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Abstract: Background: Neural stem cells (NSCs) are promising for ischemia stroke because they can replace dam-
aged or lost cells. However, the adult central nervous system (CNS) does not provide an optimal microenvironment 
for exogenous NSCs to survive, proliferation and differentiation. We established a co-transplantation system with 
NSCs and astrocyte and brain microvascular endothelial cells (BMECs) to explore whether it can improve the mem-
ory ability in ischemic stroke rat. Methods: After building the ischemic stroke in 50 rats by middle cerebral artery 
occlusion and reperfusion (MCAO/R), transplantation of NSCs and astrocyte and BMECs were performed with dif-
ferent combination. Results: Laser doppler flowmetry and MRI were used to detect the ischemia of the model and 
42 rats survived for the Morris water-maze test. The test shows that co-transplantation with the three different cells 
together can improve memory deficits in MCAO/R rat and it is the most effect group. Grafting with two cells have 
more effect in memory improving than one cell while transplanting NSC alone has no obvious effect on memory 
improving. Conclusions: In NSC niche, astrocytes and BMECs are the most important cells to regulate and interac-
tion with NSCs. Co-transplantation NSCs with astrocyte and BMECs can improve the memory ability in ischemia rat, 
which maybe the result of microenvironment improve by the astrocyte and BMECs.
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Introduction

Stroke is an acute and progressive neurode-
generative disorder of brain that has already 
become one of the main reasons of various dis-
abilities and mortality [1]. However, treatment 
options to date are very limited especially for 
ischemic patients. Tissue plasminogen activa-
tor (t-PA) is the only Food and Drug 
Administration (FDA) approved agent for isch-
emic stroke, but even so, only 1-2% patients 
can benefit from it for their risk of hemorrhage 
[2].

Neural stem cells (NSCs) have the potential of 
neurogenesis, synaptic plasticity and even 
angiogenesis that can repair the brain function 
after stroke [3]. Evidence has suggested that 
the enormous potential of NSCs transplanta-
tion treatment for ischemic stroke. NSCs can 
survive and differentiate to neurons and glia 
after intravenous administration or transplant-

ed into the parenchyma around the damaged 
tissue [4-6]. With the induced of chemokines, 
cells were targeted migration to the site of the 
lesion and can enhance functional recovery [7, 
8]. 

However, a major obstacle for NSCs grafting in 
ischemic stroke is the vast loss of cells after 
transplantation. These death cells can reach 
even to 90% of the total transplantation cells in 
stroke and Parkinson’s disease [9]. The further 
research shows that the local microenviron-
ment or niche is the most important and deci-
sive factor for the survival of these NSCs. So 
preparing a proper niche for NSCs is the key 
point in brain repair recovery strategy after 
ischemic stroke [10].

Co-transplantation NSCs with other main cells 
in the niche maybe a better strategy to improve 
microenvironment and make the grafting more 
efficient. In our work, we choose astrocyte and 
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brain microvascular endothelial cells (BMECs) 
as the co-transplant cells and compare the dif-
ferent among the various combination to study 
the benefit of co-transplantation to the isch-
emia stroke in rat.

Materials and methods 

Animal and groups

Adult and healthy male Sprague-Dawley (SD) 
rats (around 250 g) were prepared by the 
Experimental Animal Center of Wuhan 
University. The rats were randomly divided into 
5 groups and every group was 10 rats. These 
were Group A: Middle cerebral artery occlusion 
and reperfusion + NSCs transplantation 
(MCAO/R + NSCs); Group B: MCAO/R + NSCs + 
astrocytes transplantation (MCAO/R + NSCs + 
Astrocyte); Group C: MCAO/R + NSCs + BMECs 
transplantation (MCAO/R + NSCs + BMECs); 
Group D: MCAO/R + NSCs + BMECs + astro-
cytes transplantation (MCAO/R + NSCs + 
BMECs + Astrocyte); Group E: MCAO/R + PBS 
transplantation (MCAO/R + PBS). The conduc-
tion of operation procedures and postsurgical 
animal care were accordance with China’s 
Guidelines for Care and Use of Laboratory 
Animals. Other 10 newborn rats (less than 24 
h) were provided from the same center and pre-
pared for the cells isolation and culture.

Main culture medium and reagents

DMEM, DMEM/F12 and B27 were purchased 
from Gibco (Invitrogen Corporation, USA). EGF 
and bFGF were obtained from Peprotech 
Company (USA). FBS (Fetal bovine serum) and 
BSA (bovine serum albumin) were purchased 
from Hyclone Company (Thermo scientific, 
USA). Collagenase/dispase gelatin and percoll 
were prepared by Pharmacia Company (New 
Jersey). Antibody such as rabbit anti-nestin 
antibody, rabbit anti-NF antibody, and mouse 
anti-GFAP antibody were obtained from Sigma 
Company (USA). Rabbit VIII factor antibody was 
purchased from Dako Cytomation (Denmark). 
Secondary antibodies were as list below: goat 
anti-mouse fluorescein isothiocyanate (Boster 
Company, Wuhan, China); goat anti-rabbit CY3 
(Sigma). 

Isolation and purification and culture of three 
kinds of rat cerebral cells

All animal experiments were approved ethically 
by the Administration committee of experimen-
tal animals, Hubei Province, China.

NSCs, astrocytes and BMECs were isolated and 
cultured from neonatal SD rats. Briefly, for 
NSCs, after the hippocampus of rat were iso-
lated and cut into small fragments, tissues 
were digested by 0.25% trypsin. Then cells cen-
trifuged and re-suspended in a serum-free 
medium consisting of DMEM/F12, B27, EGF 
and bFGF, and then seeded into culture flask. 
After neural stem cells had formed spheres, the 
neurospheres were passaged every 3-4 days.

Astrocytes were isolated and cultured as 
described in previous reports [11, 12]. The grey 
matter of brain was dissected and digested by 
trypsin. Centrifuging and re-suspended precipi-
tate in the DMEM with 10% FBS. Then filtered 
with 70-μm mesh and centrifugation and re-
suspended again with complete medium con-
tain FBS. Cultured the cells for 4-5th days and 
shaken at 220 rpm for 18 h at 37°C to purify 
the astrocytes. 

For the BMECs, after removing meninges from 
the cortices, tissues were digested with 0.1% 
collagenase (type II) at 37°C for 1.5 hour. And 
then added 20% BSA to centrifuge and washed 
it with PBS. The purified microvessel pellet was 
digested further in 0.1% collagenase/dispase 
in DMEM for 1 hour at 37°C. Finally, the sus-
pension was collected with percoll gradient 
solutions and centrifuged. The cell suspension 
added with supplemented DMEM and seeded 
into culture dishes. After incubated for 
24-hours, remove the suspended non-BMECs 
matter and add fresh medium.

The modified MCAO/R model

A modified right MCAO/R procedure [13] was 
used in our ischemic stroke model. Briefly, the 
right common carotid artery (CCA), external 
carotid arteries (ECA), internal carotid arteries 
(ICA) and vagus nerve were exposed and iso-
lated carefully. Temporal blocking the CCA and 
ICA by a slipknot, electrocauterization the distal 
end of ECA and cut it off. Then cut a small hole 
on the proximal end of the ECA and inserted a 
4-0 silicon rubber-coated monofilament from 
the ECA into the lumen of the ICA. Loosen the 
slipknot on ICA and kept the filament going 
18-20 mm beyond the carotid bifurcation to the 
middle cerebral artery (MCA). After 1 hour of 
occlusion, the filament was withdrawn and then 
sealed the hole on ECA by electrocauterization, 
then loosen the slipknot on CCA for reperfu-
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sion. Kept the rectal temperature at 37±0.5°C 
by using a temperature-controlled blanket. The 
model was assessed by the monitoring of cere-
bral blood flow (CBF) with a laser-doppler flow-
metry (PeriFlux System 5000, Perimed, 
Sweden) during the operation and the magnetic 
resonance imaging (MRI) 24-hours after 
surgery.

Transplantation 

Grafting was performed 12 days after the 
MCAO/R, using methods described in the sup-
plemental online data [14]. The animals were 
fixed on stereotaxic apparatus after anestheti-
zation. The coordinates for CA1 was chose from 
the atlas of Paxinos and Watson [15] as 3.2 
mm posterior to the bregma, 1.9 mm lateral to 
the midline, and 2.9 mm ventral of the dorsal 
surface of the skull. Each graft contained 1×105 

live cells in 1 μl of the culture medium. Group A 
graft contained 1 μl NSCs and 4 μl PBS, group 
B graft contained 1 μl NSCs and 1 μl Astrocyte 
and 3 μl PBS, group C graft contained 1 μl NSCs 
and 1 μl BMECs and 3 μl PBS, group D graft 
contained 1 μl NSCs and 1 μl BMECs and 1 μl 
Astrocyte and 2 μl PBS, group E graft contained 
5 μl PBS. The injection rate is 1 μl/min by 
Hamilton syringe, and the needle is held in 
place for an additional 5 min before retraction.

The Morris water maze test 

The Morris water maze test was carried out at 8 
weeks after transplantation. Briefly, the Morris 
water maze test consists of 1 day of pre-train-
ing trial, 4 days of hidden platform tests and a 
spatial probe trial 24 h after the last hidden 
platform test. The movement of rats was 
tracked and recorded by an auto-tracking sys-
tem (Smart Track). There were 4 trials every day 
in hidden platform tests and a 3-5 min interval 
between each trial. Animals allowed to swim for 
120 s to find the hidden platform at each trial, 
and after that, they allowed to take a rest on 
platform for 15 s. For those animals failed to 
the mission, the score was marked as 120 s. 
The time to find the platform (escape latency) 
and the distance to the platform were recorded 
and measured as a learning score in each trial. 
One day after the last hidden platform test, a 
spatial probe test was performed to measure 
the retention of spatial memory without the 
platform.

Statistical analysis

All the data were plotted as means ± SD (stan-
dard error) and analyzed with the Student’s 
t-test and one-way analysis of variance (ANOVA). 
Unpaired Student’s t-test was used to compare 

Figure 1. Culture and identification of three kinds of cells. A. Neural stem cells proliferate and form neurospheres. 
B. Neural stem cells show nestin-positive. C. Neural stem cells differentiate into neuron and show NSE positive. 
D. Neural stem cells differentiate into neuron and show GFAP positive. E. BMECs presented a long spindle-shape 
morphology. F. VIII factor related antigen immunohistochemistry stain that cytosolic and perinuclear regions were 
positive. G. Astrocyte culture show the long processes. H. Immunocytochemical stain show GFAP positive in cyto-
plasmic of astrocyte.
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the difference between 2 groups and multiple 
groups was evaluated by analysis of variance 
(ANOVA). P values of less than 0.05 were con-
sidered significant.

Results 

Morphology of three kinds of rat cerebral cells 

NSCs incubate in serum free medium and form 
many small floating neurospheres in 2-3 days 
(Figure 1A). These cells show nestin-positive 

(Figure 1B) by immunostaining, suggesting that 
they are neural stem cells or neural progenitor 
cells that remain multipotential. When NSCs 
cultured with 1% FBS, the differentiated cells 
can be noticed obvious and proved to be neu-
rons (NSE positive) (Figure 1C), astrocytes 
(GFAP positive) (Figure 1D) by using 
immunocytochemistry.

The BMECs could migrate out from brain 
microvessel fragments and presented a typical 
cobblestone-like cluster in 2 days and could 

Figure 2. Representative cerebral blood flow and magnetic resonance imaging of MCAO/R model of rat. A, B. Laser 
Doppler Flowmetry showed that the CBF was two drops from baseline during occlusion procedure and two jumps 
during reperfusion procedure, the percentage drop from baseline ≥80%. C, D. Brain edema accompanying focal 
ischemia is visualized in T2-weighted and T2-Flair MRI images. 
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grow up to a long spindle-shape morphology 
(Figure 1E) in the third day. Within 5 to 6 days, 
the cells grew to confluency and presented a 
swirl monolayer. The cytosolic and perinuclear 
regions were positively stained after by immu-
nohistochemical staining with factor VIII related 
antigen and the region of nuclear showed a 
bubble-like substructure (Figure 1F). 

After 3-4 days after plating, astrocytes increase 
significantly and astrocyte layer is forming and 
neurons are almost absent. And the cytoplas-
mic of astrocyte become larger and rich, the 
shape is irregular and the processes are more 
long (Figure 1G). Immunocytochemical analysis 
demonstrated cytoplasmic immunolabeling of 
the cytoskeletal protein GFAP, attesting to the 
astrocytic phenotype of the cultured cells 
(Figure 1H). 

Assessment of stroke

Laser doppler flowmetry was used to record 
and monitor the cerebral blood flow (CBF) of rat 
throughout the stroke model to control the 
incomplete occlusion or poor insertion. The rat 
which the percentage of CBF drops less than 
80% was excluded from the experiment (Figure 
2A, 2B). MRI was used to detect the ischemia 
of the model 24 hours after the operation and 
which one had been expired from the group 
with no signal of the infarction (Figure 2C, 2D).

Morris water-maze test

42 rats survive for the Morris water-maze test 
and other 8 rats dead during the complication 
of model of MCAO/R and the grafting. During 
the 4-day training period of hidden platform 
test, the swimming time and path length to 
reach the platform declined day by day in all 
groups. Mean escape latency times have sig-
nificant difference among groups by one-way 

Comparison between groups show that there is 
significant difference between Group A and B 
(t=4.234, P=0.0241), Group A and C (t=3.698, 
P=0.0343), Group A and D (t=7.255, P=0.0054), 
Group B and D (t=6.631, P=0.007), Group C 
and D (t=3.730, P=0.0336), Group C and E 
(t=3.207, P=0.0491), Group D and E (t=22.71, 
P=0.0002). While there is no significant differ-
ence between Group A and E (t=1.501, 
P=0.2302), Group B and C (t=1.419, P=0.2511), 
Group B and E (t=1.336, P=0.2737).

In the spatial probe trial on the fifth day, rat 
which co-transplantation with the three differ-
ent cells together (Group D) traveled into the 
third quadrant, where the hidden platform was 
previously placed, significantly more times than 
other groups (P<0.05) (Table 2). The percent-
age of the platform quadrant swimming dis-
tance/total swimming distance among the 
groups is also significant difference (F=18.48, 
P<0.01), which are 40.5%, 51.8%, 53.6%, 
60.1% and 41.2% respectively (Figure 3C-E) 
(Table 2). 

In platform quadrant swimming time, t-test 
shows that there is significant difference 
between Group A and D (t=2.507, P=0.0242), 
Group B and D (t=2.171, P=0.0464), Group C 
and D (t=2.227, P=0.0398), Group E and D 
(t=2.983, P=0.0099). The percentage of the 
platform quadrant swimming distance/total 
swimming distance among the groups is also 
significant difference (F=18.48, P<0.01) by 
one-way ANOVA.

From the analysis, we can find that Group D had 
significant difference to all other groups, which 
means co-transplantation with the three differ-
ent cells together can improve memory deficits 
in MCAO/R rat and it is the most effect group. 
Group B and C has also significant difference to 
group A, it means that grafting with two cells 
have more effect in memory improving than 

Table 1. Changes in escape latency of acquisition 
tests in the water maze task
Group 
N 1st day 2nd day 3rd day 4th day

A 8 68.3±18.4 52.7±18.0 41.5±16.7 35.6±12.8
B 8 65.9±15.7 48.1±16.6 39.7±13.5 30.4±11.3
C 10 65.5±16.3 42.9±19.3 35.4±14.4 31.6±11.9
D 9 58.2±14.9 38.6±13.1 25.7±9.8 15.5±6.3
E 7 73.4±20.6 57.2±15.2 43.8±12.1 33.5±13.6

ANOVA (F=29.63, P<0.01). For more informa-
tion, we have made t-test between the groups 
and we find that there is significant difference 
between Group A and B (P<0.05), Group A and 
C (P<0.05), Group A and D (P<0.01), Group B 
and D (P<0.01), Group C and D (P<0.01), 
Group C and E (P<0.05), Group D and E 
(P<0.01). While there is no significant differ-
ence between Group A and E (P>0.05), Group 
B and C (P>0.05), Group B and E (P>0.05) 
(Table 1) (Figure 3A, 3B).
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one cell. Group A has no significant difference 
with group E which show transplanting NSC 
alone has no obvious effect on memory improv-
ing. Group B also has no significant difference 
with Group E while group C has significant dif-
ference with Group E which suggests grafting 
NSC and BMECs have more effect than grafting 
NSC and astrocyte. This may hint that the 
BMECs has more effect than astrocyte in this 
model.

Discussion

The NSCs niche in the CNS are composed with 
the interactions among cells, the vasculature, 

them in the development of the CNS [17]. Thus, 
in adult rat CNS, NSCs mainly localize in the 
dentate gyrus of the hippocampus and subven-
tricular zone where the brain microvascular and 
their cells are close to these stem cells [18]. 

So, optimization the NSCs niche by other helper 
cells and graft NSCs with them together maybe 
better than a single transplantation of NSCs. In 
2003, Lo [19] and his colleagues have pro-
posed a concept of Nerve Vascular Unit (NVU), 
which refers to an overall structure and func-
tion unit consisting of brain neurons, BMECs, 
glial cells, even with pericytes, basement mem-
brane, microglia cells and extracellular matrix 

Figure 3. Morris water-maze test show the difference of improving memory deficits in MCAO/R rat among the graft-
ing groups. A. Interleaved bar analysis of escape latency among grafting groups show the difference between group 
D and other groups in acquisition tests. B. Superimposed symbols with connecting line show that the swimming 
time are shorten gradually with the passage of days in acquisition tests. C. Mean connected line display the platform 
quadrant swimming time changes in spatial probe tests. D. Mean connected line of platform quadrant swimming 
distance/total swimming distance in spatial probe tests. E. The swimming locus of animal movement tracked and 
recorded by an auto-tracking system in spatial probe tests. Black point is the start position, the circle third quadrant 
represent the platform position placed in the acquisition tests.

Table 2. Changes in spatial probe tests in the water maze 
task

Group Platform quadrant 
swimming time (s)

Platform quadrant swimming  
distance/total swimming distance (%)

A 38.7±5.0 40.5±4.2
B 39.8±5.7 51.8±5.2
C 40.1±6.3 53.6±5.7
D 48.6±10.1 60.1±7.4
E 36.4±4.2 41.2±4.6

the extracellular matrix and basal 
lamina [16]. Astrocytes may interact 
with NSCs and produce some growth 
factors and receptors to regulate their 
renewal and differentiation. Mean- 
while, BMECs can produce a special 
microenvironment and influence the 
characteristics of NSCs [16]. Cells in 
germinal zones secrete vascular 
endothelial growth factors (VEGF) and 
attract microvessel growth toward 
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[19-21]. This concept emphasizes the dynamic 
interactions among all of the components and 
their important influence on the pathophysiolo-
gy of stroke [22]. NVU is acknowledgedly com-
posed by neurons as the core component 
together with BMECs, astrocytes, pericyte, 
basal membrane, microglia and extracellular 
matrix. Previous investigations have demon-
strated that astrocytes play a crucial role 
between the communications of neurons and 
BMECs [23, 24]. Therefore, neurons, BMECs, 
and astrocytes are the key components of NVU. 

In the adult mammal CNS, astrocytes can pro-
vide structural, metabolic and tropic support 
for neurons. Actually, astrocytes play a key role 
in the brain involved in the maintenance of the 
extracellular environment and in the stabiliza-
tion of cell-cell communications under physio-
logical and pathological conditions [25-28]. At 
the same time, in the stem cell niche, astro-
cytes act uniquely as sensors and regulators 
for their meandering processes contact all cells 
and their end feet terminate on the brain 
microvessels. So, astrocytes are prepared to 
detect changes in neurons and translate sig-
nals from the microvasculature and other cells 
in germinal regions. And these cells are exten-
sively connected each other with gap junctions 
and they may provide rapid propagation of sig-
naling in the NSC niche. Furthermore, astro-
cytes themselves can produce grow factors 
which support neurogenesis in vitro [29]. 

It is also proved that BMECs, a main compo-
nent of microvessels and the blood-brain barri-
er, not only have the function of barrier protec-
tion and nutrition transport as semipermeable 
membrane, but also play a key role in the prolif-
eration and differentiation of NSCs. In brain, 
NSCs is close to BMECs, and in most cases 
nerve regeneration is followed by the prolifera-
tion of BMECs, especially in some pathological 
stimulation such as ischemic injury [30, 31]. 
BMECs can excrete diverse bioactive mole-
cules, which help stimulate the proliferation of 
NSCs and their differentiation to terminal nerve 
cells, and also help neuron and its precursor 
migrate to the injured region of brain [32-35]. 
Ying et al used transwell co-culture with BMECs 
and NSCs to compare the effects of BMECs 
and VEGF on the behaviors of NSCs. They found 
the nestin-positive cell ratio for the BMECs 
group is higher than that for VEGF-A group after 
7 days’ treatment with VEGF-A or BMECs. After 

removing VEGF-A or BMECs, the cells were cul-
tured in differentiated conditioned medium for 
another 4 days. The NF-positive cell ratio for 
the BMEC group is also higher than that for the 
VEGF-A group, which indicates that BMECs take 
an advantage over VEGF-A in both promoting 
the self-renewal, proliferation, or survival of 
NSCs and enhancing the potency of differentia-
tion to neuron [36]. Shen et al, also found 
BMECs have a strong ability to promote the 
growth of NSCs. They established a coculture 
system of endothelial cell line from mouse 
brain with NSCs separated from mouse embryo 
cerebral cortex (10th to 11th day), and effects 
of the endothelial cells on the self-renewal and 
differentiation of NSCs were observed [37].

That is to say, in NSC niche, astrocytes and 
BMECs are the most important cells to regulate 
and interaction with NSCs. So, co-transplanta-
tion NSCs with astrocytes and BMECs maybe a 
promising strategy for the treatment of isch-
emic stroke. In our work, we have established 
the triple cells co-transplantation system with 
rat NSCs, astrocytes and BMECs. After graft 
these cells into the brain of MACO/R model rat 
with different combination, we found that the 
learning and memory ability of these rat 
improved to some extend respectively. The rats 
which transplantation of NSCs with astrocyte 
and BMECs together have got the most achieve-
ment and they are better than those who graft-
ed only two cells. The rats grafted only one cell 
have got the worst improvement. From our 
experiment, we get the conclusion that co-
transplantation NSCs with astrocyte and 
BMECs can improve the memory ability in isch-
emia rat, which maybe the result of microenvi-
ronment improve by the astrocyte and BMECs. 
The exact mechanism maybe some synergistic 
effects happened among NSCs and astrocytes 
and BMECs after co-transplantation and need 
further research. 
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