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Abstract

Background: Neurogenin2 (Ngn2) is a proneural gene that directs neuronal differentiation
of progenitor cells during development. Here, we investigated whether Ngn2 can reprogram
MSCs to adopt a neural precursor fate and enhance the therapeutic effects of MSCs after
experimental stroke. Methods: In vitro, MSCs were transfected with lenti-GFP or lenti-Ngn2.
Following neuronal induction, cells were identified by immunocytochemistry, Western blot
and electrophysiological analyses. In a stroke model induced by transient right middle
cerebral artery occlusion (MCAOQ), PBS, GFP-MSCs or Ngn2-MSCs were injected 1 day after
MCAO. Behavioral tests, neurological and immunohistochemical assessments were performed.
Results: In vitro, Ngn2-MSCs expressed neural stem cells markers (Pax6 and nestin) and lost the
potential to differentiate into mesodermal cell types. Following neural induction, Ngn2-MSCs
expressed higher levels of neuron-specific proteins MAP2, Tuj1 and NeuN, and also expressed
voltage-gated Na+ channel, which was absent in GFP-MSCs. In vivo, after transplantation,
Ngn2-MSCs significantly reduced apoptotic cells, decreased infarct volume, and increased
the expression of VEGF and BDNF. Finally, Ngn2-MSCs treated animals showed the highest
functional recovery among the three groups. Conclusions: Ngn2 was sufficient to convert
MSCs into a neural precursor fate and transplantation of Ngn2-MSCs was advantageous for
the treatment of stroke rats.
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Introduction

Stroke, the number one cause of disability and a major cause of death, is characterized
by progressive neurologic deficits [1]. Currently, there are no effective therapeutic
approaches available besides thrombolytic treatment, which has a narrow time window and
limited availability [2]. Preclinical studies suggested that cell transplantation may be one
potential strategy for the treatment of stroke [3-6]. A surprising variety of cells have been
demonstrated to reverse neuronal deficits associated with stroke, including mesenchymal
stem cells (MSCs), neural stem cells (NSCs), embryonic stem cells, and induced pluripotent
cells.

Transplantation of MSCs several hours to days after induction of stroke can reduce infarct
size and improve functional outcome in rodent stroke models [7-9]. However, the proportion
of neurons differentiated from MSCs was limited. NSCs represent an excellent cell therapy
choice and have been widely employed in pre-clinical stroke studies with encouraging results
[10, 11]. Recent meta-analysis of preclinical studies employing intravenous cell delivery
indicated that NSCs yielded the greatest behavioral recovery when compared to MSCs
or other cell types [12]. However, human neural tissue is generally obtained from which
restricts their supply, while fetal NSCs derived from aborted human fetuses is associated
with ethical controversies. Therefore, how to obtain NSCs without ethical problems remains
a great challenge.

Recently, several studies have shown that defined sets of transcription factors can
reprogram somatic cells into induced NSCs, which express multiple NSC-specific markers
(Pax6, Nestin, sox2, and Olig2), and are capable of self-renewal and differentiating into
electrophysiologically functional neurons [13, 14]. In the present study, we investigated
whether Ngn2, a proneural gene that directs neuronal differentiation of progenitor cells,
could reprogram MSCs into NSCs. In addition, we also studied whether transplantation of
Ngn2-MSCs could reduce infarct volume and improve functional recovery effectively in a rat
stroke model in vivo.

Materials and Methods

Animals

The laboratory animals used in all experimental procedures were provided by the Department of
Animal Experiments, Nanjing Medical University. Animal studies were approved by the Animal Experimental
Committee of the Nanjing Medical University and the procedures complied with relevant laws.

Isolation and Culture of MSCs

Primary rat MSCs were isolated from male Sprague-Dawley rats (60-80 g). After sacrifice of rats, the
tibias, femurs, and humeri were dissected and the bone marrow was flushed out with 0.01M phosphate
buffered saline (PBS) using a needle and syringe. After centrifugation, the pellet was suspended in cell
culture medium Dulbecco’s Modified Eagle Medium (DMEM) with 10% fetal bovine serum and 1% penicillin/
streptomycin, plated on a 25-cm? plastic flask at a density of 1x10° cells/cm? and incubated in a humidified
atmosphere with 5% CO, at 37 °C. After 24 hours, non-adherent cells were removed and fresh complete
medium was added and replaced every 3 days thereafter. When the cultures reached 90% confluence, MSCs
were passaged. The cells were analyzed by flow cytometry for CD45, CD105, CD44 and CD34 [15].

Lentivirus Transduction and Neuronal Differentiation

Lentivirus transfection of MSCs was performed as previous reports [16, 17]. The vector of lenti-Ngn2
contains a neomycin resistance gene for establishing a stable cell line and a coral GFP gene for tracking
transfection efficiency, driven by the CMV promoter and SV40 promoter, respectively. The vector uses the
Rous sarcoma virus (RSV) enhancer/promoter joined with HIV 5’LTR (PRSV/5'LTR) and HIV 3'LTR for viral
transcription and packaging. For infections, 5x10° MSCs were exposed to 7x107 virus particles for 24 hours.
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To induce neuronal differentiation, cells were grown on poly-D-lysine/collagen-coated culture dishes
or coverslips in L-DMEM/2% FBS containing 10 ng/ml epidermal growth factor and 20 ng/ml basic
fibroblast growth factor for 5 days, and then in L-DMEM/2% FBS medium containing 20 ng/ml brain-
derived neurotrophic factor (BDNF) for 2 weeks.

Immunocytochemistry

MSCs, GFP-MSCs and Ngn2-MSCs were fixed and immunostained with rabbit anti-microtubule-
associated protein 2 (MAP2) (1:100; Sigma-Aldrich), rabbit-anti beta III Tubulin (Tuj1) (1:200; Chemicon)
followed by either goat anti-rabbit Alexa-647 (1:500; Abcam) or goat anti-rabbit Alexa-555 (1:500, Abcam).
Nuclei were counterstained with DAPI (Sigma). Labeling was imaged using a confocal laser-scanning
microscope (Olympus LSM-GB200, Tokyo, Japan) and epifluorescent images were acquired using a Zeiss
Axiophot microscope.

Western Blot Analysis

Samples containing equivalent amounts of protein (20 ug) were separated by SDS-PAGE using 10%
acrylamide gradients. Following electrophoresis, the separated proteins were transferred onto transferred
to polyvinylidene difluoride (PVDF) membranes (Bio-Rad). Membranes were incubated with a blocking
solution [5% non-fat dried milk dissolved in Tris-buffered saline with 0.1% Tween-20 (TBS-T) for 1 h,, and
then incubated overnight at 4 °C with the following antibodies: rabbit anti-neurogenin2 (1:1000, Abcam),
rabbit anti-VEGF (1:1000, Abcam), rabbit anti-BDNF (1:500, Abcam), rabbit anti-nestin (1:500, Abcam),
rabbit anti-pax-6 (1:500, Abcam), rabbit anti-MAP2 (1:500, Chemicon), rabbit anti-Tuj1 (1:500, Chemicon),
or mouse anti-NeuN (1:200, Chemicon). The internal control was f-actin antibody (1:1000; Sigma-Aldrich,
St Louis, MO, USA). After several washes with TBST buffer, the membranes were incubated for 1 hour at
room temperature with horseradish peroxidase-linked secondary antibody. The membranes were then
processed with enhanced chemiluminescence western blot detection reagents (Pierce Biotechnology Inc.,
Rockford, IL, USA). The films were scanned and densitometry was performed using the ‘Quantity One’
image software (Bio-Rad Laboratories Inc., Hercules, CA, USA). The relative level of protein was quantified
from the scanned films.

Electrophysiological Analyses

The bath solution was 140 mM NacCl, 5 mM KCI, 1 mM CaClZ, 1 mM MgClz, 10 mM glucose, and 10 mM
HEPES, and the pipette solution was 140 mM KCl, 5 mM NaCl, 1mM CaClZ, 10 mM HEPES, 5 mM EGTA, and 2
mM Mg-ATP, pH7.3. Electric currents were amplified using either an Axopatch-1C patch-clamp amplifier or
an Axopatch 200B patch-clamp amplifier (Axon Instruments/Molecular Devices Corp., Foster City, CA). The
signals were amplified with and digitized by an analog-to-digital interface (Gould 1425 [Gould Instruments,
Hainault, U.K.] or Digidata 1320 [Axon Instruments]) and analyzed using the Clampfit version 6.0.3 software
package or pClamp8.2 (Axon Instruments).

Experimental Groups

Adult (250-270 g) male SD rats (n=69) were divided into the following groups: a PBS group (n =23),
a GFP-MSCs group (n =23) and an Ngn2-MSCs group (n=23). Six animals per group were sacrificed 14
days after MCAO to measure the infarct volume by 2, 3, 5-triphenyltetrazolium chloride (TTC) staining. On
14 days following MCAO, 6 rats per group were sacrificed for assess neural differentiation and paracrine
factors. Six animals per group were used in behavioral tests and were sacrificed at 4 weeks. To count
terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL)-positive cells in the cortex of the
ischemic hemisphere, 5 rats were sacrificed at day 10.

Middle Cerebral Artery Occlusion Model

Anesthesia of adult male Sprague-Dawley rats weighing 250-270 g was induced with 10% chloral
hydrate (0.35 ml/100 g, i.p.). Rectal temperature was maintained at 37 °C throughout the surgical
procedure, using an electronic temperature controller linked to a heating pad. Transient middle cerebral
artery occlusion (MCAQ) was induced as previous [18] with a slight modification. Briefly, the right common
carotid artery, external carotid artery, and internal carotid artery were exposed through a ventral midline
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incision. A 4-0 monofilament nylon suture with a rounded tip was introduced into the CCA lumen and gently
advanced into the ICA until it blocked the bifurcating origin of the MCA. At 1.5 hours after occlusion, animals
were reanesthetized and reperfused by withdrawing the suture until the tip cleared the lumen of the CCA.

The degree of functional deficit at 60 min post occlusion was scored using a scoring system based on
previous report [19]. Briefly, (0) no observable deficit; (1) forelimb flexion; (2) as for 1, decreased resistance
to lateral push without circling (3) same behavior as grade 2, with circling (4) no movement or unconscious.
Rats with scores of 2-3 were included and others (5 rats) were excluded from the study. Additionally, 3 rats
were excluded from this study because of hemorrhage or death during or soon after surgical procedure.
Finally, 69 of 77 rats were included in the present study.

Cell transplantation

Prior to transplantation, the GFP-MSCs and Ngn2-MSCs were incubated with 5 mg/mL bis-benzimide
(Hoechst 33258; Sigma) for 12 hours to label the nuclei fluorescently. One day after MCAO, the animals
were anesthetized as described above and received PBS, GFP-MSCs, or Ngn2-MSCs through a stereotactic
apparatus (Kopf Instruments, Tujunga); 5.0 x 10° MSCs in 10 ul of PBS were injected into the striatum (0.5
mm posterior; 3.5 mm from the bregma right to midline; 4.5 mm deep from the dura) based on the atlas
given by Paxinos et al [20], covering the ischemic perifocal territories. The needle was retained in the brain
for an additional 10 minutes to avoid donor reflux. An equal volume of PBS was used as a control.

Percentage Hemisphere Lesion Volume (%HLV)

At 14 days after MCAO, the rats were sacrificed to quantify ischemic damage. Brains were dissected
and cut into five coronal slices of 2-mm thickness, incubated in a 2% solution of TTC at 37 °C for 15 min
and immersion-fixed in 4% paraformaldehyde. TTC-stained sections were photographed and the digital
images were analyzed using image analysis software (Image-Pro Plus 5.1). The lesion volume was calculated
by multiplying the area by the thickness of slices. Relative infarct volume was normalized as previously
described [19], using the equation HLV(%)=[LT-(RT-RI)]/LTx100, where LT and RT represent the areas
of the left and right hemispheres, respectively, in square millimeters. Rl is the infarcted area in square
millimeters. Percentage Hemisphere Lesion Volume (%HLV) is expressed as percentages of the right
hemispheric volume.

Detection of the numbers of apoptotic cells

The apoptotic cells were detected using the TUNEL method. Briefly, free-floating, 20-um brain sections
were digested with proteinase K (Roche Molecular Biochemicals) and then covered with TUNEL reaction
mixture followed by converter-POD/wash buffer. Then, sections were reacted with diaminobenzidine (DAB,
Chemicon ES005-10ML). TUNEL-positive cells in the cortex of the ipsilateral hemisphere were counted in
five random high-power fields (x400) per slides. For each brain, a total 4 slides were selected.

Immunohistochemistry

Two weeks after transplantation, the expression of neuronal markers (MAP2 and neuron-
specific enolase (NSE) in Ngn2-MSCs and GFP-MSCs was assessed by immunohistochemistry. Standard
immunohistochemical procedures were performed as previously described [21, 22]. Briefly, rats were
anesthetized with chloral hydrate and perfused transcardially with ice-cold 0.9% saline followed by 4%
PFA. Brains were removed and fixed in 4% paraformaldehyde at room temperature overnight, transferred to
30% sucrose for 1-3 days at 4 °C, and then embedded in optimal cutting temperature compound (OCT). The
brain tissues surrounding the injection needle were cut at a thickness of 20 um by cryostat in the coronal
plane, and 6 sections were randomly selected. The sections were incubated in 0.5% Triton X-100 for 10
min to facilitate antibody penetration. After blocking in 5% normal serum for 60 min, brain sections were
incubated overnight at 4°C with the following antibodies: rabbit anti-MAP2 (1:100; Chemicon), and rabbit
anti-NSE (1:100). Then, the sections were incubated with Alexa Fluor 647-conjugated anti-IgG secondary
antibodies (1:200, Abcam) for 2 hours at room temperature and nuclei were counterstained with Hoechst
33258 (Sigma). Confocal images were taken by a confocal laser-scanning microscope (Olympus LSM-GB200,
Tokyo, Japan) and epifluorescent images were acquired using a Zeiss Axiophot microscope. The stained cells
in six random fields (x200) per each section were counted.
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Fig. 1. A. GFP-MSCs differentiated into adipocytes (oil red+), osteoblasts (silver nitrate+); Ngn2-MSCs
showed very low levels of oil red and silver nitrate activity. (X100) B. Western blot analysis of neural stem
markers reveals a significant increase in the levels of nestin and pax6 of Ngn2-MSCs. **=p< 0.01 vs MSCs,
##=p< 0.01 vs GFP-MSCs.

Behavioral Tests

Animals were pre-trained for 1 week. Behavioral tests were performed in all animals 2 days after
MCAO and then at 0, 7, 10, 14, and 28 days after MCAO. Modified Neurological Severity Scale (mNSS) scores
were used to evaluate the neurological function of each animal according to the method used by Chen et al
and Li etal [23, 24]. The NSS is a composite of motor, sensory, reflex, and balance tests. For adhesive removal
tests, square dots of adhesive-backed paper (100 mm?) were used as bilateral tactile stimuli occupying the
distal-radial region on the wrist of each forelimb. Animals were given three trials with a cutoff time of 250
s. The data are presented as the mean time to remove the left dot

Statistical Analysis

Sigma Stat Statistical Software (SPSS Inc) was used for all statistical analyses. All data represent at least
three independent experiments and one-way analysis of variance (ANOVA) was used. Neurological scores
were analyzed using repeated measures analysis of variance with independent variables of treatment groups
and days of testing, Results are expressed as means * standard deviations (SD). Statistical significance was
setat P <0.05.

Results

Reprogramming of MSCs into NSCs by NgnZ2

MSCs were isolated from male SD rats and identified by flow cytometry. These cells
showed high expression of CD44 and CD105, and were negative for CD34 and CD45 (data
not shown). MSCs were infected with Ngn2-expressing lentivirus with an efficiency of
approximately 85%. After gene transduction, western blotting demonstrated a significantly
increased in the level of Ngn2 protein compared with that seen in GFP-MSCs and parental
MSCs (data not shown).

Five days after transduction of Ngn2, western blot analysis revealed a significantly
increased in the levels of neural stem markers: nestin and pax6, when compared with those
in GFP-MSCs and parental MSCs (Fig. 1B). Moreover, Ngn2-MSCs could proliferate in growth
medium without apparent morphological changes, but lost the potential to differentiate into
mesodermal cell types, such as adipocytes and osteoblasts (Fig. 1A).
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Fig. 2. Neuronal differentiation of Ngn2-MSCs, GFP-MSCs, and MSCs. A. Immunocytochemistry reveled
expression of MAP2 and Tujl in GFP-MSCs and Ngn2-MSCs groups B. Western blot analysis showing the
expression of NeuN, MAP2, and Tujl in Ngn2-MSCs following neuronal induction. **=p< 0.01 vs MSCs,
##=p< 0.01 vs GFP-MSCs.
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Neural differentiation of Ngn2-MSCs derived NSCs in vitro

Immunocytochemistry for MAP2, NeuN and Tujl was performed to identify the
differentiated cells derived from Ngn2-MSCs. By day 10 following induction, Ngn2-MSCs
expressed MAP2 and Tuj1, markers of mature neurons (Fig. 2A), however, which were absent
in Ngn2-MSCs. Additionally, western blotting showed that the levels of NeuN, Tuj1 and MAP2
in Ngn2-MSCs derived cells were significantly higher than those derived from parental MSCs
and GFP-MSCs (Fig. 2B). Finally, patch-clamp recordings of MSC-derived cells performed
after 2 weeks of neuronal induction, indicating that Ngn2-MSCs expressed voltage-gated Na+
channel, which could be blocked reversibly by 0.5 uM TTX. No inward current was detected
in GFP-MSCs derived neurons (Fig. 3).

Ngn2-MSCs decreased Infarct Volume

The percentage hemisphere lesion volume (%HLV) was evaluated by TTC staining on
day 14 following MCAO. In the PBS group, the HLV spontaneously decreased to 38.28% =*
3.78% at day 14, and GFP-MSCs moderately reduced HLV to 32.62% * 1.97% at 14 days.
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Transplantation of Ngn2-MSCs decreased HLV to a lowest degree among the tested animals
on 14 days after MCAO (21.72% + 2.57%). (Fig. 4A)

Ngn2-MSCs improved functional recovery

One day after MCAO, Ngn2-MSCs, GFP-MSCs and PBS were injected into the striatum.
Analysis of motor functions was performed using the mNSS test and adhesive removal test.
As a result, animals received PBS injection spontaneously recovered to a limited degree
over 14 days and reached a plateau thereafter. Animals received GFP-MSCs transplantation
exhibited higher recoveries than PBS injected animals and the scores continued to decrease
thereafter. In addition, the Ngn2-MSCs treated animals showed the highest recovery among
the three groups. At 28 days, there are significantly differences between Ngn2-MSCs treated
and GFP-MSCs treated groups in adhesive removal test (49.92 + 19.55vs.99.97 + 27.02) (Fig.
4B) and mNSS test (3.17+1.15 vs. 5.16 + 1.17) (Fig. 4C).

Neural differentiation of Ngn2-MSCs after transplantation

To determine whether the Ngn2-MSCs could transdifferentiate into neuronal cells in
vivo, immunostaining for MAP2 and NSE was performed. The results showed that 32.40%
+4.90% and 28.46% * 2.05% of the transplanted Ngn2-MSCs were positive for MAP2 and
NSE, respectively. However, only 16.70% + 3.85% and 18.98% * 3.76% of the transplanted
GFP-MSCs expressed MAP2 and NSE, respectively. (Fig. 5)

Ngn2-MSCs increased paracrine factors expression

We measured VEGF and BDNF levels on 14 days after transplantation by western blot.
When compared with PBS control group, expression levels of VEGF and BDNF significant
higher in both GFP-MSCs and Ngn2-MSCs groups. In addition, in Ngn2-MSCs group, these
paracrine factors significantly increased than those in GFP-MSCs and PBS control groups
(Fig. 6A).

Ngn2-MSCs reduced cell apoptosis in vivo

TUNEL assays were carried out to detect the effect of transplantation on delayed cell
death in the penumbra regions such as ischemic cortex. In the PBS control group, a massive
amount of apoptosis were observed in the cortex 10 days after ischemic injury. However,
compared with PBS-treated group, TUNEL positive cells in the GFP-MSC and Ngn2-MSCs
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Fig. 5. In vivo differentiation of engrafted cells in the ischemic brain. A. Expression of Map2 in both Ngn2-
NSCs and GFP-MSCs. B. Expression of NSE in both Ngn2-NSCs and GFP-MSCs **=p<0.01 vs GFP-NSCs group.
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GFP-MSC and Ngn2-MSCs groups was significant (P < 0.05) (Fig. 6B).
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Discussion

In the current study, we showed that transfection with Ngn2 is sufficient to convert
the mesodermal cell fate of MSCs into a neural stem one, which expressed neural stem cells
markers and were capable of generating electrophysiologically functional neurons in vitro.
In vivo, transplantation of these Ngn2-MSCs decreased apoptotic cells, reduced the infarct
volume, increased expression of VEGF and BDNE, and further improved the neurological
functional recovery more effectively in a rat model of stroke than MSCs.

Mesenchymal stem cells (MSCs) can be found in various locations in the body, such as
adiposetissue, umbilical cord,and adenoid tissue [25-27]. Accumulated studies demonstrated
neuroprotective effect of MSCs in rats after MCAO [28]. However, after injected into injured
brain, MSCs often remained in an undifferentiated stem state and did not interact with
host cells [29]. Ngn2 is a member of the basic helix-loop-helix (bHLH) transcription factor
family, committing multipotent progenitors to a neuronal fate and inhibiting astrocytic
differentiation [30]. Berningeretal.[31] showed that Ngn2 possessed the ability to reprogram
astroglial cells from the early postnatal cerebral cortex to a truly neuronal fate. Combining
with other factors, Ngn2 combined with other factors can reprogram somatic cells to induced
neural stem cells (iNSCs) [32]. In this study, after Ngn2 transduction, as neural stem cells,
MSCs expressed neural stem markers such as Nestin and Pax6, which were also detected in
NSCs previously described [13, 14]. Coincidently, Ngn2-MSCs continuously proliferated in
growth medium but lost the potential to differentiate into adipocytes and osteocytes under
conditions in which naive MSCs easily differentiated into these mesodermal cell types [33].

We then detected whether Ngn2-MSCs could differentiate into functional neurons.
Following neural induction, compared with GFP-MSCs, immunocytochemistry showed that
a much more proportion of Ngn2-MSCs were positive for Tujl and MAP2, which was also
confirmed by western blot. Moreover, Ngn2-MSCs derived neurons could acquire voltage-
gated Na+ channels, which are critical elements for initiation and propagation of action
potential in neurons [34], but those were absent in MSCs [35]. These results indicated that
Ngn2-transfected might reprogram MSCs into a neural stem fate.

Previous studies have demonstrated that MSCs improved the neurological function
after stroke in rats [36]. After transplantation, animals received GFP-MSCs injected exhibited
higher motor recovery than PBS injected animals, which was accessed by adhesive removal
tests and mNSS tests. In the PBS group, the time-dependent functional recovery may be
due to compensatory neural plasticity or brain remodeling. Importantly, the Ngn2-MSCs
treated animals showed the highest motor recovery among the three groups, which may be
owing to that neural differentiation in the early period and paracrine effect of Ngn2-MSCs.
The moderate functional recovery with GFP-MSCs was also reported in other studies [35,
37]. Additionally, the alteration of infarct volume was coincident with the result of motor
improvement. Transplantation with GFP-MSCs did reduce lesion volume a rat stroke model
as previously described [38], and Ngn2-MSCs group showed a significantly greater reduction
in infarct volume than did the GFP-MSC engrafted group after 14 days of MCAO.

After transplantation, there are only 2%-20% transplanted MSCs typically differentiate
into neuronal cells [23, 39]. In this study, we found that approximately 15% of transplanted
GFP-MSCsadopteda MAP2+and NSE+neural cell fate, while othersremained undifferentiated.
Conversely, Ngn2-MSCs expressed neuronal markers such as MAP2 and NSE at a level that
was about 2-fold higher than that in GFP-MSCs. These differentiated cells may replace
the infracted tissues. However, a moderate to severe MCAO would cause more than 2x107
cells die, approximately 75% of which are neurons [40]. Thus, it is difficult to attribute all
functional recovery to the small number of cells replaced.

Many studies have shown that vascular and neuronal growth factors, such as VEGF and
BDNE, are shared between angiogenesis and neurogenesis during functional recovery from
brain injury [28, 41]. The present study indicated that transfection with Ngn2 increased
paracrine factors in the MCAO brain. The expression levels of VEGF and BDNF in the injured
cerebral tissues were significantly evaluated in Ngn2-MSCs group than in both GFP-MSCs
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and PBS control groups. Previous study indicated transplantation of BDNF-modified MSCs,
which produced a high level of BDNF, could reduce apoptotic cells, decrease infarct volume
and improve functional recovery in stroke rats [42]. In addition, Miki et al also indicated that
VEGF-modified MSCs could significantly reduce infarct volume and improve neurological
recovery in stroke [43]. Taken together, these results demonstrated that paracrine effect of
Ngn2-MSCs might also contribute to the functional recovery.

The main target of acute stroke therapy is saving the penumbra, where the functions of
neurons are impaired but potentially viable. We evaluated the effect of transplantated cells on
apoptosis in the area of ischemic cortex by TUNEL staining. Consistent with the remarkable
recovery of motor functions, the number of apoptotic cells of the GFP-MSC-engrafted group
was about 1.3 times that in the Ngn2-NSCs-engrafted group. This rescue of the penumbra
regions from ischemic injury may be the result of paracrine effect and transdifferentiation
as above mentioned. Moreover, several other events may rescue the penumbra regions,
including immune suppression and promotion of neurogenesis [44].

Conclusions

In conclusion, the present study suggested that transfection with Ngn2 convert the
mesodermal cell fate of MSCs into a neural stem one, and significantly improved functional
recovery and reduced ischemic damage in a rat model of MCAO. These results highlight a
possible advantage of this gene-modified cell therapy for treating central nervous system
diseases.
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