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Folic acid stimulates proliferation of transplanted neural stem cells after focal
cerebral ischemia in rats☆
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Abstract

Folic acid (FA) stimulates neural stem cell (NSC) proliferation in vitro and enhances hippocampal neurogenesis in rats after middle cerebral artery occlusion
(MCAO). The effect of FA supplementation on exogenous NSCs transplanted in MCAO rats was observed to determine if FA can stimulate NSC replacement after
focal cerebral ischemia. Rats were randomly assigned to 3 groups: MCAO; MCAO and exogenous NSC transplantation (MCAO+NSCs); and MCAO, NSC
transplantation and FA (MCAO+NSCs+FA). FA (0.8 mg/kg) or vehicle was administered by gavage daily for 28 days before MCAO and 23 days afterward. NSCs
were labeled with superparamagnetic iron oxide (SPIO) and bromodeoxyuridine (BrdU) prior to transplantation into the striatum, contralateral to the ischemic
zone, at 2 days post-MCAO. Magnetic resonance imaging tracking and fluorescent immunohistochemistry, as well as measurement of serum folate concentration,
were performed at intervals up to 21 days after transplantation. FA supplementation caused sustained increases of 400–600% in serum folate concentration.
Magnetic resonance images indicated that SPIO-labeled NSCs were more abundant at the transplantation and ischemic brain sites in MCAO+NSCs+FA rats than
in MCAO+NSCs rats. Similarly, immunohistochemistry showed that the numbers of Sox-2/BrdU double positive cells at the transplantation and ischemic sites
were higher in the rats that received FA. In conclusion, after focal cerebral ischemia, FA supplementation stimulates transplanted NSCs to proliferate and migrate
to ischemic sites.
© 2013 Elsevier Inc. All rights reserved.
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1. Introduction

Folic acid (FA) regulates central nervous system development,
regeneration and repair. A recent metaanalysis concluded that FA
supplementation is effective in stroke prevention in populations with
no or partial FA fortification folic acid [1]. Further, the combination of
FA, vitamin B6 and vitamin B12 may prevent ischemic events in
patients who have already had a stroke [2]. FA also enhances the
stimulatory effects of focal cerebral ischemia on Notch signaling and
hippocampal neurogenesis in adult rat brain while lessening the
impairment of cognitive function that occurs after experimental
stroke [3]. Neural stem cells (NSCs) are highly proliferative cells that
can generate new NSCs and differentiated progeny such as neurons
and glial cells. Replacement therapy by transplantation of exogenous
NSCs is a potential therapy for neurodegenerative diseases, especially
stroke [4,5]. Because FA stimulates NSC proliferation in vitro [6], it
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seems possible that FA supplementation may be developed as an
adjunct to NSC replacement therapy for stroke.

The present study observed the effect of FA supplementation on
exogenous NSCs transplanted in middle cerebral artery occlusion
(MCAO) rats to determine if FA can stimulate NSC replacement after
focal cerebral ischemia. The majority of studies on stem cell
transplantation have used immunohistochemical approaches [7–9],
which are not ideal for following themigration of transplanted cells in
vivo. However, magnetic resonance imaging (MRI) can be applied to
improve non-invasive monitoring of transplanted cells because of its
high spatial resolution [10–12]. Therefore, we used immunohisto-
chemistry andMRI approaches together to test the hypothesis that FA
stimulates the proliferation and migration of exogenous NSCs after
experimental stroke.

2. Materials and methods

2.1. Experimental design

Male Sprague–Dawley rats [Grade SPF II, Certificate Number SCXK
(Jing) 20070001] weighing 160–180 g were purchased from Peking
Weitonglihua Laboratory Animal Center (Beijing, China). Animal
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Fig. 1. Timeline of the experiment. After 28 days of FA supplementation, rats underwent MCAO. NSCs were transplanted at 2 days post-MCAO. MRI and fluorescent
immunohistochemistry were performed at 1 day, 7 days and 21 days post-transplantation.
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housing, care and application of experimental procedures were in
accordance with institutional guidelines under approved protocols.
The rats were randomly assigned to 3 groups:MCAO,MCAO plus NSCs
transplantation (MCAO+NSCs) and MCAO plus NSCs transplantation
and FA (MCAO+NSCs+FA). The saline vehicle (10 ml/kg) and FA (0.8
mg/kg; Sigma, St. Louis, MO, USA) were administered by oral gavage
daily for 28 days prior to MCAO operation and then for up to 23 days
afterward. Transplantation of NSCs was performed at 2 days post-
MCAO. The original transplantation (i.e., injection) site and the
ischemic brain region were examined for exogenous NSCs by
immunohistochemistry and MRI at 1, 7 and 21 days post-transplan-
tation. The timeline of the experiment is summarized in Fig. 1.

2.2. MCAO procedure

The rats were anesthetized with 10% chloral hydrate (300 mg/kg).
MCAO was induced by the intraluminal filament technique. The left
common and external carotid arteries were ligated and the internal
carotid artery was closed. A nylon monofilament was advanced
through the left internal carotid artery to the origin of the middle
cerebral artery. Animals subjected to sham operation were treated
similarly, except that the filament was not advanced to the origin of
the middle cerebral artery. Neurological deficit was assessed to
confirm successful MCAO. A neurological score was assigned to each
animal 5 min after waking up: 0, no deficit; 1, forelimb weakness; 2,
circling to affected side; 3, partial paralysis on affected side; 4, no
spontaneous motor activity. MCAO rats with neurological deficit
scores of 1–3 were used for the remainder of the study.

2.3. Preparation and identification of NSCs

Pregnant Sprague–Dawley rats were purchased from Beijing
Medical Laboratory Animal Co. Ltd. (Beijing, China). Tissue from the
hippocampus was isolated from neonatal rats (postnatal less than 24
h) and washed 3 times with Dulbecco's Modified Eagle's Medium
(DMEM; Gibco, Carlsbad, CA, USA). The tissue was cut into small
pieces and then dissociated by incubation with 0.25% parenzyme and
0.02% EDTA. This step was followed by agitation, centrifugation and
Fig. 2. Identification of NSCs suitable for transplantation. On the sixth day in culture, the neuro
marker BrdU for 24 h. Subsequently, the cells were stained with specific primary antibodies and
fluorescence photomicrographs of cells expressing Sox-2 (green fluorescence), BrdU (red) an
resuspension of the cells in DMEM and nutrient mixture F-12 Ham
(F12) (1:1) (Gibco) that was supplemented with 2% B27 supplement,
20 ng/ml epidermal growth factor, 20 ng/ml basic fibroblast growth
factor, 2 mmol/L L-glutamine and 100 U/ml penicillin and phytomycin
(Gibco) at a density of 106 cells/ml. The cell suspension was aliquoted
into T25 culture flasks (Corning, NY) and grown at 37°C in a
humidified atmosphere containing 95% air and 5% CO2. The cells in
suspension culture were observed to form neurospheres.

Identification of NSCs in vitro was performed by immunocyto-
chemistry as we described previously [6]. Briefly, neurospheres on the
sixth day in culture were incubated with 5-bromo-20-deoxyuridine
(BrdU; 10 μg/ml; Sigma) for 24 h. Cells were subsequently fixed
with 4% paraformaldehyde for 20 min and washed for 10 min thrice
with phosphate-buffered saline (PBS). Then, the cells were treated
with 0.1% Triton X-100 for 15 min at room temperature. After
blocking with 10% goat serum in PBS for 1 h, the cells were incubated
with primary antibodies (anti-Sox-2; 1:100; Abcam, Cambridge, MA,
UK; anti-BrdU antibody; 1:100; Cell Signaling Technology, Danvers,
MA, USA) at 4°C overnight. After washing in PBS, the appropriate
secondary antibodies [labeled with tetramethylrhodamine isothiocy-
anate (TRITC) 1:100 and fluorescein isothiocyanate (FITC) 1:100;
Zhongshan Goldbridge Biotechnology, Beijing, China] were added and
the cells were incubated for 2 h in the dark at room temperature. The
cell nuclei were stained by incubation with DAPI (5 μg/ml) (Sigma).
Immunostained cells were visualized by indirect fluorescence under a
fluorescent microscope (Olympus, Tokyo, Japan).

NSCs intended for transplantation were grown for 7 days in vitro
before being labeled with the cell proliferation marker BrdU and a
magnetic resonance (MR) contrast agent consisting of superpara-
magnetic iron oxide (SPIO) particles. The NSCs were incubated with
BrdU (10 μg/ml) and SPIO solution (14 μg/ml) for 24 h at 37°C, then
washed and transplanted.
2.4. Transplantation of NSCs

The rats were anesthetized with 10% chloral hydrate and placed in a
stereotaxic apparatus. NSCs (30,000 cells in 5 μl DMEM/F12) were
transplanted in the striatum(0.55mmanterior, 3.0mmlateral tobregma,
spheres cultured from neonatal rat hippocampi were incubated with the proliferation
fluorescent secondary antibodies to detect BrdU and the NSCmarker Sox-2. Shown are
d merged (D). The original magnification for fluorescence microscopy was ×200.



Fig. 3. Serum folate concentration. Serum folate was measured weekly from the onset
of FA supplementation until 3 weeks post-MCAO. n=8 animals/group. *Pb.05 versus
the MCAO+NSCs group.
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5.0 mm ventral from the dural surface) of the right intact hemisphere,
contralateral to the ischemic zone. The transplantation was achieved by
microinjection using a micro pump system (Asena GH Syringe Pump,
USA)with a flowvelocity of 0.1ml/h. Themicroinjection needlewas held
in place for 5 min after completion of the injection.
2.5. Serum folate analysis

Non-fasting blood sampleswere collectedweekly from the rats' inner
canthus veniplex on the morning before FA administration. The blood
was centrifuged within 1 h of collection and serum folate was quantified
Fig. 4. MR image analysis of exogenous NSCs at transplantation and ischemic brain sites. (A) T2
where SPIO-labeled NSCs were initially transplanted by microinjection is indicated by an arrow
post-transplantation. Shown is an example of a cell proliferation band. This band was defined
tissue, and an inner perimeter, whose signal intensities were≥100% of the signal intensities in
proliferation band at 7 days after NSCs transplantation as indicated by the greater width of the
the indicated comparisons. (D)MRI of the brain of anMCAO rat at 21 days post-transplantation
by T2* maps, which showed the ischemic boundary zone with hyperintensities. The points nu
SPIO-labeled NSCs migrating into the ischemic tissue. (E) Average signal intensity loss in isch
by chemiluminescence immunoassay (IMMULITE 1000 Immunoassay
System; Siemens Medical Solutions Diagnostics, Los Angeles, CA, USA).

2.6. In vivo MRI

The T2*-weighted images were acquired on a clinical Signa HDxt
3.0-T MRI Scanner (General Electric, Waukesha, WI, USA) equipped
with a rat-dedicated orthogonal coil for radio frequency excitation
and signal reception of shaft scan. The scan was performed under the
following parameters: echo time, 6.8 ms; repetition time, 2560 ms;
flip angle, 30°; field of view, 6.0; slice thickness, 1.6 mm; number of
excitations, 4.0. Signal intensities in brain tissues of MR images were
extracted and analyzed by Merge eFilm Workstation software (eFilm
Workstation 3.4; Merge Healthcare, Milwaukee, WI, USA).

MR images were used to quantify SPIO-labeled exogenous NSCs in
two brain regions, namely, the transplantation site (normal tissue in
the right hemisphere) and the cells' migratory destination in ischemic
sites (ischemic tissue in the left hemisphere). For MR images of the
transplantation site, we introduced a new index, named the cell
proliferation band, for measuring the proliferation of transplanted
NSCs. The cell proliferation band at the transplantation site was a
rounded zonewith low signal intensities that distinguished it from the
surrounding, normal brain tissue. The cell proliferation band was
defined as the zone between an outer perimeter, whose signal
intensities were ≤75% of normal tissue, and an inner perimeter,
whose signal intensities were ≥100% of the signal intensities in the
center transplantation target. Thewidths of the cell proliferation band,
which were the distances between the outer and inner perimeters,
were measured with eFilm software at 7 days after transplantation.

To examine themigration of transplanted NSCs into ischemic brain
tissue after MCAO, we selected 3 sites randomly in the hypointensity
-weighted sagittal MR image of MCAO rat brain 1 day after transplantation. The position
. (B) T2*-weighted conventional gradient-echo (GRE) images of an MCAO rat at 7 days

as the zone between an outer perimeter, whose signal intensities were ≤75% of normal
the center transplantation target. (C) FA supplementation enlarged the width of the cell
band inMCAO+NSCs+FA rats than in MCAO+NSCs rats. n=6 animals/group. *Pb.05 for
. The area delineated by a dotted line is ischemic tissue. The infarction areawas identified
mbered “1”, “2” and “3” show low signal intensities indicative of high accumulations of
emic hemispheres. n=6 animals/group. *Pb.05 for the indicated comparisons.

image of Fig.�3
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area of the left hemisphere and measured their signal intensities at
intervals up to 21 days after transplantation, at which time the signal
intensity losses compared to normal brain tissue at those 3 injured
sites were used to calculate the average loss for each rat.
2.7. Fluorescent immunohistochemistry

After MRI at 1, 7 and 21 days post-transplantation, rats were
euthanized and underwent cardiac perfusion with heparinized saline
containing 4% paraformaldehyde. Brain sections were embedded in
paraffin and 6-μm coronal sections were prepared. The sections were
incubated with citrate buffer for 30 min, washed with PBS containing
1% Triton X-100 for 2×5 min and then blocked with PBS containing
10% goat serum and 1% bovine serum albumin at room temperature
for 2 h. The numbers of Sox-2/BrdU double positive cells in
transplanted or ischemic areas were determined. To detect BrdU,
the primary antibody was mouse anti-BrdUmonoclonal antibody and
the second antibody was TRITC-conjugated goat anti-mouse IgG. To
detect Sox-2, the primary antibody was rabbit anti-Sox-2 monoclonal
antibody and the secondary antibody was FITC-conjugated goat anti-
rabbit IgG. Cell nuclei were stained with DAPI (5 μg/ml) (Sigma).
2.8. Statistics

Data were presented as mean±S.D. and analyzed with a Student
t test for 2 groups using SPSS software (version 15.0). Pb.05 was
considered statistically significant.
Fig. 5. Fluorescence immunohistochemistry of transplantation site. Brain sectionswere obtained 7
that cells were distributed radially about transplantation sites in the brains of MCAO+NSCs and
Cells stained positively for the NSCmarker Sox-2 (green) were present at the transplantation site
recent cell division in transplanted NSCs (original magnification ×200). (C) FA supplement increa
group of rats as indicated by the differences in this group at 7 days post-transplantation compar
3. Results

3.1. Identification of NSCs for transplantation

The cells cultured from neonatal brain grew in spheroids and
expressed the NSC marker Sox-2. In addition, most cells incorporated
the proliferation marker BrdU. Sox-2 and BrdU were commonly co-
localized in the same cells, which characterized them as proliferative
NSCs (Fig. 2).

3.2. Serum folate concentration

Serum folate was measured weekly from the onset of FA
supplementation until 3 weeks post-MCAO. Daily administration of
the oral FA supplementation increased the serum folate level in the
MCAO+NSCs+FA group of rats within 1 week (Fig. 3). FA
supplementation caused sustained increases in serum folate concen-
tration of 400–600% above baseline and above the concentrations
measured during the same 7-week period in rats that were gavaged
with vehicle instead of FA (i.e., the MCAO and MCAO+NSCs groups).
Thus, the FA supplementation was effective in achieving a markedly
elevated serum folate concentration before and after focal cerebral
ischemia in the MCAO+NSCs+FA rats.

3.3. MRI of transplanted NSCs

MR images at 1 day after transplantation (microinjection) of SPIO-
labeled NSCs showed a marked decrease in signal intensity at the
days after transplantation of BrdU-labeled NSCs intoMCAO rats. (A) DAPI staining shows
MCAO+NSCs+FA rats (original magnification ×40). Arrow shows the injection point. (B)
and, in some areas, were labeledwith the proliferative cell marker BrdU (red), suggesting
sed significantly the number of Sox-2/BrdU double positive cells in the MCAO+NSCs+FA
ed to baseline and to the MCAO+NSCs group. n=6 animals/group. *Pb.05.

image of Fig.�5
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transplantation site, revealing the circumscribed location of the
exogenous cells (Fig. 4A). By 7 days after transplantation, prolifera-
tion and moderate migration of NSCs was indicated by SPIO-labeled
cells being found spread out from the original site of transplantation.
This spreading out was detected as a circular band shadow with
hypointensity in T2 EMERGE imaging, which we named the cell
proliferation band (Fig. 4B). Comparison of the widths of the cell
proliferation bands between the MCAO+NSCs and MCAO+NSCs+FA
groups of rats showed that FA supplementation (compared to
baseline and compared to vehicle administration) increased the
proliferation of exogenous NSCs significantly within the first week of
transplantation (Fig. 4C).

Labeled cells were also tracked with T2*-weighted MRI in the
ischemic cerebral hemisphere at 21 days after transplantation of
SPIO-labeled NSCs. Hypointensities due to accumulations of these
exogenous cells were found at ischemic sites (Fig. 4D). Further, signal
Fig. 6. Fluorescence immunohistochemistry of ischemic brain sites. Brain sections were ob
Fluorescence confocal micrographs show that endogenous NSCs were detected as Sox-2 positi
BrdU positive or Sox-2/BrdU double positive cells were observed in the MCAO group, which w
+NSCs+FA groups, however, some Sox-2 positive cells did stain for BrdU; these Sox-2/Brd
exogenous NSCs increased the abundance of Sox-2/DAPI positive cells in ischemic sites. The g
the MCAO+NSCs group indicates that FA supplementation stimulated the migration of NSCs i
greater number of Sox-2/BrdU positive cells in the MCAO+NSCs+FA group compared to th
exogenous, BrdU-labeled NSCs into ischemic tissue. n=6 animals/group. *Pb.05 for the indica
intensity loss in ischemic site was significantly greater in the MCAO+
NSCs+FA group than in the MCAO+NSCs (Fig. 4E), providing
evidence that FA supplementation increased migration of trans-
planted NSCs to ischemic sites.

3.4. Immunohistochemistry of NSCs

The abundance and distribution of the transplanted, BrdU-labeled
NSCs in the brains of MCAO rats was determined by counting BrdU/
Sox-2 double positive cells (Fig. 5). At 1 day after transplantation, cells
that were double positive for the proliferative cell marker BrdU and
the NSC marker Sox-2 were found near the transplantation site. FA
supplementation, although it had begun 4 weeks earlier, had no
discernible effect on the exogenous NSCs at this time because the
numbers of BrdU/Sox-2 double positive cells at the transplantation
site did not differ between the MCAO+NSCs and MCAO+NSCs+FA
tained 21 days after the transplantation of BrdU-labeled NSCs into MCAO rats. (A)
ve (green) cells in ischemic tissue of MCAO rats. DAPI staining identified cell nuclei. No
as not transplanted with BrdU-labeled exogenous NSCs. In the MCAO+NSCs and MCAO
U double positive cells were derived from transplanted NSCs. (B) Transplantation of
reater number of Sox-2/DAPI positive cells in the MCAO+NSCs+FA group compared to
nto ischemic tissue. n=6 animals/group. *Pb.05 for the indicated comparisons. (C) The
e MCAO+NSCs group indicates that FA supplementation stimulated the migration of
ted comparisons.

image of Fig.�6
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groups of rats (PN.05; Fig. 5C). By 7 days after transplantation,
however, the number of BrdU/Sox-2 double positive cells at the
transplantation site was higher in the MCAO+NSCs+FA group
compared to baseline and compared to the MCAO+NSCs group
(Pb.05; Fig. 5C).

At 21 days post-transplantation, Sox-2/BrdU double positive cells
could be observed in ischemic brain sites (Fig. 6A). It can be inferred
that exogenous, BrdU-labeled NSCs had migrated from the trans-
plantation site in the normal (right) hemisphere to ischemic tissue in
the left hemisphere. Further, comparisons between the groups of rats
indicated that FA supplementation increased significantly the number
of NSCs (i.e., Sox-2/DAPI positive cells; Fig. 6B) and the number of
cells derived from exogenous NSCs (i.e., Sox-2/BrdU double positive
cells; Fig. 6C) at ischemic sites. Meanwhile, there was no significant
difference between the MCAO+NSCs and MCAO+NSCs+FA groups
in the number of the Sox-2/BrdU double positive cells at transplan-
tation sites at 21 days post-transplantation (PN.05; data not shown).
The observation that the FA-supplemented group had an increased
abundance of cells derived from exogenous NSCs at ischemic sites, but
no increase at the transplantation site, suggests that FA had
stimulated the migration of NSCs into ischemic tissue by 21 days
post-transplantation.
4. Discussion

Replacement therapy by transplantation of NSCs is a promising
approach to treat stroke and other neurodegenerative diseases [4,5].
An intervention that stimulates the proliferation and migration of
transplanted NSCs would be a beneficial adjunct to this replacement
therapy. FA supplementation may be such an intervention because
our previous studies found that FA stimulates NSC proliferation in
vitro [6]. Additionally, FA supplementation may stimulate the
proliferation of endogenous NSCs in vivo, since we observed that FA
enhances the stimulatory effects of focal cerebral ischemia on
hippocampal neurogenesis in adult rat brain, while lessening the
impairment of cognitive function that occurs after experimental
stroke [3]. The present study investigated, for the first time to our
knowledge, whether FA supplementation also affects exogenous NSCs
transplanted in MCAO rats.

We found that oral administration of FA achieved rapid, large and
sustained increases in serum folate concentration. Such high levels of
circulating folate may be necessary to ensure that enough folate
crosses the blood–brain barrier to influence the central nervous
system. Previous studies have shown that intraperitoneal injection of
FA also exerts neuroprotective effects, although the effect of FA
administration by this route on serum folate was not reported [13,14].

Our hypothesis about the proliferation and migration of exoge-
nous NSCs was tested using MRI and fluorescent immunohistochem-
istry to track NSCs that had been labeled with SPIO and BrdU before
transplantation. The high spatial resolution of MRI is very suitable for
cell tracking. Tagging cells with SPIO has been shown to induce
sufficient MR contrast for in vivo imaging of neural cell migration
[15,16]. In the present study, we introduced the concept of using the
width of the cell proliferation band to quantify the proliferation of
exogenous NSCs on the basis of MR images of the transplantation site.
We observed by MRI that FA supplementation increased the width of
the cell proliferation band by 7 days post-transplantation, indicating
increased abundance of exogenous, SPIO-labeled NSCs. At the same
time, immunohistochemistry found that the number of Sox-2/BrdU
double positive cells at the transplantation site was higher in the
MCAO+NSCs+FA group than in the MCAO+NSCs group, which
confirmed that FA stimulated proliferation of exogenous, BrdU-
labeled NSCs in the normal (i.e., non-ischemic) tissue of the right
cerebral hemisphere.
Examination by MRI and immunohistochemistry of the left
cerebral hemisphere of MCAO rats revealed migration of exogenous
NSCs into ischemic tissue. Twenty-one days after transplantation,
exogenous stem cells can be found to the distant ischemic brain
region in permanent infarction model [17]. At the ischemic sites, the
loss of MR signal intensity at 21 days post-transplantation compared
to 1 day post-transplantation quantified the influx of SPIO-labeled
NSCs. Also at 21 days, the number of Sox-2 positive cells at ischemic
sites in the MCAO+NSCs group exceeded that in the MCAO group,
suggesting that transplanted NSCs had migrated to the ischemic
tissue. Finally, the greater number of Sox-2/BrdU double positive cells
in the MCAO+NSCs+FA group compared to the MCAO+NSCs group
confirmed that FA supplementation stimulated the migration of
exogenous NSCs to ischemic sites.

In conclusion, the present study observed, for the first time, the
effects of FA on transplanted NSCs. We demonstrated that FA
supplement stimulated the proliferation and migration of exogenous
NSCs, derived from neonatal rats, in adult rats with focal cerebral
ischemia. Themechanisms bywhich FA affects exogenous NSCs require
further investigation. However, the results of this study support the
development of FA supplementation as an adjunct to replacement
therapy with transplantation of NSCs in focal cerebral ischemia.
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