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Our previous studies have shown that transplantation of Hypoxia-inducible factor-1α (HIF-1α) gene modified 
neural stem cells (NSCs) reduced brain injury by improving the survival of NSCs and protecting the vascular 
system. HIF-1α plays pivotal roles during hypoxia, and its downstream pathways might be the primary 
mechanisms for the growth of NSCs. However, there are very few studies reported whether HIF-1α regulates 
NSCs migration. In this study, to test the hypothesis that HIF-1α modulates migration of NSCs after cerebral 
ischemia, we compared the injection of HIF-1α gene recombinant adenovirus, and control adenovirus in 
ischemia penumbra at 24 h after transient middle cerebral artery occlusion (tMCAO). BrdU labeled NSCs were 
transplanted in the lateral ventricle at the same time in both groups. The modified neurological severity score 
(NSS) was used to evaluate neurological deficits. Immunohistochemistry for HIF-1α, BrdU, Slit2 and Robo1 
were performed. Comparing with vehicle group HIF-1α group showed better behavioral recovery on day 21 and 
28. Expression of HIF-1α in HIF-1α group is higher than that in vehicle group. In HIF-1α group, more 
BrdU-positive cells were found than that in vehicle group. There are increased Slit2 in HIF-1α group. However, 
robo1, a receptor of Slits is decreased than that in vehicle group. Thus, we concluded that in cerebral ischemia 
rat model HIF-1α increased NSCs migration by inhibiting Slit2-Robo1 pathway, and improved the neurological 
behavior. In conclusion, our results indicate that HIF-1α may be a potential therapeutic target for ischemic 
stroke through promoting neuroregeneration. 
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Introduction 

Neural stem cells (NSCs) are self-renewing multipotent 
progenitor cells that can generate three major neural lineages: 
neurons, astrocytes, and oligodendrocytes [1-3]. Endogenous 

NSCs can proliferate and migrate from the subventricular 
zone (SVZ) to the damaged area and differentiate to be 
neural lineages to play major roles in neurological recovery 
after ischemic stroke [4]. Thus, some NSCs lines are being 
used in clinical trials to treat cerebral infarction (CI) [5]. But, 
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post-engraftment NSCs survival is extremely poor, especially 
in the ischemic core of large infarctions [6]. Endogenous 
neurogenesis activating after infarction is insufficient to 
repair the damaged area of brain by itself [7]. Thus, promoting 
the proliferation and migration of endogenous/transplanted 
NSCs is a promising therapeutic target for ischemic 
infarction [8-10]. 

HIF-1α is constitutively expressed but is degraded rapidly 
by 26s proteasomes in normoxia in most cells. It is stabilized 
and transferred to the nucleus during hypoxia. HIF-1α 
regulates lots of genes involved in systemic, tissue and 
cellular adaption under low oxygen conditions [11]. It has 
been found that HIF-1α regulates hundreds of genes involved 
in adaption to low oxygen conditions including 
erythropoietin (EPO), vascular endothelial growth factor 
(VEGF), and several glycolytic enzymes, etc., which play 
crucial roles for neuroprotection and neurogenesis in the 
central nervous system [12, 13].  

Studies have shown that HIF-1α expresses constitutively 
in neural stem/progenitor cells (NSPCs) in the adult SVZ and 
subgranular zone (SGZ) [14, 15]. Further study demonstrated 
that HIF-1α is implicated in stem cell maintenance by 
regulating Notch and Wnt/β-catenin differentiation pathways 
[16, 17]. However, few studies reported that if HIF-1α regulates 
NSCs migration. Our previous studies found that more NSCs 
migrated to per-ischemic area by transplanting HIF-1α gene 
modified NSCs [18]. However, further studies are needed to 
investigate the mechanism whether it is through increasing 
cell survival or/and by promoting cell migration.  

In this study, we investigated whether HIF-1α can 
promote transplanted NSCs migration in transient middle 
cerebral artery occlusion (tMCAO) model in rats and the 
underline mechanisms. 

Materials and Methods 

The guidelines for the Care and Use of Laboratory 
Animals, prepared by the Committee on Care and Use of 
Laboratory Animals of the Institute of Laboratory Animal 
Resources Commission on Life Sciences, National Research 
Council, China (1985) was followed in this study. 

Focal cerebral ischemia rat model 

Male Sprague-Dawley rats weighting from 230 g to 250 g 
were used. Before surgery rats were housed individually and 
maintained at a room temperature of 25 °C and had free 
access to food and water under the condition of a 12-hour 
light-dark cycle. Rats were initially anesthetized with 50 
mg/kg of ketamine and 10 mg/kg of xylazine 

intraperitoneally. In this study tMCAO model was induced. 
Briefly, the right common carotid artery, external carotid 
artery (ECA), and internal carotid artery (ICA) were isolated. 
A 3 cm length of 4-0 nylon suture with a slightly enlarged 
and rounded tip was advanced from the ECA into the lumen 
of the ICA until it blocked the origin of the middle cerebral 
artery (MCA). The distance from the tip of the suture to the 
bifurcation of the common carotid artery is 18.5 to 19.5 mm. 
Reperfusion was performed by withdraw the suture until the 
tip cleared the lumen of the ECA after 90 min. 

Cell cultures 

The hippocampus of Embryonic Spargue-Dawley rats 
(E14) was dissected. The tissues were transferred to cold 
PBS, minced with scissors, and dissociated with Pasteur 
pipette. Then the suspension was centrifuged at 75 × g in a 
10-ml centrifuge tube for 10 minutes. At last cells were 
seeded (final density: 1×105 viable cells/ml) in Dulbecco's 
modified Eagle's medium (DMEM)/F12 (1:1; Gibco) plus 
B27 supplement (2 ml/100 ml, Gibco), bFGF (20 ng/ml, 
Sigma) and EGF (20 ng/ml, Sigma) and cultured at a 
humidified atmosphere of 5% CO2/95% air for 3 to 7 days. 
After passaging four generations, neurospheres were 
dissociated into single cells by incubation in 0.1% 
trypsin-ethylenediamine tetra-acetic acid at 37°C for 2 
minutes and then centrifugation in 10 ml of DMEM/F12 
medium containing 4% bovine serum albumin at 110 × g for 
5 minutes. Neurospheres from single cells were transferred to 
a poly-l-ornithine-coated 96-well dish and cultured in the 
same medium.  

Transplantation procedures 

Recombinant adenovirus carrying HIF-1α gene and green 
florescent protein (GFP) gene (Ad-HIF-1α) have been 
prepared using AdEasy system. The titer of Ad-HIF-1α was 
between 109 and 1010 PFU/ml. On day 1 after MCAO, 
animals with NSS scores of 7 to 12 were randomly divided 
into two groups (n=12, respectively): NSCs+Vehicle 
(Vehicle group), NSCs+ Ad-HIF-1α (HIF-1α group). All 
NSCs had been labeled with 5 mmol/L BrdU for 3 days 
before transplantation. Rats were anesthetized with 
equithesin (3 ml/kg administered intraperitoneally) and 
transferred to a stereotaxic apparatus. Using aseptic 
technique a 2 to 5 mm incision was made in the scalp 1.5 mm 
lateral to the bregma. Using a dental drill a burr hole was 
made in the bone 3 mm lateral to the bregma and about 10 μl 
of NSCs (1×106 cells) were slowly injected during 10 min 
into the lateral ventricle at a depth of 3.5 mm from the 
surface of the brain for the two groups. The needle was 
retained in the brain for an additional 5 min before retraction. 
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After that at a depth of 2.0 mm from the surface of the brain 
10 μl Ad or 10 μl Ad-HIF-1α was injected to the ischemic 
area respectively.  

Behavioral testing 

The modified neurological severity score (NSS) [19] was 
used to evaluate neurological deficit of the 2 groups. The 
NSS is a composite of sensory (visual, tactile, 
proprioceptive), motor (muscle status, abnormal movement), 
reflex, and balance tests. The score was graded on a scale of 
0 to 18 (normal score, 0; maximal deficit score, 18), with 
higher score, with more severe injury. 

Histological analysis 

On day 7, 14, 21 and day 28 after ischemia, rats were 
deeply anesthesia and transcardially perfused for histological 
analysis before euthanizing. After 24 h fixation in 4% 
paraformaldehyde, brains were processed for paraffin 
sections (5 μm). Paraffin sections were deparaffinized in 
xylene, rehydrated through graded alcohol, and processed for 
antigen retrieval by boiling in 10 mM citrate buffer (pH 6.0) 
for 12 to 15 min in PT module. Sections were incubated in 
0.3% H2O2 in 50% methanol for 30 min at room 
temperature to quench endogenous peroxidase. To block 
nonspecific binding, sections were incubated in 3% BSA for 
30 min, and then a biotin blocking system (Dako) was used 
to block endogenous biotin. Sections then were incubated 
with Anti-HIF-1α (1:200, Boster, China) to evaluate the 
expression of HIF-1α. To identify transplanted cells, Mouse 

Anti-BrdU (1:200, Boster) was used. The number of 
BrdU-positive cells was determined by direct counting of one 
tenth of whole sections. To investigate the expression of Slit2 
and Robo1, Anti-Slit2 (1:200, Santa Cruz) and Anti-Robo1 
(1:200, Santa Cruz) were performed.  

Statistical analysis 

Data were showed as means ± sd. Data were analyzed by 
repeated measures of analysis of variance (ANOVA), and 
unpaired Student’s t-test, if they were normally distributed 
(Kolmogorov-Smirov test, p>0.05). A probability value of 
less than 5% was considered statistically significant. 

Results 

Ad-HIF-1α group shows better functional recovery 

In this study, we compared NSS scores (n=12 for each 
group) to investigate if the transplantation of Ad-HIF-1α in 
infarction area and NSCs in lateral ventricle could get better 
neurological recovery. There were no significant differences 
between the two groups in NSS scores either before MCAO 
or on day 1 after MCAO. In both groups, NSS demonstrated 
a progressive recovery from week 1 to week 4 after MCAO. 
Ad-HIF1-α treatment showed a significant improvement in 
NSS scores compared with vehicle group on post ischemia 
day 21 (P21) and P28 (Fig. 1). No significant difference was 
found on P7 and P14 (Fig. 1). During the 4 weeks body 
weights of the two groups had no significant difference. 

Ad-HIF-1α treatment increases HIF-1α expression 

HIF-1α expression of HIF-1α group was increased 
compared with that in the vehicle group on day 7, d 14 and d 
21 after tMCAO. HIF-1α Expression was sustained up to 
about 21 days (Fig. 2). HIF-1α positive staining was located 
in both cytoplasm (red arrow) and nuclei (black arrow). It 
was found in both the peri-ischemic area and core region 
after MCAO. Both neurons and glia cells expressed HIF-1 α 
(Fig. 2). HIF-1α -positive staining was not found in the 
non-ischemic hemisphere (data not shown). The number of 
HIF-1α positive cells in HIF-1α group was significantly 
increased compared to that in vehicle group (Fig. 2 G, 
P<0.01). 

HIF-1α promotes NSCs migration to peri-ischemic area 

Four weeks after ischemia, transplanted NSCs cells in 
lateral ventricle were detected by immunofluorescence for 
BrdU. BrdU-positive cells were found in the peri-ischemic 
area. The number of BrdU-positive cells was significantly 

Figure 1. Behavioral tests. NSS score in HIF-1α group was 
superior to Vehicle group on post-ischemia day 21 and 28. There is 
no difference on day 7 and 14. (*: p < 0.05). 
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Figure 2. HIF-1α expression in peri-ischemic area on day 7, 14 and 21 after tMCAO. (A, C, E) Vehicle 
group; (B, D, F) HIF-1α group. Red arrows show cytoplasmic positive staining. Black arrows show nuclear 
positive staining. Bar=50 µm. (G) Quantitative analysis of HIF-1α positive cells in ischemic penumbra tissue. p 
< 0.05 compared with Vehicle group (*). 
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higher in HIF-1α group than that in vehicle group (Fig. 3).  

HIF-1α enhances expression of Slit2 in peri-ischemic area 

It is reported that astrocytes in peri-ischemic area express 
Slit2. Our study showed that Slit2-positive cells are 
astrocyte-like cells. In vehicle group it was detected on day 
7, day 14 and day 21 after tMCAO. On day 14, the 
expression level is the highest (Fig 4, A, C and E). In the 
HIF-1α group Slit2 was significant increased compared with 
that in the vehicle group on day 7, day 14 and day 21 after 
tMCAO (Fig 4, B, D, F and G). 

HIF-1α inhibits expression of Robo1 after tMACO 

To determine if HIF-1α regulated the expression of Robo1 
in peri-ischemic area, we calculated the number of 
Robo1-positive cells. After tMCAO, Robo1 expression was 
sustained up to about 21 days. On day 21, Robo1 expression 
was higher than that on day 7 and day 14 after ischemia (Fig 
5, A, C and E). Robo1 expression in the HIF-1α group was 
decreased compared with that in the vehicle group on day 7, 
d 14 and d 21 after MCAO(Fig 5, B, D and F). The number 
of Robo1 positive cells in HIF-1α group was significantly 
decreased compared to that in vehicle group (Fig 5, G. 

P<0.01). 

Discussions 

This study has tested the hypothesis that HIF-1α regulates 
migration of NSCs through modulating Slit2-Robo1 
signaling after cerebral ischemia. To evaluate NSCs 
migration, tMCAO rats were treated with recombinant 
adenovirus with HIF-1α gene and NSCs were transplanted 
into lateral ventricle. The data demonstrated that HIF-1α 
increased migration of transplanted NSCs leading to a better 
functional recovery. Combine HIF-1α and NSCs treatment 
showed more benefits than NSCs treatment. HIF-1α 
upregulated expression of Slit2 in peri-ischemic area, 
meanwhile, it downregulated expression of Robo1 (a 
receptor of Slit2). These results suggest that HIF-1α could 
promote migration of NSCs after cerebral ischemia by 
inhibiting Slit2-Robo1 pathway. HIF-1α may be a potential 
therapeutic agent for cerebral ischemia by promoting NSCs 
migration.   

To evaluate the change of HIF-1α expression after 
treatment, HIF-1α immunohistochemistry was performed in 
this study. The result showed that HIF-1α expression in the 
HIF-1α group was all increased compared with that in the 

Figure 3. BrdU staining in peri-ischemic area on day 28 after tMCAO. (A) Vehicle group, (B) HIF-1α 
group. Bar=50µm. (C) Quantitative analysis of BrdU positive cells in ischemic penumbra tissue. Bars 
represent mean ± SD. Compared with Vehicle group (*: p < 0.05). 
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Figure 4. Immunohistochemical detection of Slit2 in ischemic penumbra on day 7, 14 and 21. (A, C, E) 
Vehicle group; (B, D, F) HIF-1α group. Slit2 expresses mostly on astrocytes. Bar=50 µm. (G) Quantitative 
analysis of Slit2 positive cells. p < 0.05 compared with Vehicle group (*). 
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Figure 5. expression of Robo1 in peri-ischemic area on day 7, 14 and 21 after tMCAO. (A, C, E) Vehicle 
group; (B, D, F) HIF-1α group. Bar=50 µm. (G) Quantitative analysis of HIF-1α positive cells in ischemic 
penumbra tissue. (*: p < 0.05). 
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vehicle group on day 7, d 14 and d 21 after MCAO. HIF-1α, 
a key regulator in hypoxia, determines the fate of cells during 
cerebral ischemia. After hydroxylation and ubiquitination, 
HIF-1α is quickly degraded via the ubiquitin-dependent 
proteasomal (26S) degradation pathway under normoxic 
conditions. However, under hypoxic conditions, it is 
accumulated due to hydroxylation inhibition [20, 21]. HIF-1α 
has a lot of target genes, including VEGF, EPO, several 
glycolytic enzymes and stromal-derived growth factor1. 
These target genes have effects on neuroprotection, 
neurogenesis and angiogenesis in the brain [22, 23]. 
Neuron-specific HIF-1α deficient mice showed increased 
brain damage following MCAO [24]. HIF-1α conditional 
knock-out midbrain-derived neural precursor cells showed 
midbrain-specific impairment of survival and proliferation 
[25]. In this study, HIF-1α expression was increased by 
treatment at different time point. Upregulated HIF-1α may 
contribute to better neurologic function recover by 
modulating its downstream pathways.  

To evaluate the migration of transplanted NSCs, BrdU 
was used to label NSCs before transplantation. 
Immunofluorescence for BrdU was performed in order to 
detect transplanted NSCs. The results demonstrated that 
more transplanted NSCs migrated to peri-ischemic area after 
HIF-1α treatment. Cerebral ischemia causes a series of 
reactions resulting in the death of neurons and then nerve 
function damage. NSCs are undifferentiated cells sourced 
from ectodermal tissue. NSCs therapy has emerged as a 
novel and promising candidate for the treatment of stroke 
due to their capacity to self-renewal and to differentiate into 
a range of tissues [26]. Endogenous NSCs activated after 
injury are insufficient to repair the damaged area of brain by 
themselves in animal models [7]. Neurogenesis enhanced by 
exogenous factor regulating the proliferation and migration 
of endogenous NSCs have been related with improved 
functional recovery in many studies [27, 28]. It represents a 
promising therapeutic approach for treating stroke. This 
study gave evidence that HIF-1α promoted the migration of 
NSCs transplanted in lateral ventricle to per-ischemic area.  

To investigate how HIF-1α promoted the migration of 
NSCs, Slit2 and its receptor, Robo1 were checked. The 
results showed that HIF-1α upregulated expression of slit2 
and downregulated Robo1 in peri-ischemic area. Slit, 
identified in Drosophila embryo, is a gene involved in the 
patterning of larval cuticle. There are three slit genes (slit1, 
slit2 and slit3) in mammals. Slits are ligands of its receptors, 
Robol-Robo3. An important function for Slits and Robos is 
the control of cell migration in the nervous system (both 
neurons and glia) and in several other tissues. As for axons, 
Slits were found to be important regulators of the behavior of 

migrating cells at the midline. Migrating cells can either be 
attracted or repelled by Slits. When Slit2 binds to Robo1, it 
repels cell migration [29]. Some studies have already reported 
that the Slit2/Robo1 signaling inhibits cell migration [30]. 
This study demonstrated that HIF-1α increased expression of 
Slit2; on the other hand it decreased Robo1 expression. So 
there were less Robo1 binding to Slit2.  As a result, there 
were more NSCs transplanted in lateral ventricle migrated to 
peri-ischemic area.  

To summarize, our findings demonstrate that HIF-1α 
promoted NSCs migration by inhibiting Slit2-Robo1 
pathway, and thus improved the neurological behavior in 
cerebral ischemia rat model. The results indicate that HIF-1α 
may be a potential therapeutic target for ischemic stroke 
through promoting neuroregeneration. 
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