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Abstract. Niche astrocytes have been reported to promote 
neuronal differentiation through juxtacrine signaling. 
However, the effects of astrocytes on neuronal differentia-
tion following ischemic stroke are not fully understood. In 
the present study, transplanted astrocytes and neural stem 
cells (NSCs) were transplanted into the ischemic striatum of 
transient middle cerebral artery occlusion (MCAO) model 
rats 48 h following surgery. It was observed that the co‑trans-
plantation of astrocytes and NSCs resulted in a higher ratio 
of survival and proliferation of the transplanted NSCs, and 
neuronal differentiation, in MCAO rats compared with NSC 
transplantation alone. These results demonstrate that the 
co‑administration of astrocytes promotes the survival and 

neuronal differentiation of NSCs in the ischemic brain. These 
results suggest that the co‑transplantation of astrocytes and 
NSCs is more effective than NSCs alone in the production of 
neurons following ischemic stroke in rats.

Introduction

Strokes, a leading cause of death and disability worldwide, 
cause a disturbance of neuronal circuitry and disruption of 
the blood‑brain barrier that can lead to functional disabili-
ties (1). Currently, there is no pharmacological intervention 
that can effectively improve neurological outcome in patients 
with stroke (2). While conventional therapeutic strategies 
focus on preventing brain damage, stem cell transplantation 
has the potential to repair the injured brain tissue. Recently, 
neural stem cells (NSCs) have been developed and used in 
preclinical studies as therapy for stroke (3,4).

NSCs are undifferentiated neural cells that are multipotent 
and possess the capacity for self‑renewal. NSCs differentiate 
into three cell lineages, neurons, astrocytes and oligoden-
drocytes (5,6). An increasing number of studies highlight 
the potential of NSC transplantation as a novel therapeutic 
approach for stroke (7‑9). NSCs are primarily produced in 
the subventricular zone (SVZ) of the lateral ventricles and 
the subgranular zone (SGZ) of the hippocampus in the adult 
nervous system (10). Previous studies investigating the asso-
ciation between NSCs and ectogenic and endogenic factors 
have increased the understanding of how to modulate the 
proliferation and differentiation of NSCs during neurogen-
esis (11,12). NSCs reside in specialized microenvironments, 
or ‘niches’, that regulate their self‑renewal and differentia-
tion activities (13). For example, the continuous production 
of neuroblasts is maintained by the SVZ microenviron-
mental niche (3,4). It is widely believed that enhancing the 
neurogenic activities of endogenous NSCs will provide 
a much‑needed therapeutic option for brain injuries  (14). 
Astrocytes are typically considered cellular components of 
these stem cell niches, and astrocytes isolated from postnatal 
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day 0 (P0) mouse brains or adult SGZs are referred to as 
niche astrocytes (NAs)  (15). NAs isolated from neonatal 
mouse brains show increased NSC proliferation and promote 
neuronal differentiation (15). In addition, a previous study 
demonstrated that astrocytes could enhance the capacity of 
NSCs to differentiate into neurons under co‑culture condi-
tions in vitro  (16). NSCs transplanted together with NAs 
may be a novel strategy for the treatment of neural injury. 
In the present study, the effect of NAs on the regulation of 
co‑transplanted NCSs was evaluated in rat models following 
transient cerebral ischemia.

Materials and methods

Animal surgery.  Twenty‑four healthy adult  male 
Sprague‑Dawley rats (age, 6‑8 months; weight, 320±40 g) 
were purchased from the Laboratory Animal Center 
at Zhongshan Medical School (Sun Yat‑sen University, 
Guangzhou, China). Rats were kept in an environment with a 
12 h light/dark cycle at 20±3˚C and had ad libitum access to 
food and water. Experimental protocols used in the present 
study were performed in accordance with the guidelines of 
the Experimental Laboratory Animal Committee of Sun 
Yat‑sen University Health Science Center (Guangzhou, 
China) and the National Institutes of Health's Guide for the 
Care and Use of Laboratory Animals (17). Rats were anes-
thetized with the intraperitoneal injection of chloral hydrate 
(400 mg/kg body weight; Shanghai Bang Jing Industrial Co., 
Ltd., Shanghai, China; cat. no. 34883‑39‑1) and subjected to 
right middle cerebral artery occlusion (MCAO) surgery to 
induce focal cerebral infarction by insertion of a 4‑0 nylon 
suture. Following 1 h, the nylon suture was withdrawn for 
reperfusion. To label the dividing cells, bromodeoxyuridine 
(BrdU; Sigma Aldrich, St. Louis, MO, USA) was intra-
peritoneally administered (50 mg/kg body weight) following 
transplantation.

Cell culture. Enhanced green fluorescent protein positive 
(eGFP+) NSCs were obtained from the SVZ of neonatal 
C57BL/6‑eGFP+ mice (1  day old) provided by Cyagen 
Biosciences Inc. (Guangzhou, China). The cells were seeded 
into 25 cm2 culture flasks (Corning Incorporated, NY, USA) 
at a density of 5x105 cells/ml in serum‑free culture medium 
containing Dulbecco's modified Eagle's medium (DMEM; 
1:1; Gibco; Thermo Fisher Scientific, Inc., Beijing, China). 
This was supplemented with 1% B‑27, 1% N‑2, 20 ng/ml 
epidermal growth factor, 20 ng/ml basic fibroblast growth 
factor (all Invitrogen; Thermo Fisher Scientific, Inc.), peni-
cillin (100 units/ml) and streptomycin (0.1 mg/ml). Cultured 
NSCs aggregated into free‑floating neurospheres and were 
passaged (split ratio, 1:4) by mechanical dissociation between 
every 6 and 7 days.

For astrocyte primary cultures, astrocytes were extracted 
from the cerebral cortex of P0 C57BL/6‑eGFP‑mice. 
Cells were seeded at a density of 5x105  cells/ml on 
poly‑L‑lysine‑treated 25  cm2 culture flasks with DMEM 
(1:1), supplemented with 10% fetal bovine serum (Gibco; 
Thermo Fischer Scientific, Inc.), 100 units/ml penicillin and 
100 µg/ml streptomycin. The cells were fed with fresh media 
every 2‑3 days and subcultured (passage ratio, 1:4) weekly. To 

determine the purity of the astrocytes they were labeled with 
nuclear dye Hoechst 33342 (20 ng/ml; Biotium, Hayward, 
CA, USA) and immunofluorescence staining for glial fibril-
lary acidic protein (GFAP) was performed (described below), 
in order to acquire the percentage of GFAP‑positive cells 
among the Hoechst 33342‑labeled cells. The purity of the 
astrocytes used for implantation in the current study was 
≥95%.

Cell transplantation. Cultured NSCs and astrocytes used in 
the study were passaged three times prior to implantation. 
On the day of transplantation, NSCs and astrocytes were 
centrifuged at 250 x g for 5 min at 4˚C and resuspended in 
PBS, yielding 2x104 viable cells/µl. The NSC and astrocyte 
suspension was kept on ice throughout the surgery. MCAO 
rats were assigned into the following two groups (each n=12): 
One group was transplanted with NSCs and astrocytes; and 
one group transplanted with NSCs. Forty‑eight h following 
MCAO, the cerebral ischemic rats were anesthetized with 
chloral hydrate and placed in a stereotactic instrument 
(Narishige International, Ltd., London, UK). Next, the cells 
were injected into the right striatum of the ischemic cerebral 
hemisphere (Fig. 1A) of the MCAO rats (0.5 mm anterior 
and 3 mm lateral from the bregma, 5 mm from the brain 
surface) using a microcrystal line syringe at a speed of 
0.5 µl/min, with a 5 min delay prior to removal of the syringe. 
All surgical procedures were performed under aseptic condi-
tions. Following cell delivery, all rats were administered a 
subcutaneous injection of cyclosporine A (10 mg/kg body 
weight; Beyotime Institute of Biotechnology, Shanghai, 
China) every other day. The survival of transplanted NSCs 
in MCAO rats was investigated 7 days following transplanta-
tion, and the proliferation and differentiation of transplanted 
NSCs was assessed 14 days following transplantation.

Immunofluorescence staining. Rats were sacrificed with a 
peritoneal injection of 10% chloral hydrate (Sigma‑Aldrich), 
transcardially perfused with saline followed by ice‑cold 4% 
paraformaldehyde (Wuhan Boster Biological Technology, 
Ltd., Wuhan, China) a for 24 h at 4˚C. Coronal sections 
of 30 µm were cut and processed for immunostaining, as 
described previously (18). Triple‑label immunofluorescence 
staining was performed on the sections. Following blocking, 
using 10% normal goat serum (Beyotime Institute of 
Biotechnology) for 1 h at room temperature, the following 
primary antibodies were added: Mouse anti‑GFAP, a marker 
for mature astrocytes (1:500; Abcam, Cambridge, UK; 
cat. no. ab3670); rabbit anti‑oligodendrocyte (Oli) to label 
oligodendrocytes (1:500, Abcam; cat no. ab53041); rabbit 
anti‑doublecortin (Dcx) to label migrating neuroblasts 
(1:1,000; Cell Signaling Technology, Inc., Beverly, MA, USA; 
cat. no. 4604); mouse anti‑neuronal nuclei (NeuN) to label 
mature neurons (1:500; EMD Millipore, Billerica, MA, USA; 
cat. no. MAB377); mouse anti‑BrdU to label dividing cells 
(1:500; Sigma‑Aldrich; cat. no. B8434); mouse anti‑micro-
tubule‑associated protein‑2 (MAP‑2; 1:500; Sigma‑Aldrich; 
cat. no.  M4403); mouse anti‑choline acetyltransferase 
(ChAT; 1:500; Sigma‑Aldrich; cat. no.  AMAB91129); 
mouse anti‑progranulin (PGRN; 1:200; R&D Systems, 
Inc., Minneapolis, MN, USA; cat. no.  AF2557); mouse 
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anti‑post‑synaptic density protein 95 (PSD‑95; 1:200; BIOSS, 
Beijing, China; cat. no. bs‑0179R); mouse anti‑gamma‑amino-
butyric acid (GABA; 1:200; BIOSS; cat. no. bs‑2252) and 
mouse anti‑synapsin‑1 (1:200; BIOSS; cat. no. bs‑3501R). 
Sections were incubated overnight at 4˚C. Following three 
washes with PBS (10 min/wash), sections were incubated 
with the appropriate f luorophore‑conjugated secondary 
antibody [Alexa Fluor 594 goat anti‑mouse (cat. no. R37121), 
Alexa Fluor 594 donkey anti‑rat (cat. no. A‑21209), Alexa 
Fluor 594 goat anti‑rabbit (cat. no. R37177) and Alexa Fluor 
405 goat anti‑sheep (cat. no.  35500BID) (all Invitrogen; 
Thermo Fisher Scientific, Inc.)] for 1 h at room temperature. 
Nuclei were stained for 5 min with Hoechst 33342 (20 ng/ml, 
Biotium Inc. Hayward, CA). A protocol‑naive individual 
then captured images of the sections at a magnification of 
x200 using a fluorescence microscope (BX51WI; Olympus 
Corporation, Tokyo, Japan). Then, the number of cells in 
10 randomly selected images was counted. The percentage 
of eGFP+, BrdU+ and NeuN+ cells per image field out of the 
total number of cells in each independent experiment was 
calculated. All experiments were performed three times.

Statistical analysis. The results are expressed as the 
mean ± the standard error of the mean. Statistical compari-
sons between groups were performed with one‑way analysis 
of variance, followed by a Student's t‑test using SPSS soft-
ware (version 17.0; SPSS, Inc., Chicago, IL, USA). P<0.05 
was considered to indicate a statistically significant differ-
ence.

Results

Niche astrocytes promote the survival and proliferation of 
transplanted NSCs in MCAO rats. To study the effect of 
astrocytes on the survival of transplanted NSCs in MCAO 
rats, the transplanted NSCs were evaluated 7 days after trans-
plantation. eGFP+ cells were observed in rats that received 
NSCs with and without astrocytes (Fig. 1B). The number of 
GFP+ NSCs was significantly higher in the co‑transplantation 
group, compared with the group receiving NSCs alone 
(2,588±76.88 cells/mm2 vs. 1,836±57.41 cells/mm2; P<0.01; 
Fig. 1C). In the co‑transplantation group an increased number 
of transplanted GFP+ NSCs were BrdU+ (Fig. 1D). The ratio 
of BrdU+/GFP+ cells to BrdU‑/GFP+ cells was significantly 
increased in the presence of astrocytes (22.40±1.50% vs. 
12.20±0.93%; P<0.01; Fig. 1C). These results suggest that 
NAs promote the proliferation of transplanted NSCs in vivo.

Niche astrocytes promote neuronal differentiation of trans-
planted NSCs in MCAO rats. To study the effect of astrocytes 
on the differentiation of transplanted NSCs in MCAO 
rats, the fate of GFP+ cells was investigated 14 days after 
cell transplantation. The results showed that transplanted 
NSCs could differentiate into Dcx+, βIII‑Tubulin+, NeuN+, 
GFAP+ and oligodendrocyte+ cells (Fig.  2A). On day 14, 
GFP+/NeuN+cells were observed in the striatum (Fig. 2B). 
The ratio of NeuN+ cells in the population of GFP+ cells was 
evaluated, showing that there was a significantly higher level 
of neuronal differentiation in co‑transplanted cells compared 

Figure 1. Astrocytes promote the survival and proliferation of transplanted NSCs in MCAO rats. (A) Schematic drawing of a frontal section through the 
striatum, illustrating the distribution and dispersion of GFP+ grafted cells. The shaded area indicates the region of ischemia. (B) On day 7 following trans-
plantation, GFP+ NSCs were observed in rats from the co‑transplantation group and NSC alone group. (C) A significantly increased number of living cells 
were observed in rats co‑transplanted with AS compared with rats without AS; **P<0.01. (D) BrdU incorporation assays showed that GFP+BrdU+ cells were 
increased in the co‑transplantation group compared with the group without astrocytes. Scale bars, 100 µm. GFP, green fluorescent protein; NSC, neural stem 
cell; AS, astrocytes; Ctx, cortex; Str, striatum; BrdU, bromodeoxyuridine; Hoe, Hoechst 33342. 
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with cells transplanted with NSCs alone (37.13±2.30% vs. 
21.67±1.72%; P<0.01; Fig. 2C). The fate of proliferative GFP+ 
cells (GFP+/BrdU+) was also analyzed. The percentage of 
GFP+/NeuNvs.BrdU+ cells in the population of GFP+/BrdU+ 
cells was significantly higher in the co‑transplantation group 
compared with the group receiving NSCs alone (56.53±4.82% 
vs. 39.47±3.20%; P<0.05; Fig. 2D). These results indicate that 
co‑transplantation of astrocytes promotes neuronal differen-
tiation of transplanted NSCs in MCAO rats.

Grafted NSCs express functional proteins. To confirm 
whether the neonatal neurons from NSCs could help recon-
struct synapses in the border of the infarction, the detection 
of neuronal marker proteins was performed. Results showed 
a subpopulation of transplanted NSCs at the lesion boundary 
and a number of migrating cells that could express Synapsin‑1, 
GABA, PSD‑95, MAP‑2, ChAT and PGRN proteins (Fig. 3).

Discussion

NSC transplantation therapy for strokes is promising (7,8). 
NAs, as a cellular component of the stem cell microenviron-
ment, are reported to display regional heterogeneity in their 
ability to regulate neurogenesis (19). In the present study, 
it is demonstrated that co‑transplantation of NAs promotes 
the survival, proliferation and neuronal differentiation of 
SVZ‑derived NSCs in the ischemic brain.

Previous studies have reported that numerous factors 
can influence the efficiency of stem cell transplantation 
therapy (20,21). Consistent with previous studies, the data in 
the current study shows that transplantation of NSCs together 
with astrocytes results in markedly enhanced survival, prolif-
eration and neuronal differentiation of NSCs, which indicates 
that astrocytes serve a critical role in modulating NSC fate 
determination (22,23). Astrocytes can secrete neurotrophins 

Figure 2. Astrocytes promote neuronal differentiation of transplanted NSCs in MCAO rats. (A) On day 14 after cell transplantation, transplanted NSCs could 
differentiate into Dcx, βIII‑Tubulin (Tuj), NeuN, GFAP and Oli positive cells. (B) GFP+ NeuN+ BrdU+ cells were observed 14 days after cell transplantation. 
(C) Quantitative analysis showed the proportion of GFP+NeuN+ cells to GFP+ cells was significantly higher in the NSC+AS group compared with the NSC 
alone group; **P<0.01. (D) The percentage of GFP+NeuN+BrdU+ cells in the population of GFP+BrdU+ cells was significantly higher in the brains of rats 
subjected to co‑transplantation compared with those receiving NSCs alone; *P<0.05. Scale bars, 100 µm. Dcx, doublecourtin; GFP, green fluorescent protein; 
Hoe, Hoechst 33342; NeuN, neuronal nuclei; GFAP, glial fibrillary acidic protein; Oli, oligodendrocyte; BrdU, bromodeoxyuridine.
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(nerve growth factor, ci l ia ry  neurotrophic  factor, 
brain‑derived neutrotrophic factor and neurotrophin‑3), 
chemokines (interleukins ‑4 and ‑6) and cytokines (leukemia 
inhibitory factor) under different conditions, through which 
it can regulate the proliferation, differentiation and migration 
of NSCs (24). However, the exact signaling pathways through 
which astrocytes regulate the behavior of NSCs in co‑trans-
plantation conditions remains unknown. Further studies 
will be performed to investigate the molecular mechanism 
underlying the synergistic function between astrocytes and 
NSCs during cell transplant therapy.

Nedachi et al (25) reported that PGRN could enhance 
neural progenitor cell proliferation. The results in the present 
study showed that PGRN was expressed in a number of 
subpopulations of grafted NSCs on day 7 and 14 following 
transplantation. Previous results have indicated that PGRN 

is abundantly expressed in neurospheres and their differenti-
ated cell lineages (5). In the current study, antibodies against 
Synapsin‑1, GABA, PSD‑95, MAP‑2 and ChAT were used, 
from which the results indicated that the differentiated cell 
lineages from grafted NSCs were involved in the ischemic 
brain repair.

In conclusion, the results in the present study demonstrate 
that NAs serve a synergistic role to promote the survival, 
proliferation and neuronal differentiation of NSCs in the 
ischemic brain. NSC transplantation together with NAs may 
be a novel strategy for the repair of stroke injury.
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