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ABSTRACT

Cerebrovascular disease such as stroke is one of the most common diseases 
in the aging population, and neural stem cells (NSCs) transplantation may provide 
an alternative therapy for cerebral ischemia. However, a hostile microenvironment 
in the ischemic brain offers is challenging for the survival of the transplanted cells. 
Considering the neuroprotective role of basic fibroblast growth factor (bFGF), the 
present study investigated whether bFGF gene-modified NSCs could improve the 
neurological function deficit after transient middle cerebral artery occlusion (MCAO) 
in adult male Sprague–Dawley rats. These rats were intravenously injected with 
modified NSCs (5×106/200 μL) or vehicle 24 h after MCAO. Histological analysis was 
performed on days 7 and 28 after tMCAO. The survival, migration, proliferation, and 
differentiation of the transplanted modified C17.2 cells in the brain were improved. 
In addition, the intravenous infusion of NSCs and bFGF gene-modified C17.2 cells 
improved the functional recovery as compared to the control. Furthermore, bFGF 
promoted the C17.2 cell growth, survival, and differentiation into mature neurons 
within the infarct region. These data suggested that bFGF gene-modified NSCs have 
the potential to be a therapeutic agent in brain ischemia.
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INTRODUCTION

Aging is a major risk factor of disease-
susceptible conditions and deaths around the world, 
and cerebrovascular disease is one of the leading causes 
of morbidity and mortality in elderly people. The 
cerebrovascular disease is a consequence of impaired 
blood supply in the brain; thus, ischemic events account 
for 80% of all strokes [1]. However, the current treatment 
of ischemic stroke remains an intimidating mission as 
only a few therapeutic strategies have been proven to be 
effective. Systemic thrombolysis is the only validated 
therapy that improves the clinical outcome; nevertheless, 
not all patients can receive this therapy as it must be 
administered within 4.5 h after onset [2, 3]. Therefore, the 
development of alternative therapies for ischemic stroke 
is essential.

Cell therapy is emerging as a viable neurorestorative 
therapy for stroke [4]. The neural stem cells (NSCs) 
constitute the most attractive alternative owing to 
the regenerative capacity and minimal immunogenic 
characteristic. NSCs persist in the subventricular zone 
(SVZ) of the lateral ventricle and the subgranular zone 
(SGZ) of the dentate gyrus throughout the adulthood in 
mammals. NSCs can differentiate into neurons, astrocytes, 
oligodendrocytes, and endothelium cells, which constitute 
the majority of the cerebral cell types affected by ischemic 
insult [5–7]. Therefore, transplantation of NSCs is a 
potential treatment for stroke [8]. However, a hostile 
microenvironment in the ischemic regions is challenging 
for the survival of transplanted cells as only a few grafted 
cells survive for a prolonged duration [9]. Therefore, 
improving the survival of the grafted stem cells and 
inducing their differentiation into cerebral cell types are 
issues of paramount importance.

Basic fibroblast growth factor (bFGF) is a critical 
neurotrophic factor that can improve the sensorimotor 
recovery after stroke [10, 11]. It can accelerate the key 
processes of the cell, such as survival, proliferation, and 
differentiation [12–14]. This neurotrophic factor, produced 
by astrocytes, is lowly expressed in the adult mammalian 
brain tissue. However, the level of bFGF is significantly 
upregulated as a consequence of brain injury [15]. Several 
groups have found that exogenous neurotrophic factors 
may play a crucial role in resistance to ischemic injury 
[16, 17], and bFGF has been demonstrated to enhance 
the proliferation and differentiation of endogenous neural 
progenitor cells [18, 19]. The intracisternal administration 
of bFGF at the beginning of 24 h post-stroke promoted 
recovery and stimulated the sprouting of new neurons as 
well as synapse formation [20].

In the present study, we tested whether intravenously 
injected bFGF gene-modified NSCs could improve the 
neurological functional recovery and reduction of cerebral 
infarction volume after focal stroke in rats. In addition, 

we determined the survival, migration, and proliferation 
abilities of bFGF gene-modified NSCs in the ischemic 
brain microenvironment.

RESULTS

bFGF promotes the survival of the C17.2 cell 
after oxygen-glucose deprivation (OGD)

bFGF plays a major role in the development 
of nervous system and injury repair [21]. Therefore, 
we established the highly expressing bFGF gene-
modified neural stem cells, and the hrGFP construct was 
transfected into the cells to be used as control (Figure 1A). 
Immunofluorescence and Western blot showed greater 
bFGF protein expression in CMV-bFGF C17.2 cells as 
compared to the CMV-hrGFP C17.2 and uninfected C17.2 
cells (Figure 1B–1D).

OGD was used to simulate the environment of 
cerebral ischemia. As shown in Figure 1E, the viability 
of the cells was increased significantly in the CMV-bFGF 
C17.2 cells as compared to the CMV-hrGFP C17.2 and 
C17.2 cells (P < 0.05) after 24 h OGD. Taken together, 
these results suggested that CMV-bFGF C17.2 had a 
greater proliferative ability, and bFGF promotes cells 
survival under OGD.

Administration of CMV-bFGF C17.2 cells 
improves the functional recovery after middle 
cerebral artery occlusion (MCAO)

The neurological severity scores (NSS) were 
calculated based on a series of motor sensory, reflex, and 
balance tests [22]. We used the NSS test to investigate 
whether CMV-bFGF C17.2 cells exhibited a better 
therapeutic effect than the unmodified NSCs after stroke. 
As evidenced by improved NSS scores, treatment with 
intravenously injected CMV-bFGF C17.2 cells 24 h post-
MCAO significantly improved the functional recovery 
(Figure 2A). The evaluation of the function revealed 
a remarkable advance in NSS at 7 days post-MCAO in 
CMV-bFGF C17.2 cells and 14 days post-MCAO in CMV-
hrGFP C17.2 cells. These results demonstrated that the 
functional deficits resulting from transient focal cerebral 
ischemia in rats effectuate a remarkable improvement by 
intravenous transplantation of CMV-bFGF C17.2 cells.

We compared the infarction areas in coronal 
sections from animals of the PBS, CMV-bFGF C17.2 
and CMV-hrGFP C17.2 groups on day 7 (Figure 2B). 
The normal brain tissue typically stained with 2, 3, 
5-triphenyltetrazolium chloride (TTC); however, the 
infarcted lesions showed limited or no staining. The 
TTC staining was used to assess the lesion volume as a 
percentage of contralateral hemispheric volume. However, 
no significant differences were detected in the infarct 
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volume in the CMV-bFGF C17.2 group as compared to 
the CMV-hrGFP C17.2 and PBS groups (Figure 2C).

bFGF promotes NSCs migration into ischemic 
brain and increases survival

To confirm whether the CMV-bFGF C17.2 
cells effectuated greater functional recovery, all cells 
were pre-labeled with red fluorescent dye CM-DiI 
before transplantation. As shown in Figure 3A and 3B, 
transplanted NSCs were widely distributed throughout 
the ipsilateral cerebral hemisphere; however, they were 
not detectable in the contralateral hemisphere. Also, a 
large number of CMV-bFGF C17.2 cells were found in 
the ischemic region than the CMV-hrGFP C17.2 cells. 
Additionally, the expression of bFGF was examined in the 
infarcted lesion. As shown in Figure 3C and 3D, the CMV-
bFGF C17.2 group had more bFGF-positive cells than 
the CMV-hrGFP C17.2 group at 28 days after MCAO. 
Thus, the animals treated with CMV-bFGF C17.2 cells 
after ischemia displayed an increased rate of migration 
and survival of NSCs, suggesting that bFGF promotes the 
migration of NSCs into the ischemic brain and maintains 
the survival of cells in the infarcted lesion.

bFGF-modified NSCs maintain proliferative 
capability

The proliferation ability of transplanted NSCs in the 
ischemic region was analyzed by 5-bromo-2’-deoxyuridine 
(BrdU), a thymidine analog that is incorporated into DNA 
during cell division. As shown in Figure 4A, a large 
number of BrdU-positive cells were observed in ischemic 
hemispheres of two NSCs-treated rats as compared to 
the PBS-treated control. Approximately, 45% of the 
transplanted CMV-bFGF C17.2 cells and 30% of the 
transplanted CMV-hrGFP C17.2 cells were overlapped 
with BrdU staining, indicating that a majority of them 
continued to proliferate in the ischemic environment. 
Moreover, the CMV-bFGF C17.2 cells had a greater 
proliferation ability at least 28 days after MCAO.

Notably, most of the BrdU-positive cells were not 
co-localized with CM-DiI in NSCs-treated rats, suggesting 
that they were proliferating endogenous cells (Figure 4B). 
A significant increase was observed in the proliferating 
endogenous cells in NSCs-treated ischemic regions as 
compared to the PBS-treated control. Taken together, these 
results demonstrated that transplanted NSCs could not 
only maintain their proliferative capacity within a hostile 

Figure 1: The expression of bFGF in vitro and survival of NSCs after OGD. (A) The schematic of the two vectors. (B, C, 
D) Immunofluorescence and Western blot analysis of bFGF expression in CMV-bFGF C17.2, CMV-hrGFP C17.2, and C17.2 cells. The 
level of bFGF is significantly upregulated in CMV-bFGF C17.2 cells. The error bars represent the means ± SEM of three independent 
experiments; ***P < 0.001. (E) The cell viability in OGD was detected by MTT assay, and bFGF significantly enhanced the cell viability 
under OGD. The error bars represent the means ± SEM of three independent experiments; *P < 0.05.
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environment in vivo but also enhanced the proliferation of 
endogenous cells.

bFGF promotes NSCs differentiation into 
neurons and astrocytes in vivo

Immunofluorescent studies were carried out to 
identify NeuN (mature neurons), GFAP (astrocytes), and 
Nestin (a neural stem cell marker) in the infarcted lesion 
of rats at 28 days after MCAO (Figure 5). As shown in 
Figure 5A, transplantation with either CMV-bFGF C17.2 
cells or CMV-hrGFP C17.2 cells significantly increased 
the number of NeuN-positive cells in the lesion zone. 
Furthermore, CMV-bFGF C17.2 cells exhibited an 
additional effect that increased the NeuN-positive cells co-
localized with CM-DiI as compared to the CMV-hrGFP 
C17.2 cells, whereas the number of GFAP immunoreactive 
cells co-localized with CM-DiI cells showed no significant 
differences between the two groups (Figure 5B). 
Interestingly, the number of Nestin co-localized with CM-

DiI cells in the CMV-bFGF C17.2 group was significantly 
less than that in the CMV-hrGFP C17.2 group (Figure 
5C). Additionally, the NeuN-positive mature neurons, 
GFAP-positive astrocytes, and Nestin-positive NSCs were 
calculated, indicating that the transplanted cells mainly 
differentiated into NeuN in the ischemic area (Figure 
5D). These results demonstrated that bFGF promotes 
differentiation of NSCs into mature neurons and astrocytes 
in the infarcted lesion.

DISCUSSION

In the present study, we demonstrated that 
transplantation of bFGF-expressing NSCs is an efficient 
tool to improve the functional recovery in the rat model 
of focal stroke. However, the improvement of the 
neurological function was not accompanied by a reduction 
in the infarct volume as detected by TTC staining. This 
phenomenon might be attributed to the functional recovery 
that occurred solely without histological recovery at this 

Figure 2: Effect of intravenously transplanted NSCs on neurological function deficit and cerebral infarction volume in 
ischemic stroke rats. (A) Behavioral performance in the NSS of CMV-bFGF C17.2-, CMV-hrGFP C17.2-, and PBS-treated groups from 
days 1–28 after ischemia (n = 6, each group). The functional assessment revealed a significant improvement in NSS at 14 days post-MCAO 
in CMV-bFGF C17.2- and CMV-hrGFP C17.2-treated rats. (B) Brain slices were stained with TTC to visualize lesions (n = 5, each group). 
(C) The infarction volume was calculated by Image J software and results summarized. No significant differences in the infarct volume 
in the CMV-bFGF C17.2 group as compared to the CMV-hrGFP C17.2 and PBS groups. The error bars represent the means ± SEM; *P < 
0.05, **P < 0.01, ***P < 0.001.
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specified time point. The precise mechanism underlying 
the functional improvement by cell transplantation in the 
ischemic brain is unknown. Some studies reported that 
several million stem/progenitor cells exhibit a certain 
degree of targeted migration towards the damaged 
regions post-transplantation into stroke animals [23]. 
One of the mechanisms of functional improvement in 
neural transplantation is the replacement or augmentation 
of neural circuits by transplanted NSCs; the other is 
associated with the release of trophic factors from the 
transplanted cells [24]. The intravenously administered 
NSCs can follow the gradients of chemo-attractants, 
such as vascular cell adhesion molecule 1 (VCAM-1) 
and stromal-derived factor 1 (SDF-1), enter the rat brain, 
survive, and migrate to the infarct area [25]. In the rat 
models of focal stroke, several studies revealed that bFGF 
treatment could enhance the proliferation, migration, and 
differentiation of endogenous neural progenitor cells [26, 
27]. Our results showed that neurological functions in 
the C17.2 and bFGF-gene modified C17.2 groups were 
significantly improved as compared to the PBS control 
group as evaluated by NSS score from days 14–28 after 

ischemia. In addition, greater effects in the CMV-bFGF 
C17.2 group were observed at 14 days and 21 days after 
ischemia as compared to the CMV-hrGFP C17.2 stem cell-
treated control group. However, no significant differences 
were detected in the infarct volume in the CMV-bFGF 
C17.2 group as compared to the CMV-hrGFP C17.2 
and PBS groups at 7 days. Some investigators found 
that a considerable portion of grafted cells maintains an 
undifferentiated phenotype proximal or distal to the lesion 
of the host tissue, where these they can directly release the 
growth and trophic factors or promote the release of such 
factors from host brain cells [28–30]. This feature could 
be ascribed to the fact that improvement in neurological 
function was not accompanied by a reduction of the infarct 
volume in rats.

NSCs offer an alternative approach to treat cerebral 
ischemia owing to distinct biological features [31]. Firstly, 
NSCs is the most attractive option as they are minimally 
immunogenic and do not express mature cellular antigens, 
such as major histocompatibility complex (MHC) class 
1 and 2 molecules [32]. Secondly, NSCs have a self-
renewal function [33, 34]. Thirdly, NSCs can differentiate 

Figure 3: Effects of intravenously transplanted NSCs on migration and survival in ischemic stroke rats. (A) The 
distribution of transplanted NSCs in the infarct region. Cell Tacker CM-DiI-positive cells were shown in red. The cells were mainly limited 
to the infarcted areas, although some were sparsely observed throughout the affected hemisphere (Scale bar: 200 μm). (B) The number of 
CM-DiI-positive cells was measured in the contralateral and infarction. (C) The expression of bFGF in the infarct region at 28 days after 
MCAO. bFGF promotes NSCs’ migration and maintains the survival of cells in the infarcted lesion. CM-DiI-positive cells were shown 
in red; bFGF-immunopositive cells were shown in green (scale bar: 50 μm). (D) The number of bFGF-positive cells was measured in the 
infarct area. CM-DiI and bFGF-positive co-labeled cells representing the exogenous NSCs; bFGF-positive single cells representing the 
endogenous cells. The error bars represent the means ± SEM, n = 6 each group; *P < 0.05.
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into neurons, astrocytes, and oligodendrocytes, thereby 
participating in the repair of nerve tissue; also, they 
can differentiate into non-nerve cells through straddled 
germinal layer differentiation [5]. The enhanced trophic 
activities of NSCs by overexpression of related genes 
would especially be valuable in amplifying the efficacy 
of cell therapies in the treatment of stroke [35]. Several 
studies have shown that bFGF treatment could enhance the 
proliferation, migration, and differentiation of endogenous 
neural progenitor cells after MCAO [10]. Thus, NSCs are 
utilized with bFGF genes to increase the percentage of 
migrated neurons. Our results showed that the viability of 
the cells significantly increased in the CMV-bFGF C17.2 
cells as compared to the CMV-hrGFP C17.2 and C17.2 
cells after 24 h OGD in vitro. A large number of CMV-

bFGF C17.2 cells were found in the ischemic region at 4 
weeks after transplantation than the CMV-hrGFP C17.2 
cells.

We used the murine-derived immortalized 
multipotent neural progenitor cell line C17.2 to investigate 
whether bFGF gene-modified NSCs could improve the 
neurological functional recovery after focal stroke in rats. 
The murine C17.2 clone is a prototypical, stable, and 
extensively characterized NSC line [36]. Importantly, 
as a stem cell line, C17.2 NSCs contribute to the 
development of the organism throughout the neuraxis and 
across developmental time periods, from fetus to adult. 
Moreover, the construction of recombinant lentiviral 
vector is complex and time-consuming as the primary 
cells are unstable and aging [34]. Therefore, in this study, 

Figure 4: Effect of intravenously transplanted NSCs on proliferation in ischemic stroke rats. (A) Representative images of 
exogenous and endogenous by BrdU-labeled cells were shown. CM-DiI-positive cells were shown in red; BrdU-positive cells were shown 
in green. (B) The number of BrdU-positive cells was estimated in the infarct area. bFGF promotes NSCs’ proliferation in vivo. CM-DiI and 
BrdU-positive co-labeled cells represented the exogenous NSCs; BrdU-positive single cells represented the endogenous cells. The error 
bars represent the means ± SEM, n = 5 each group; **P < 0.01, ***P < 0.001 (scale bar: 50 μm).
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a cell line was selected rather than the primary cells in this 
experiment.

Currently, the optimal delivery route for specific 
cell types following cerebral ischemic injury is unknown. 
Thus, the present study chose intravenous delivery of 
NSCs at 24 h after MCAO/R in rats, which coincided 
with the time of opening of the blood-brain barrier (BBB) 
following ischemic stroke [37]. The intravenous infusion 
results in the entrapment of the transplanted cells in the 
filtering organs, thereby delivering a less number of NSCs 
into the brain than the intra-arterial methods. On the other 
hand, the intra-arterial delivery bypasses the peripheral 
filtering organs, leading to higher cell engraftment to the 
brain and greater efficacy as compared to intravenous 
infusion [38, 39]. The intracerebral delivery may be the 
most suitable method for NSC transplantation that can 
implant more cells in the infarcted region as compared to 
the other delivery routes. However, the procedural risk for 
stereotaxic injection inevitably raises the safety concern. 
Some investigators reported that using intraparenchymal 
cell implantation exhibits severe adverse events in early 
clinical trials, involving motor worsening, seizures, 

syncope, and chronic subdural hematoma [40]. Recently, 
intranasal delivery has emerged as a novel strategy of 
bypassing the BBB to deliver therapeutic agents to the 
brain. This non-invasive method facilitates cell homing 
towards the central nervous system and reduces the 
potential side-effects associated with intravascular 
administration [41]. Thus, MSCs and NSCs gained 
access to the brain via the nasal cavity and rendered 
therapeutic benefits in Parkinson’s disease, malignant 
gliomas, and stroke [42]. Thus, an optimal delivery route 
for transplanted cells with respect to the migration and 
differentiation of NSCs and the extent of neurological 
improvement in cerebral ischemia necessitate further 
investigation.

Transplanted human NSCs have been shown to 
differentiate into astrocytes and neurons in the adult rat 
brain after ischemic stroke. In this study, we identified the 
differentiation potential of the transplanted NSCs in rat 
brains injured with MCAO. The grafted NSCs expressed 
the proteins specific for neurons and astrocytes, especially 
the CMV-bFGF C17.2 stem cells.

Figure 5: Effect of intravenously transplanted NSCs differentiation in ischemic stroke rats. Immunofluorescent studies 
were carried out to identify NeuN (A), GFAP (B), and Nestin (C) in the infarct region in rats transplanted with CMV-bFGF C17.2, CMV-
hrGFP C17.2, and PBS at 28 days after MCAO. Nestin, GFAP, and NeuN were co-localized with Cell Tracker CM-DiI, respectively. (D) 
Quantification of the differentiation of NSCs stained with CM-DiI in the infarct area. bFGF promoted differentiation of NSCs into mature 
neurons in the infarcted lesion. The error bars represent the means ± SEM, n = 6 each group; *P < 0.05 (scale bar: 50 μm).



Oncotarget102074www.impactjournals.com/oncotarget

MATERIALS AND METHODS

Construction of recombinant lentiviral vector 
containing the bFGF gene

Lentiviral-based expression vectors, LV-GFP and 
LV-bFGF, were constructed using the Gateway system 
(Invitrogen, USA). Full-length bFGF, CMV promoter, 
and GFP sequences were cloned into plasmids. The 
vectors were obtained with incubation of donor and 
accepter vectors catalyzed by LR clonase (Gate-
way® LR ClonaseTM Plus Enzyme Mix, Invitrogen). 
Subsequently, the plasmids were sequenced to confirm 
the inserts. 293T cells were transfected with the 
constructs and packaging plasmids using Lipofectamine 
2000 (Invitrogen, USA). After 3 days, the supernatants 
of the cells were collected and the viral particles 
harvested by ultracentrifugation at 100,000 ×g for 1 h 
and resuspended in Dulbecco-modified Eagle’s medium 
(DMEM) for transduction.

Lentiviral transduction

The C17.2 cells were seeded at a density of 2 × 
105 cells/well in 24-well plate and exposed to the viral 
particles in 0.5 mL DMEM at 37°C for 4 h. Then, the 
cells were transduced with LV-GFP and LV-bFGF 
using polybrene (a final concentration of 8 μg/mL). 
Subsequently, the medium was removed, and the cells 
were washed once with DMEM and re-cultured in 
normal medium with blasticidin (2 μg/mL) for 14 days. 
The untransduced cells were eliminated after culturing 
for 14 days cultured in medium with blasticidin. 
Following stable selection, we found that GFP signal 
initially observed after transduction was barely detected 
by confocal analysis, suggesting that IRESs in these 
constructs were not active in the C17.2 cells under the 
experimental conditions described above. However, the 
bFGF expression was confirmed by Western blot.

Western blot analysis

The cells were lysed in RIPA buffer and incubated 
for 10 min on ice and centrifuged at 12,000 rpm for 
10 min at 4°C. Then, the whole protein samples were 
separated on 12% gradient SDS-PAGE and transferred 
to PVDF membranes (Bio-Rad, Hercules, CA, USA) 
that were blocked in 5% skim milk for 90 min and 
probed with the primary antibody anti-bFGF (1:500, sc-
79, Santa Cruz Biotechnology, Santa Cruz, CA, USA) 
at 4°C overnight. After washing three times with 0.1% 
Tween-20 in Tris-buffered saline (TBS), the membrane 
was incubated with the secondary antibody for 1 h at 
room temperature. Consequently, the target protein was 
detected using a ChemiDocTM XRS+ Imaging System 
(Bio-Rad).

Cell culture and preparation

The C17.2 cells were maintained in DMEM 
supplemented with 10% fetal bovine serum (Gibco, 
NY, USA), 5% horse serum (Gibco, NY, USA), 2 mM 
glutamine, and penicillin/streptomycin (Gibco, NY, 
USA). The cells were cultured in a humidified atmosphere 
of 5% CO2 and 95% air at 37°C and routinely split at 
approximately 90% confluency [43].

For grafted cell identification, NSCs were labeled 
with Cell Tracker CM-DiI (Invitrogen, USA) before 
transplantation by incubating the cells with the dye for 
5 min at 37°C and an additional 15 min at 4°C. The 
labeling of the cells was verified to be 99-100%, under a 
fluorescent microscope, prior to all transplantations. The 
cell viability was determined by trypan blue staining at 
the end of the harvest and before infusion; > 95% viability 
was found for every infusion.

OGD treatment and cell viability assays

OGD was used to simulate the environment of 
cerebral ischemia. The cells were seeded at a density of 
6000 cells/well in 96-well plate. For OGD treatment, the 
complete culture medium was removed and replaced with 
the serum-free medium after cell adherence, incubated in 
the hypoxic chamber (Thermo Forma Anaerobic System 
1029, MA, USA) with < 1% O2. After 24 h, cells were 
harvested, and 20 μL MTT (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide) was added to each 
well, and the plates incubated in a CO2 incubator for an 
additional 4 h. Finally, the medium was aspirated, and 150 
μL dimethyl sulfoxide (DMSO) was added to each well 
to solubilize the formazan crystals. The absorbance was 
measured using a multi-well microplate reader (Thermo, 
MA, USA) at 490 nm.

Animal model

All experimental procedures were approved by the 
Care of Experimental Animals Committee of Wenzhou 
Medical University. Adult Sprague–Dawley (SD) male 
rats (270–300 g) were obtained from Shanghai Laboratory 
Animal Center.

A transient 120 min right MCAO was performed 
in rats, as described previously [44]. Briefly, rats were 
anesthetized with 10% chloral hydrate (1 mL/100 g, 
i.p.). Rectal temperature was maintained at 37°C using 
a thermistor-controlled heat blanket. The right common 
carotid artery (CCA), external carotid artery (ECA), 
and internal carotid artery (ICA) were exposed. A 5-0 
monofilament nylon suture, with its tip rounded by heating 
near a flame, was advanced from the ECA into the lumen 
of the ICA until a slight resistance was exerted (18.5–19.5 
mm). After 120 min of MCAO, blood flow was restored 
by removal of the sutures. All animals were returned to 
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their cages with free access to food and water under a 12-h 
light-dark cycle.

Cells transplantation and BrdU labeling

The experiments were divided into 3 groups, 
including PBS, CMV-hrGFP C17.2, and CMV-bFGF 
C17.2 groups (16 animals in each group). After 24 h of 
MCAO, the animals were anesthetized by 10% chloral 
hydrate solution and underwent transplantation with C17.2 
cells or phosphate-buffered saline (PBS). Approximately 
5×106 CM-DiI-labeled cells in a volume of 200 μL PBS 
or an equivalent volume of PBS alone were injected into 
the rat tail vein. Then, 5 randomly selected experimental 
animals from each group were injected with 5-bromo-
2’-deoxyuridine (50 mg/kg BrdU, Sigma, USA) on the 
day of transplantation and consecutive for 28 days. The 
animals were executed on day 28 day after the final BrdU 
injection.

Behavioral tests

The behavioral tests were performed before MCAO 
and at 1, 3, 7, 10, 14, 21, and 28 days after intravenous 
transplantation by an investigator who was blinded to the 
experimental groups, as described previously [45]. The 
neurological severity score (NSS) consists of 5 raising 
the tail tests, 4 placed on the floor tests, 3 sensory tests 
and coordination, and balance behavior including 3 beam 
tests. The neurological functioning was rated on NSS scale 
of 0 to 18 points (normal score: 0, maximal score: 18), 
where 0 indicated a normal repair effect and 18 suggested 
total impairment. Thus, the higher the score the severe the 
injury.

TTC staining and quantitative analysis of infarct 
volume

One week post-transplantation, 5 rats in each group 
were anesthetized with 10% chloral hydrate. The brains 
were removed carefully and dissected into 2-mm thick 
coronal sections. The fresh brain slices were immersed in 
0.5% solution of TTC (Sigma, USA) in PBS at 37°C for 
30 min. The cross-sectional area of the infarction in each 
brain slice was calculated by Image J analysis software 
(NIH, USA). The total infarct volume for each brain was 
calculated by the summation of the infarcted area of all 
brain slices.

Immunofluorescence analysis

At 28 days after MCAO, the rats were euthanized 
by 10% chloral hydrate. The brains were perfused and 
fixed with 4% paraformaldehyde for 24 h, dehydrated 
by increasing concentrations of saccharose, embedded 
in OCT (optimal cutting temperature compound, Sakura, 
USA), cut into 5-μm thick sections in the coronal plane. 

For endogenous proliferation, the cells were stained with 
the primary antibody anti-BrdU (1:1000; ab8152, Abcam, 
UK) at 28 days after MCAO. Subsequently, the slides 
were stained with the following primary antibodies: a 
basic fibroblast growth factor antigen, bFGF (1:200, sc-
79, Santa Cruz Biotechnology, Santa Cruz, CA, USA); 
a neuronal nuclear antigen, NeuN (1:1000, ab104225, 
Abcam, UK), an astrocytic marker, GFAP (1:200, sc-
6170, Santa Cruz Biotechnology, USA), and a neural 
stem cell marker, Nestin (1:1000, ab6142, Abcam, UK). 
The negative control slides for each animal underwent 
identical preparations for immunohistochemical staining, 
except the treatment with the primary antibodies.

Statistical analysis

Data are expressed as the mean ± SEM. Statistical 
significance was determined by Student’s t-test in the case 
of two experimental groups. For more than two groups, the 
data were statistically evaluated using one-way analysis 
of variance (ANOVA) followed by Dunnett’s post hoc 
test. For all tests, a value of P ≤ 0.05 was considered as 
statistically significant.

CONCLUSION

In summary, the transplantation of transgenic NSCs, 
especially bFGF modification, may provide a valuable 
tool for improving the efficiency of the treatment of 
cerebral ischemia. Therefore, cell transplantation, as a new 
therapeutic modality, in highly promising for the treatment 
of stroke and can markedly improve the quality of life of 
the elderly patients.
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