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Previous studies indicated the beneficial effects of glial cell line-derived neurotrophic factor
(GDNF) and transplanted neural stem cells (NSCs) on stroke. Here, we explored whether
transplantation of neural stem cells (NSCs) modified by GDNF gene provides a better
therapeutic effect than native NSCs after stroke. Primary rat NSCs were transfected with
GDNF plasmid (GDNF/NSCs, labeled by green fluorescent protein from AdEasy-1, GFP). Adult
rats were subjected to two-hour middle cerebral artery occlusion and reperfusion, followed
by infusion of NSCs (labeled with5-bromo-2′-deoxyuridine before infusion, BrdU), GDNF/
NSCs and saline at 3 days after reperfusion (NSCs group, GDNF/NSCs group, control group),
respectively. All rats were sacrificed at 1, 2, 3, 5, and 7 weeks after reperfusion. Modified
Neurological Severity Scores (mNSS) test and H and E staining were respectively performed
to evaluate neurological function and lesion volume. Immunohistochemistry was used to
identify implanted cells and observe the expressions of Synaptophysin (Syp) and
postsynaptic density-95 (PSD-95) and caspase-3. TdT-mediated dUTP–biotin nick-end
labeling (TUNEL) was employed to observe apoptotic cells. Western blotting was used to
detect brain-derived neurotrophic factor (BDNF) and NT-3 protein expression. Significant
recovery ofmNSSwas found in GDNF/NSCs rats at 2 and 3weeks after reperfusion compared
with NSCs rats. Lesion volume in the NSCs and GDNF/NSCs groups was reduced
significantly compared with control group. The number of NSCs in the GDNF/NSCs group
was significantly increased in comparisonwithNSCs group. Moreover, Syp-immunoreactive
product at 2 and 3 weeks after reperfusion and PSD-95 immunoreactive product in the
GDNF/NSCs group were significantly increased compared with NSCs group. In contrast,
caspase-3 positive cells and TUNEL-positive cells in the GDNF/NSCs groupwere significantly
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decreased compared with NSCs group. Significant increase of BDNF protein in the GDNF/
NSCs and NSCs groups was observed compared to the control group at different time points
of reperfusion, and GDNF/NSCs grafting significantly increased BDNF protein expression
compared to NSCs grafting. In addition, significant increase of NT-3 protein in GDNF/NSCs
and NSCs groups was detected only at 1 week of reperfusion compared to control group. The
results demonstrate that grafting NSCs modified by GDNF gene provides better
neuroprotection for stroke than NSCs grafting alone.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

Cerebrovascular disease is a consequence of impairment of
the blood supply to the brain, and ischemic strokes account
for 80% of all strokes. Previous studies showed that many
neurons were lost due to necrosis and apoptosis (Du et al.,
1996; Charriaut-Marlangue et al., 1996), and neural functions
were deficit after stroke. Up to now, there is still no effective
therapeutic treatment that can improve the reconstruction of
damaged cerebral tissue and its functional recovery.

Neural stem cells (NSCs) are immature cells with the ability
to renew themselves and give rise to neurons, astrocytes and
oligodendrocytes. Transplantation of NSCs may ameliorate the
neurological deficits and recover the lost functions after stroke.
Previous studies demonstrated that intravenously transplanted
human NSCs could differentiate into various neural cell types
and compensate for the neurological deficits following cerebral
ischemia (Chu et al., 2003; Chu et al., 2004a,b; Toda et al., 2001).
Moreover, NSCs could constitutively secrete neurotrophic
factors in vitro (Lu et al., 2003). These studies, however, also
showed that the differentiating rate of grafted NSCs into
mature neurons was very low and very few of the grafted
cells survived in given time. Therefore, improving the surviving
rate of the grafted cells and inducing their differentiation into
neurons are key points in stroke treatment with NSCs.

Neurotrophic factors have been demonstrated to possess
multiple effects on brain such as neurogenesis, neurotrophic or
neuroprotective actions. Neurotrophic factors also affect the
survival, differentiation and proliferation significantly (Abe,
2000). Among them, GDNF has a potent neuroprotective effect
on a variety of neuronal damage both in vitro and in vivo
(Henderson et al., 1994; Beck et al., 1995; Li et al., 1995; Tomac et
al., 1995). Topical application of GDNF decreased ischemic brain
edema and number of TUNEL-positive neurons by suppressing
apoptotic pathways such as caspases-1 and -3 (Kitagawa et al.,
1998). The placement of GDNF-presoaked sponges in contact
with the surface of cerebral cortex provided protection to the
neurons within the surrounding areas (Zhang et al., 2001).
Exogenous GDNF gene transfer reduced the infarct size in rat
middle cerebral artery occlusion (MCAO)model (Hermann et al.,
2001; Zhang et al., 2002) and promoted striatal neurogenesis
after stroke (Kobayashi et al., 2006). However, the effects of
GDNF are transient, so repeated administration into intracer-
ebral or intraventricular space is needed. In addition, simple
application of GDNF protein is difficult to administer in clinical
situations because of the blood–brain barrier (Zhang et al., 2001).

In the present study, we tested whether transplantation of
NSCs with overexpression of GDNF gene provides better
neuroprotective effect than NSCs grafting alone after stroke.
2. Results

2.1. Differentiation of NSCs in vitro and NSCs transfection
by GDNF recombinant adenovirus

Primary cultured cells survived and small aggregates of cells
appeared approximately 3 days after isolation from the new-
born rat cortex. After 5 days of culture, many neurospheres
were seen (Fig. 1A). and these cells were nestin-positive (data
not shown). After they were reseeded in the medium contain-
ing 10% calf bovine serum for 7 days, these cells were MAP2-
positive, GFAP-positive and GalC-positive, respectively
(Figs. 1B to D).

When NSCs were transfected by GDNF virus solution for
2 days, the NSCs showed green fluorescence in fluorescent
microscopy (Fig. 1E). After these cells were further cultured in
the medium with 10% calf bovine serum for 5 days, they
changed into a spiny shape which indicated differentiation
(Fig. 1F). In addition, RT-PCR showed that the GDNF/NSCs
strongly expressed GDNF mRNA (Fig. 1G).

2.2. Neurological assessment after NSCs and GDNF/NSCs
transplantation

No significant differences in mNSS scores were detected
among the groups at 3 days after reperfusion (transplantation
time point). The scores of mNSS at different times after
reperfusion in the NSCs and GDNF/NSCs groups were sig-
nificantly lower compared with the control group. From 1 to
7 weeks after reperfusion, the scores of mNSS in the GDNF/
NSCs group were decreased compared with NSCs group, but
significant decrease was observed only at 2 and 3 weeks after
reperfusion. (Fig. 2A, P<0.01).

2.3. Histological features and ischemic lesion volume

H and E staining showed that the ischemic lesion regions
were located to the ipsilateral frontoparietal cortex, stria-
tum and preoptic area, where neuropil were spongy and
many neurons were injured and lost after stroke. One week
after reperfusion, most grafted cells in the NSCs and GDNF/
NSCs groups appeared in the ipsilateral lateral ventricle,
choroid plexus, subventriclar zone, and some migrated into
ischemic cortex and striatum along corpus callosum and
the external capsule (Figs. 3A to C). At 2 to 7 weeks after
reperfusion, the grafted cells were mainly localized to the
ischemic regions.

The total lesion volume in theNSCs andGDNF/NSCs groups
was significantly reduced compared to the control rats. The



Fig. 1 – primary NSCs culture and differentiation in vitro. (A) many neurospheres derived from cerebral parenchyma of
newborn rat for 5 days (phase contrast). B through D showed differentiation of NSCS in the medium containing 10% calf
bovine serum: (B) MAP2-positive neurons, (C) GFAP-positive astrocytes, (D) Galc-positive oligodendrocytes. (E) NSCs/GDNF
were observed in fluorescent microscope. (F) differentiation of NSCs/GDNF in vitro for 5 days (fluorescent image).
(G) RT-PCR showed strong GDNF mRNA in the NSCs/GDNF (M, marker; 1 GDNF/NSCs in vitro for 5 days, 2 NSCs in vitro
for 5 days). A: bar=100 μm; B through F: Bar=200 μm.
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significant reduction of total lesion volume in the GDNF/NSCs
ratswas observedonly at oneweekafter reperfusioncompared
with NSCs rats (Fig. 2B, P<0.01).

2.4. Distribution of NSCs after NSCs and GDNF/NSCs
transplantation

In the control group, no GFP-positive or BrdU-positive NSCs
were observed. The grafted NSCs in NSCs and GDNF/NSCs
groups were detected predominantly in the ischemic lesion
regions, and the distributive pattern of grafted NSCs in both
groups was similar. One week after reperfusion, the positive
cells in both groups were predominately located in the ipsilat-
eral ventricle, but some migrated into the ischemic frontopar-
ietal cortex and striatum. Two weeks after reperfusion, the
positive cells residing ischemic frontoparietal cortex and
striatum were increased. The positive cells at 3, 5 and
7 weeks after reperfusion were significantly more than those
at 1 and 2 weeks after reperfusion within each group,
respectively (Figs. 3D to G).

At 1, 2, 3, 5 and 7 weeks after reperfusion, the NSCs in the
ischemic regions in the GDNF/NSCs group were significantly
more than those in the NSCs group (Fig. 3H, P<0.05).

2.5. Upregulation of synaptic protein introduced by the
transplantation

The Syp-immunoreactive productmainly appeared in the nerve
fibers at the striatum, hippocampus andhypothalamus (Figs. 4A
to C). The optical density of Syp-immunoreactive product in the
NSCsorGDNF/NSCsgroupwassignificantly increasedcompared
to control group. Moreover, enhanced expression of Syp-protein
in the GDNF/NSCs group at 2 and 3 weeks after reperfusion was
detected compared to the NSCs group (Fig. 4M, P<0.05).

The PSD-95 immunoreactive product existed in the cyto-
plasm and process of neuron throughout the parenchyma, but



Fig. 2 – (A) Neurological functional test by mNSS after MCAO.
Groups were as follows: control group, MCAO with saline
infusion; NSCs group, MCAO with NSCs (5×105 cells);
GDNF/NSCs group, MCAO with NSCs/GDNF transplantation
(5×105 cells) at 3 days after reperfusion. *P<0.05 vs NSCs
group, #P<0.05 vs control group. (B) Lesion volume
after MCAO in these groups. These values were calculated
as: (volume of healthy side−volume of lesion side)/
(volume of healthy side)×100 (%). #P<0.05 vs control group,
*P<0.001 vs NSCs group.
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it was mainly present in the ischemic cortex, striatum and
hypothalamus (Figs. 4D to F). The optical density of PSD-95
immunoreactive product in GDNF/NSCs and NSCs groups was
significantly increased compared to the control group, respec-
tively. Furthermore, the expression of PSD-95 protein in the
GDNF/NSCs groupwas increased significantly compared to the
NSCs group at given time (Fig. 4N, P<0.05).

2.6. Decreased expression of caspase-3 and TUNEL-
positive cells introduced by the transplantation

Caspase-3 (Casp-3) positive cells mainly located in the
ischemic hippocampus and cortex (Figs. 4G to I). The number
of the positive cells of the ischemic cortex in the GDNF/NSCs
and NSCs groups was significantly decreased compared to the
control rats, respectively. Moreover, the number of caspase-3
positive cells in the GDNF/NSCs at 2, 3, 5 and 7 weeks after
reperfusion was decreased significantly in comparison with
the NSCs group (Fig. 4O, P<0.05).

In all rats, TUNEL-positive cells were mainly presented in
ischemic striatum and frontoparietal cortex, and hippocam-
pus in the ipsilateral hemisphere (Figs. 4 J to L). The profile of
TUNEL-positive cell in all rats was similar. At one week of
reperfusion, the number of TUNEL-positive cells was more,
and decreased with time going. At 1 to 7 weeks of reperfusion,
TUNEL-positive cells in NSCs and NSCs/GDNF grafting were
significantly fewer compared to control rats. Furthermore,
TUNEL-positive cells in NSCs/GDNF rats were significantly
decreased in comparison with NSCs rats ((Fig. 4P, P<0.05).

2.7. Increased expression of BDNF and NT-3 after
transplantation

As shown in Fig. 5, compared to the control group, grafting
GDNF/NSCs and NSCs significantly increased BDNF protein
expression by Western blotting analysis in rats subjected to
MCAOat different time points of reperfusion. BDNF expression
peaked at 3 weeks after reperfusion in both GDNF/NSCs and
NSCs group. Moreover, significantly increased BDNF protein in
GDNF/NSCs group was detected compared to NSCs group at
different time points of reperfusion (P<0.05, Fig. 5). In contrast,
significant increase of NT-3 protein in GDNF/NSCs and NSCs
group at 1 week after reperfusion was detected compared to
control group, and GDNF/NSCs significantly increased NT-3
protein expression compared to NSCs group at 1 week of
reperfusion (Fig. 5, P<0.01). No significant increase of NT-3
protein in GDNF/NSCs and NSCs group at 2, 3, 5 and 7 weeks
was observed compared to control group (Fig. 5, P>0.05).
3. Discussion

Our data show that transplantingNSCsmodified byGDNF gene
into rats subjected to ischemic stroke significantly improves
functional outcome, and decreases lesion volume compared
with control group. The number of grafted cells of host brain in
the GDNF/NSCs group was significantly more than that in the
NSCs group. The expression of synaptic protein in the GDNF/
NSCs group was significantly increased compared with NSCs
group, while the expression of caspase-3 protein and TUNEL-
positive cells in the GDNF/NSCs group was significantly
decreased compared with NSCs group.

Some reports showed that transplantation of NSCs may
ameliorate the neurological deficits and recover the lost
functions after stroke (Chu et al., 2003; Chu et al., 2004a,b;
Toda et al., 2001), but Harting et al. reported that rotarodmotor
testing revealed significant increase in maximal speed among
NSC-treated rats after traumatic brain injury compared with
saline, all other motor and cognitive evaluations were not
significantly different (Harting et al., 2009). Moreover, Zhu
et al. reported that NSCs implantation after stroke didn't
significantly improve neurological functions evaluated by
mNSS (Zhu et al., 2005). In contrast, our results showed that
neurological functions in the NSCs and GDNF/NSCs groups



Fig. 3 – Photomicrographs show route and distribution of grafted NSCs in a recipient rat. A to B: H and E staining shows
NSCs (↑) in the choroid plexus of lateral ventricle (A) and corpus callosum (B) at 1 week after reperfusion in NSCs group.
C: choroid plexus of lateral ventral in control group at 1 week by H and E staining. D and E: immunohistochemical
staining shows GFP-positive NSCs in the striatum of the NSCs/GDNF group at 1 and 5 weeks after reperfusion,
respectively; F and G immunohistochemical staining shows BrdU-positive NSCs in the striatum of NSCs group at 1 and
5 weeks after reperfusion, respectively. The number of GFP or BrdU-positive cells in ischemic striatum and frontoparietal
cortex are shown (H). *P<0.05 vs NSCs group. Bar=200 μm.
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were significantly improved compared with control group
evaluated by mNSS score from 1 to 7 weeks after reperfusion,
and greater effects in the GDNF/NSCs groupwere observed at 2
and 3 weeks after reperfusion compared with the NSCs group.

The underlying mechanisms by which transplanted NSCs
induce functional benefit after stroke are still not clear. In
order to explore this mechanism, the expression of synaptic
protein was detected. Our results showed that there were
more synaptic protein (Syn and PSD-95) in the GDNF/NSCs or
NSCs group than in the control rats (P<0.05), and significant
increase of synaptic proteins in the GDNF/NSCs group was
detected compared with NSCs group (P<0.05). Enhanced
expression of synaptic proteins may suggest enhanced func-
tion of neurons and possible reconstruction of neural circuitry
after NSCs grafting, especially GDNF/NSCs grafting. Moreover,
new synaptic structures between NSCs-derived neurons and
host neurons were detected at 4 weeks after reperfusion (Lu
et al., 2003); in vitro NSC-derived neurons were shown to
exhibit functional synaptic formation by them in approxi-
mately 2–4 weeks after differentiation (Song et al., 2002).
Taken together, reconstruction of neural circuitry may con-
tribute to part of the functional recover after stroke.

Up to now, a continuous observation of lesion volume has
not been reported after NSCs grafting. Ishibashi et al. reported
that the total infarction volume in the NSC-grafted animals
was reduced significantly compared with control group at



Fig. 4 – A through C show expression of synaptophysin (Syp) in the striatum of the GDNF/NSCs, NSCs and control groups
at 2 weeks after reperfusion, respectively; D through F show expression of PSD-95 in the frontoparietal cortex of the
GDNF/NSCs, NSCs and control groups at 5 weeks after reperfusion; G through I show caspase-3 (Casp-3) expression
in the frontoparietal cortex of the GDNF/NSCs, NSCs and control groups at 3 weeks after reperfusion, respectively.
J through L show TUNEL-positive cells in frontoparietal cortex of the GDNF/NSCs (J), NSCs (K) and control groups
(L) at 2 weeks after reperfusion. The optical density of synaptophysin (M) and PSD-95 (N) and the number of caspase-3
positive cells (O) and TUNEL (P) are shown. *P<0.05 vs NSCs, #P<0.05 vs control group. Bar=200 μm.
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4 weeks after transplantation (P<0.05) (Ishibashi et al., 2004).
Chu et al. reported that the infarct size in the NSCs grafting
was not statistically different at 7 days after stroke compared
with control group (Chu et al., 2004a,b), but it was significantly
decreased compared with ischemia group at 5 weeks in his
another paper (Chu et al., 2005). In our results, significant
reduction of lesion volume in the GDNF/NSCs and NSCs group
was detected compared with control group. Although the
lesion volume in the GDNF/NSCs group at different times after
reperfusion was reduced compared to the NSCs group, no
significant reduction in the GDNF/NSCs group was detected
compared with NSCs group except 1 week after reperfusion
(4 days after transplantation) (P<0.01). Zhang et al. reported
that treatmentwith Ad–GDNF significantly reduced the infarct
volume when immediately administered after the reperfu-
sion, but became insignificant when administered at 1 h after



Fig. 4 (continued).
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the reperfusion as were the cases treated with vehicle-groups
(Zhang et al., 2002). The pathological mechanisms of transient
ischemia are complicated, including acute necrosis and
delayed apoptosis (Du et al., 1996; Charriaut-Marlangue et
al., 1996). Acute necrosis is mainly due to rapid blockade of
regional blood flow. In contrast, delayed apoptotic process is
theoretically controlled. When GDNF/NSCs or NSCs were
transplanted in the present study at 3 days after reperfusion,
delayed apoptosis was interfered. Exogenous GDNF and NTs
from host brain may prevent neuronal apoptosis (Harting et
al., 2009; Yuan et al., 2001) and reduce the injury volume. It
was possible that GDNF protein derived from grafted NSCs
peaked at 4 days after reperfusion, which significantly
reduced the number of apoptotic cells, therefore reduced the
injury volume. In addition, present results showed that
caspase-3 protein and TUNEL-positive cells in the GDNF/
NSCs group was decreased significantly compared with NSCs
group, which strongly suggested that GDNF may protect
neuron by way of inhibiting apoptosis.
In addition, our results showed the number of grafted
cells in the GDNF/NSCs rats was more than that in the NSCs
rats. Moreover, the grafted NSCs in the GDNF/NSCs
appeared some neurites from 3 to 7 weeks after reperfusion.
These strongly suggested that grafted NSCs modified by
GDNF gene exhibited higher surviving rate and differentia-
tion of grafted NSCs in host brain tissue after stroke, which
are very crucial for improving NSCs therapeutic effect for
stroke. The underlying mechanism may be due to the fact
that GDNF/NSCs grafting increased protein expression of
BDNF and NT-3, which is crucial for neuron survival. The
recovery of neurological behavior and pathological changes
of injured tissue may partly result from more survival of
grafted NSCs.

In conclusion, we have demonstrated that grafting NSCs
modified by GDNF gene significantly improves functional
recovery, promotes survival of grafted cells, and enhances
expression of synaptic protein, BDNF and NT-3 and
decreases caspase-3 protein compared with NSCs grafting



Fig. 5 – Western blotting analyzing BDNF and NT-3 protein expression in the ipsilateral hemisphere in rats subjected to
MCAO and following GDNF/NSCs and NSCs transplantation. GAPDH was the internal control. Each value represents
mean±SD (n=3). #P<0.01 vs control group; *P<0.01 vs NSCs group.

8 B R A I N R E S E A R C H 1 2 8 4 ( 2 0 0 9 ) 1 – 1 1
alone. These results suggest that GDNF/NSCs grafting
provides better neuroprotection for stroke than NSCs graft-
ing alone.
4. Experimental procedures

4.1. Animals

Adultmale or femaleWistar ratsweighing 250–300 gwere used
in all experiments (inbred strain, Animal House Center, third
Military Medical University, Zhongqing, PR China). Animals
were housed in a colony room under controlled temperature,
humidity, and a 12-h light/dark cycle, with food and water
available throughout animal experiments. Animal care and
experimental protocols were approved by the Chinese Acad-
emy of Sciences, PR China, ensuring that animal numbers and
sufferingwere kept to theminimum. All the experiments were
conformed to the international guidelines on the ethical use of
animals.
4.2. pAdEasy-1-pAdTrack CMV vector expressing rat
GDNF gene

We prepared a pAdEasy-1-pAdTrack CMV vector expressing
the rat GDNF gene (pAdEasy-1-pAdTrack CMV-GDNF) (Yan et
al., 2005). Adeasy-1 plasmid contains gene of green fluorescent
protein (GFP). To determine viral concentration, the viral
solution was incubated in 0.1% sodium dodecyl sulphate and
A260 was measured. The viral titres of pAdEasy-1-pAdTrack
CMV-GDNF was l×109 PFU/mL. The GDNF virus solution was
kept at −80 °C for NSCs transfection.

4.3. Isolation and differentiation of NSCs in vitro

Primary NSCs were isolated from cerebral cortex of newborn
Wistar rats as described previously (Yin et al., 2005). Many
neurospheres were observed at 7 days of culture. After
passaging two generations, neurospheres were dissociated
into single cells by incubation in 0.1% trypsin-ethylenediamine
tetra-acetic acid at 37 °C for 2 min and then centrifugation in



Table 1 –Modified Neurological Severity Score points.

Motor tests

Raising rat by tail 3
Flexion of forelimb 1
Flexion of hindlimb 1
Head moved>10° to vertical axis within 30 s 1
Placing rat on floor (normal=0; maximum=3) 3
Normal walk 0
Inability to walk straight 1
Circling toward paretic side 2
Falls down to paretic side 3
Sensory tests 2
Placing test (visual and tactile test) 1
Proprioceptive test (deep sensation, pushing paw against
table edge to stimulate limb muscles)

1

Beam balance tests (normal=0; maximum=6) 6
Balances with steady posture 0
Grasps side of beam 1
Hugs beam and 1 limb falls down from beam 2
Hugs beam and 2 limbs fall down from beam, or spins on
beam (>60 s)

3

Attempts to balance on beam but falls off (>20 s) 5
Falls off; no attempt to balance or hang on to beam (<20 s) 6
Reflex absence and abnormal movements 4
Pinna reflex (head shake when auditory meatus is touched) 1
Corneal reflex (eye blink when cornea is lightly touched
with cotton)

1

Startle reflex (motor response to a brief noise from
snapping a clipboard paper)

1

Seizures, myoclonus, myodystony 1
Maximum points 18

One point is awarded for inability to perform the tasks or for lack of
a tested reflex: 13–18, severe injury; 7–12,moderate injury; 1–6, mild
injury.
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10 ml of Dulbecco's modified Eagle's medium-F12 (DMEM-F12)
medium containing 4% bovine serum albumin at 110 ×g for
5 min. For immunocytochemistry, neurospheres from single
cells were grown on coverslips with serum-freemedium for 3–
7 days and processed for immunocytochemistry. Cultures
were fixed by 4% paraformaldehyde for 30 min. The cells were
incubated with blocking solution (2% bovine serum albumin
and 0.1%TritonX-100 in 0.1mol/L of PBS, pH 7.6) for 20min in a
moisture chamber to block nonspecific binding. The cells were
then incubatedwithmonoclonal nestin antibody (amarker for
NSCs, 1:100 dilution, DAKO, Denmark) overnight at 4 °C. The
next day, cells were washed in PBS three times for 5 min each
time and then incubated with a secondary antibody perox-
idase-conjugated rabbit anti-mouse IgG (1:100 dilution, Santa
Cruz Bioctechnology, USA) at 37 °C for 2 h. After washing three
times in PBS, cells were incubated with avidin–biotin complex
(1:100 dilution, Santa Cruz Bioctechnology, USA) at 37 °C for 1
and a half hours, Diaminobenzidine (DAB, Sigma, USA) was
then used as a chromogen for light microscopy. A negative
control was carried out using the same procedures without
primary antibody.

To observe the differentiation of NSCs in vitro, the neuro-
spheres were transferred to coverslips coated with poly-L-
lysine (10 μg/mL, Sigma) and cultured in DMEM-F12. After
2 days of culture, NSCs were differentiated using DMEM-F12
with 10% fetal bovine serum medium. Cells were then fixed
with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.2)
and labeled with cell-specific markers for neurons (micro-
tubule-associated protein 2, MAP-2, 1:200 dilution, Boehringer
Mannheim), astrocytes (glial fibrillary acidic protein, GFAP,
1:200 dilution, DAKO, Denmark), and oligodendrocytes (galac-
tocerebroside, Galc, 1:100 dilution, DAKO, Denmark). Then the
similar procedures as above were performed. A negative
control was carried out using the same procedures without
primary antibody.

4.4. Transfection of NSCs with GDNF recombinant virus
solution

The neurospheres of NSCs were gently triturated into single-
cell suspension at a density of 1.25×106cell/mL. 200 μL single-
cell suspensions were seeded in each well of a 24-well plate.
5 μL GDNF virus solution was then added to each well and was
incubated for 2 h at 37 °C in a 5% CO2 incubator. After adding
300 μL culture medium in each well, the mixed medium was
further incubated for 48 h. The cell suspension was then
centrifuged, and the GDNF-transfected NSCs (GDNF/NSCs)
were harvested for grafting. The expression of GDNF in NSCs
was examined by a reverse transcriptase-polymerase chain
reaction (RT-PCR) assay 4 days after transfection.

4.5. Stroke treatment with transplantation of GDNF/NSCs
and NSCs

4.5.1. Animal transient middle cerebral artery occlusion
model
AdultmaleWistar rats (n=75, weighing 250 to 300 g) were used
in our experiment. Briefly, rats were anesthetized with 1%
pentobarbital sodium in 0.9%NaCI (30 mg/kg, i.p.). Rectal
temperature was controlled at 37 °C with a feedback-regulated
water heating system. Transient (2 h) middle cerebral artery
occlusion (MCAO)was induced by using a previously described
method of intraluminal vascular occlusion (Yuan et al., 2007).

4.5.2. Implantation procedures and experimental groups
Single-cell suspension was prepared at a density of 2.5×107

cells/mL for transplantation. For labeling in vivo in the NSCs
group, NSCs were pretreated with 10 μM of 5-bromo-2′-
deoxyuridine (BrdU) for 3 days before grafting.

At 3 days after reperfusion, the animals were reanesthe-
tized with pentobarbital sodium and then placed in a stereo-
taxic frame (Angle Two™ Stereotaxic Instrument w/Rat Atlas
Product: #464601, USA). An incision was made to expose
bregma. Burr holes were drilled for ipsilateral lateral ventricle
(AP=−0.8 to 1.0 mm, L=−1.8 to 2.0 mm, V=−4.0 to 5.0 mm).
5×105 cells (NSCs, GDNF/NSCs) in the total 20 μL fluid were
transplanted into ipsilateral lateral ventricle at a speed of 5 μL/
min. The control group underwent the same injection with
20 μL saline. Immunosuppressants or antibioticswerenot used
in all animals.

4.5.3. Neurological functional tests
Pre-MCAO and Post-MCAO, all rats were housed in a colony
room under controlled temperature, humidity, and a 12-h
light/dark cycle, with food and water available, A modified
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Neurological Severity Score (mNSS) test was performed at
3 days (implantation time point) and 1, 2, 3, 5, 7 weeks after
reperfusion by an investigator who was blinded to the expe-
rimental groups as described previously (Chen et al., 2001). The
mNSS is graded on a scale of 0 to18 (normal score, 0; maximal
deficit score,18). In the severity scores of injury, 1 score point is
awarded for the inability to perform the test or for the lack of a
tested reflex; thus, the higher the score, the more severe is the
injury (seen in Table 1).

4.5.4. Histological and immunohistochemical assessment
At the end of the given time, animals were anesthetized
deeply with pentobarbital sodium, sacrificed, and fixed by
perfusion with 4% paraformaldehyde. The brain was sec-
tioned into 7 equally spaced (2 mm) coronal blocks and was
embedded in paraffin. The 6-μm coronal sections were
stained with hematoxylin/eosin (H and E) for calculation of
the ischemic lesion areas, which were traced using NIH
Image software (Image-Pro PlusTM, Media Cybernetics), and
the total lesion volume (indirect lesion volume) of the
ipsilateral hemisphere was calculated as a percentage of the
volume of the contralateral hemisphere, as reported pre-
viously (Swanson et al., 1990).

Immunohistochemical staining was used to identify
grafted cells in vivo and assess the expression of synaptic
protein and apoptotic protein. Briefly, a series of 6 μm-thick
sections at various levels (for bregma −0.2 to −1.6 mm) were
selected. After deparaffinization, sections were placed in
boiled citrate buffer (pH 6.0) within a microwave oven (650 to
720 W). After being blocked in normal 5% horse serum at 37 °C
for 30 min, Sections were treated with primary antibodies: the
monoclonal antibody against Brdu (1:100 dilution; DAKO) or
polyclonal rabbit antibody against GFP (1:100 dilution, DAKO),
monoclonal antibody against synaptophysin (Syp, a marker of
presynaptic protein, 1:100 dilution, Wuhan Boster Biological
Technology, China), postsynaptic synaptic protein-95 (PSD-95,
for a marker of postsynaptic elements, 1:100 dilution, Wuhan
Boster Biological Technology, China) and caspase-3 (a marker
of apoptosis, 1:100 dilution, Santa Cruz Bioctechnology, USA).
After sequential incubation with biotinylated IgG, the sections
were treated with an HRP-streptavidin (SP kit, Wuhan Boster
Biological Technology, China), DAB was then used as a
chromogen for light microscopy. Counterstaining of the
sections by hematoxylin was also performed. All incubations
were performed in a humidified chamber. Negative control
sections from each animal were identically stained, except
that the primary or the secondary antibody was omitted.

4.6. In situ detection of DNA fragmentation (TdT-mediated
dUTP–biotin nick-end labeling, TUNEL)

TUNEL was employed to identify the number of cell exhibiting
DNA fragmentation by means of light microscope as pre-
viously described (Gavrieli et al., 1992). Briefly, after depar-
affinizing, the protein in brain sections was digested using the
proteinase K and quenching endogenous peroxidase activity
with 2%H2O2 in PBS. The slideswereplaced in the equilibration
buffer and then in working-strength TdT enzyme, followed by
working-strength stop/wash buffer. After 2 drops of anti-
digoxigenin-peroxidase were applied to the slides, peroxidase
was detected with DAB. Negative controls were performed
using the distilled water for TdT enzyme in the preparation of
working-strength. Sections were counterstained with
hematoxylin.

4.7. Western blotting analysis for BDNF and NT-3 protein

Rats in each experimental group (n=3) were decapitated, and
forebrain tissue was immediately obtained. Each specimen
was dissected on a bed of ice into hemisphere ipsilateral to
the MCAO. The segments were quick frozen in isopentane
and stored at −80 °C until homogenization. Then, these
segments were thawed on ice, and wet weight in grams was
rapidly measured. The tissue pieces were homogenized by
adding a 1:5 tissue weight to protein extraction buffer,
containing 0.9% NaCI, 7 mM β-mercaptoethanol, 50 mM
Tris–HCl (pH 7.5), 2 mM EDTA, and 1% sodium dodecyl
sulphate (SDS), in a glass homogenizer. The protein concen-
tration of samples was determined using a BCA protein assay
kit (Beyotime Institute of Biotechnology, China). Homogenate
samples (50 μg) were mixed with an equal volume of a sample
buffer and heated at 95 °C for 5 min and resolved by SDS-7.5%
polyacrylamide gel electrophoresis (PAGE) and transferred
onto nitrocellulose membranes. Blots were blocked at room
temperature for 1 h in a blocking buffer, Tris-buffered saline-
Tween (TBS-T) containing 5% driedmilk. Blots were incubated
in the primary antibody, mouse anti-rat BDNF (A and D, USA,
dilution 1:500), NT-3 (A and D, USA, dilution: 1:500) and
GAPDH (dilution: 1:1000), diluted in the blocking buffer for 1 h
at room temperature and were washed extensively with TBS-
T. They were then incubated in a horseradish peroxidase-
conjugated secondary antibody, diluted in the blocking buffer
(dilution: 1:1000) for 1 h and washed for an additional hour.
The protein band of interest was visualized using an ECL
chemiluminescence system (ECL plus; Amersham Bios-
ciences, NJ, USA) and the density of each band was quantified
by using an image analysis software. GAPDH was the internal
control.

4.8. Image analysis and statistical analysis

The number and optical density of immunoreactive product
in the coronal section from bregma −0.2 to −1.4 mm were
counted in 3 to 4 sections per animal (n=5). The number of
positive cells and optical density for immunohistochemical
staining were measured on each section using a computer-
based C-CCD camera system (Olympus BX 40; Olympus
optical Co., Tokyo, Japan Olympus, DP70). Syp and caspase-3
were measured in the striatum and hippocampus of
ipsilateral cerebral tissue under a 40× objective lens. PSD-95,
TUNEL-positive cells and grafted NSCs were measured in the
striatum and frontoparietal cortex of ipsilateral cerebral tissue
under a 40×objective lens.

All data study are presented as means±SD. Differences
between mean values for different times within a group
were analyzed using one-way ANOVA, followed by post hoc
tests. And independent sample t-test was performed to
detect the difference between mean values for the same
time points among these groups. Statistical significance was
set at P<0.05.
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