion. * P < 0.05, significantly different from the 
Sham groups; ** P < 0.01, significantly different from 
the I/R groups. Error bars indicate SEM.  

 
Figure 2. RT-PCR analysis of Wnt1 and β-catenin 
mRNA. β-actin was used as loading control (A). Lane 
M, marker; lane 1, Sham; lane 2, I/R 1d; lane 3,  
I/R+rhG-CSF 1d; lane 4, I/R 3d; lane 5, I/R+rhG-CSF 
3d; lane 6, I/R 7d; lane 7, I/R+rhG-CSF 7d; lane 8, I/R 
14d; lane 9, I/R+rhG-CSF 14d; lane 10, I/R 21d; lane 
11, I/R+rhG-CSF 21d. The quantification (normalized 
by the β-actin levels) is shown below (B, C).* P < 0.05, 
significantly different from the Sham groups; ** P < 
0.01, significantly different from the I/R groups. Error 
bars indicate SEM.  
 
The protein expression of Wnt1, β-catenin in the 
hippocampus at different time point after reperfusion 

The expression of Wnt1, β-catenin increased 
in I/R group with the extension of ischemia-reperfusion 
time. Wnt1 reached a peak after reperfusion for 7d and 
β-catenin reached a peak after reperfusion for 14d. 

Compared with Sham group, both proteins had 
statistically significant differences (P < 0.01). In I/R + 
rhG - CSF group, both Wnt1 and β-catenin were 
increased, which had statistically significant differences 
compared with I/R group (P<0.05) (Figure.3).  

 
Figure 3. Representative western blot for Wnt1 and 
β-catenin. β-actin was used as loading control (A). Lane 
1, Sham; lane 2, I/R 1d; lane 3, I/R+rhG-CSF 1d; lane 4, 
I/R 3d; lane 5, I/R+rhG-CSF 3d; lane 6, I/R 7d; lane 7, 
I/R+rhG-CSF 7d; lane 8, I/R 14d; lane 9, I/R+rhG-CSF 
14d; lane 10, I/R 21d; lane 11, I/R+rhG-CSF 21d. The 
quantification (normalized by the β-actin levels) is 
shown below (B, C).* P < 0.05, significantly different 
from the Sham groups; ** P < 0.01, significantly 
different from the I/R groups. Error bars indicate SEM.  
 
Discussion 

The focus of this study was to observe 
whether there was NSCs hyperplasia in the 
hippocampus after cerebral ischemia reperfusion and 
whether rhG - CSF could influence endogenous NSCs 
proliferation.  

Brdu assay has been used to study 
neuroregeneration, in situ mobilization and 
proliferation [19, 20]. Liu et al [21] established the 
gerbil whole cerebral ischemia reperfusion model, and 
their results showed that the number of Brdu positive 
cells in the damaged brain reached peak at 11th day.  
The numbers of stem cells in the damaged brains were 
12 times more than that in the control group.  

Our results showed BrdU positive cells in the 
hippocampus of rats of Sham group at each 
corresponding time point had little change, which 
indicated that the hippocampus, as the important 
neurogenesis area, its proliferation was in a stable state.  

NSCs in the hippocampus of I/R group 
significantly increased, which suggest that NSC’s 
proliferation may be relate to locally increased release 
of signal molecules such as nerve growth factor bFGF 
and Shh[22].  

Wnt signal pathway plays an important role 
of regulating NSCs proliferation and differentiation 
[23-25]. β- catenin, the hub molecule of Wnt signal 
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pathway, can regulate the proliferation and 
differentiation of neurons [26, 27]. Other studies also 
confirmed that early proliferation of NSCs and 
Wnt1/β-catenin signal pathway are closely related [27, 
28]. Further analysis found that there was a linear 
correlation between the proliferation of neural stem 
cells and the elevated expression of Wnt1 protein [29]. 
Further study is needed to clarify the mechanisms of 
regulation of Wnt/β- catenin signal pathway [30, 31] on 
the proliferation and differentiation of NSCs.  

In our study, the change of the numbers of 
BrdU positive cells in I/R + rhG - CSF group was 
consistent with the expression of Wnt/β-catenin protein 
and gene. Increased BrdU positive cells in I/R + rhG - 
CSF group may also suggest that G-CSF may cause 
these stem cells to proliferate and migrate. Another 
possibility for the increased Brdu cells in the damaged 
brain area, is that the increased cytokines such as cell 
adhesion molecule and chemotactic factor strengthened 
the migration of the stem cells into the damaged area. 

Cell microenvironment could induce the stem 
cells "nested" in the damaged area and vascular 
regeneration, which may contribute to the functional 
compensation of damaged hippocampus, and thus may 
benefit to the treatment of brain damage due to IR [32]. 

The neural stem cells in SVZ and the 
hippocampus have the capability of proliferation [10]. 

The induction of proliferation, migration and 
differentiation of endogenous NSCs in-situ  and the 
related mechanisms after craniocerebral injury are not 
entirely clear [33]. There might be the regulation 
function of extracellular mesenchymal stem cells, the 
intercellular effect on the participation of stem cell 
growth and differentiation [34]. Using the biological 
potential of NSCs [35] to activate the therapeutic effect 
of NSCs in the treatment of brain damage will have a 
potential effect. 

In conclusion, ischemic brain damage can 
induce NSCs proliferation in the hippocampal dentate 
gyrus of adult rats.  rhG – CSF raise NSCs 
proliferation level in the area of ischemic brain. 
However, induction in-situ, proliferation, differentiation, 
migration about endogenous NSCs after the reperfusion 
injury of cerebral ischemia is not entirely clear. Further 
studies about how specific microenvironment affects 
NSCs are needed. 
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Table 1. Primers used in RT-PCR 

Wnt1: Forward primer          5 '- AGGTGAAAGGGCAAGGAA - 3'  
Wnt1: Reverse primer           5 '- CTGGCAGACAAGAGGAGTGA - 3'  

          (Amplicon length: 304 bp) 
β-catenin: Forward primer           5 '- CCCGGCTCTCAGATGGTGTC - 3'     
β-catenin: Reverse primer             5 '-ACGATGGCCGGCTTGTTGC - 3   

         (Amplicon length: 498 bp)   
β-actin: Forward primer 1           5 '- CCAAGGCCAACCGCGAGAAGATGAC - 3' 
β-actin: Reverse primer 1          5 '- AGGGTACATGGTGGTGCCGCCAGAC - 3' 

         (Amplicon length: 587 bp) 
β-actin: Forward primer 2       5 '- ATCATGTTTGAGACCTTCAACA - 3' 
β-actin: Reverse primer 2        5 '- GCGCTCCTGAGAATCTCCA - 3' 

          (Amplicon length: 308 bp) 
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