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Abstract. Dental pulp stem cells (DPSCs) are considered as 
an ideal stem cell source for the treatment of neurological 
diseases. In this study, we evaluated the therapeutic potency 
of DPSCs and brain-derived neurotrophic factor  (BDNF) 
in focal cerebral ischemia using animal models. Following 
middle cerebral artery occlusion (MCAO), rats were random-
ized into four groups: the BDNF, DPSCs, DPSCs+BDNF and 
the controls injected with saline. DPSCs were transplanted 
and BDNF was injected into the DPSCs+BDNF group via the 
tail vein. The fate of the transplanted DPSCs in rat brains was 
evaluated using immunofluorescence, immunohistochemistry, 
western blot analysis and reverse transcription-polymerase 
chain reaction (RT-PCR). Adhesive removal tests and the 
modified neurological severity scores were used to estimate 
the restoration of neurological function. Proliferation of 
intravenously transplanted DPSCs was observed in the 
peripheral ischemic regions of the MCAO models. A green 
fluorescent dye PKH67 was used to label cells. PKH67-labeled 
DPSCs were co-localized with neuronal cell markers and 
4',6-diamidino‑2-phenylindole  (DAPI). DPSC transplanta-
tion combined with BDNF induced the expression of neural 
differentiation markers such as nestin, doublecortin (DCX) 
and neuronal specific filament (NF-H), suggesting that BDNF 
enhances the survival of DPSCs and differentiation into 
neuronal cells. Treatment with DPSCs combined with BDNF 
promoted the recovery of neurological function more effec-
tively compared with BDNF injection or DPSC transplantation 
alone. In conclusion, treatment with DPSCs combined with 
BDNF enhances neurological recovery after stroke suggesting 
a novel therapeutic strategy against cerebral ischemia.

Introduction

Ischemic stroke is a devastating neurological disorder and is one 
of the leading causes of death worldwide. It entails heavy finan-
cial burden for patients and their families, and society. Treatment 
is limited to interventions such as thrombolysis, anticoagulation 
and antiplatelet therapies. Neuroprotective treatments have 
been reported to restore neurological function (1). Stem cell 
transplantation is a promising strategy to restore neurological 
function after stroke. Dental pulp stem cells (DPSCs) trigger 
tissue regeneration and differentiation into cells such as osteo-
blasts, odontoblast-like cells, adipocytes, and neurons. Gronthos 
and his colleagues first isolated DPSCs from human dental pulp 
in 2000 (2). DPSCs represent adult multipotent cells originating 
in the cranial neural crest. They secrete neurotrophic factors. 
Previous studies suggest that human DPSCs potentially differen-
tiate into functional neural progenitors or neurons in vitro, which 
integrate into rat brains in vivo, playing a therapeutic role in brain 
and spinal cord injury, and neurodegenerative diseases (3-7).

However, a major challenge relates to the limited viability 
and neuronal differentiation in vivo. Brain-derived neuro-
trophic factor (BDNF) is a member of the neurotrophin 
growth factor family that includes nerve growth factor (NGF), 
neurotrophin-3 (NT-3), and neurotrophins-4/5 (NT-4/5) (8). 
BDNF acts via high-affinity receptor tyrosine kinase B (TrkB), 
expressed in the central nervous system  (9). As reported 
previously, BDNF exerts trophic effects on cortical, hippo-
campal and cerebellar neurons in vitro. BDNF protects motor 
neurons, hippocampal, and substantia nigra dopaminergic 
neurons against brain injury. It plays a vital role in neuronal 
growth, differentiation, and migration (10). Ischemic brain 
injury triggers BDNF expression, as part of neuroprotective 
response  (11). Intraventricular injection of BDNF before 
focal cerebral ischemia (12), intracerebral infusion of BDNF 
following stroke (13), and transplantation of BDNF-treated 
mesenchymal or neural stem cells alleviated tissue damage in 
the brain and improved behavioral recovery (14-16).

However, studies investigating the fate of transplanted 
DPSCs in the injured brain and their neuroprotective func-
tion when combined with BDNF are limited. We propose that 
DPSCs and BDNF are neuroprotective in experimental mouse 
models of cerebral ischemia, and restore neurological function 
after stroke. In this study, we determined the fate of trans-
planted DPSCs in the rat brain. Additionally, we investigated 
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whether intravenous administration of rat-derived DPSCs 
enhanced neurological outcomes after ischemic stroke. We 
demonstrated that BDNF combined with DPSCs increased the 
viability of transplanted cells, facilitated the differentiation and 
neuroprotective effects compared with DPSCs or BDNF alone.

Materials and methods

Experimental design. We randomized the rats into four 
groups immediately after middle cerebral artery occlu-
sion (MCAO) (Fig. 1). Rats were anesthetized via intraperitoneal 
injection with 10% chloral hydrate (0.35 ml/100 g) 24 h after 
stroke. The control group was treated with 0.3 ml saline as 
vehicle during the subacute phase. Animals in the BDNF group 
were treated with 0.3 ml BDNF (50 µg/ml) injection via the 
tail vein. Rats in the DPSCs group were injected with 0.3 ml 
DPSCs suspension (1x107/ml) via the tail vein very slowly. Rats 
in the DPSCs+BDNF group were injected with 0.3 ml DPSCs 
(1x107/ml) and BDNF (50 µg/ml) via the tail vein.

Isolation, identification, in vitro f luorescent labeling. 
DPSCs were obtained from the incisors of 4-week-old 
male Sprague‑Dawley (SD) rats under sterile conditions as 
previously described (17). In brief, dental pulp was treated 
with 3 mg/ml collagenase type I at 37˚C for 1 h with gentle 
shaking, followed by centrifugation (1,500 rpm for 5 min). The 
supernatant and enzymes were discarded, and the residue was 
cultured in α-modified Eagle's medium (α-MEM) containing 
penicillin (1%, 100 U/ml), streptomycin (1%, 100 µg/ml) and 
fetal bovine serum (FBS 10%; Gibco, Grand Island, NY, USA) 
at 37˚C and 5% CO2. The medium was replaced every 3 days. 
Cells at 80% confluency were passaged. DPSCs were identi-
fied by flow cytometry based on the surface markers on stem 
cells. In brief, ~1x106 cells were incubated with 2% FBS in 
phosphate-buffered saline (PBS) at 4˚C for 30 min and 1 µl of 
rat monoclonal antibody specific for Sca-1, CD34, CD44 (18) 
and CD45 (19). Cells in the control experiment were cultured 
in buffer solution without primary antibodies. DPSCs were 
pre-labeled with green fluorescent dye PKH67 up to 90%. The 
final density of the labeled cell suspension was ~1x107 cells/ml.

Induced differentiation. To test the pluripotency of the isolated 
DPSCs, passage 3 cells were seeded in 6-well culture plates up 
to 20,000 cells/cm2. The proliferation medium was replaced by 
the inductive medium. For mineralized nodules, the differenti-
ation-inducing medium was supplemented with ascorbic acid, 
dexamethasone, and an excess of phosphate. Osteogenesis was 
promoted by supplementing 50 g/ml ascorbic acid 2-phos-
phate, 10 nm dexamethasone and 10 µM β-glycerolphosphate. 
Adipogenesis was induced with 100 nm dexamethasone and 
50 µg/ml indometacin. The culture was maintained for 3 weeks, 
during which the medium was changed every 2-3 days. Finally, 
the cells were stained with Alizarin Red and Oil Red O, and 
visualized under light microscopy.

Focal cerebral ischemia. The animal model of focal cerebral 
ischemia was generated by transient occlusion of the right 
middle cerebral artery (MCA) (20). Adult male SD rats weighing 
250±10 g each, were purchased from the Animal Center of the 
Second Affiliated Hospital of Harbin Medical University. All 

the procedures were approved by the Ethics Committee of the 
Harbin Medical University, and were compliant with the NIH 
guidelines for use and care of laboratory animals. In brief, rats 
were anesthetized with 10% chloral hydrate (0.35 ml/100 g). A 
midline cervical incision was used to dissect the right common 
carotid artery (CCA), external carotid artery (ECA) and internal 
carotid artery (ICA). A 4-0 monofilament nylon thread with 
a silicone-coated tip (diameter 0.37 mm, length 3-4 mm) was 
extended from the ECA into the ICA to mask the origin of the 
right MCA. The nylon thread was secured and the incision was 
closed. The rat body temperature was maintained at 37±1˚C 
using an incandescent lamp. Two hours later, the thread was 
withdrawn to perform reperfusion. Sham-operated animals 
were subjected to similar procedures without occlusion of the 
right MCA. MCAO was confirmed by suspending the rats by the 
tail for contralateral forelimb flexion. Further, circling behavior 
on the floor was detected. The weight of rats after ischemia was 
recorded at 0, 1, 7, 14 and 28 days post-MCAO.

2,3,5-Triphenyltetrazolium chloride (TTC) staining. TTC staining 
was used to verify ischemic injury at 24 h post‑MCAO. The brain 
wa rapidly removed on ice under anesthesia. Fresh brains were 
frozen for 25 min at -20˚C, sliced into five consecutive coronal 
sections, incubated in 2% TTC (Sigma‑Aldrich, St. Louis, MO, 
USA) at 37˚C for 20 min in the dark. Healthy zones appeared 
red and infarcted tissues were white in color. Brain sections were 
photographed using a digital camera. The infarct volume was 
determined as a percentage of dead cerebral tissue.

Histological examination. The brain tissues from rats were 
embedded in paraffin. Serial coronal sections were produced 
and mounted on slides. The specimens were stained with 
hematoxylin and eosin (H&E) according to standardized 
protocols, and visualized by light microscopy.

Adhesive removal test and modified neurological severity 
scores (mNSS). Two small pieces of adhesive-backed paper 
dots, measuring 113.1 mm2 in size, were used as bilateral 
tactile stimuli to the distal-radial region of the wrist in each 
forelimb. Rats were pre-trained for a week before MCA occlu-
sion. They were monitored on days 1, 7, 14, 21 and 28 after 
stroke. The mean duration of the three trials for the removal 
of adhesive papers was recorded (21). The mNSS encompass 
a series of motor, sensory, balance and reflex tests graded on 
a scale of 0-18 (normal 0; maximal deficit score 18). Scores 
reflect the degree of inability to perform a specific test: higher 
scores suggest severe neurological deficit (22).

Immunofluorescence. The rats were anesthetized with 10% 
chloral hydrate 0.35 ml/100 g and their chests were split to 
expose the hearts. The animals were rapidly perfused with 
400  ml saline, followed by 300  ml 4%  paraformaldehyde 
(pH 7.4) through the left ventricle. The brain tissues of the rats 
were post-fixed in 4% paraformaldehyde (pH 7.4) at 4˚C for 
24 h. Brains were dehydrated in a graded series of sucrose at 
20 and 30% daily. Frozen sections of the brain were blocked with 
normal goat serum for 20 min at room temperature, and incu-
bated with anti-nestin (1:100), anti-doublecortin (DCX) (1:100), 
and anti-neuronal specific filament (NF-H) (1:200) overnight 
at 4˚C. They were washed with PBS three times (5 min each 
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time) followed by 1 h reaction with rhodamine‑conjugated goat 
anti-rabbit and anti-mouse IgGs. Brain sections were counter-
stained with DAPI for 10 min at 37˚C. The survival and spatial 
distribution of PKH67-labeled DPSCs were observed using a 
laser scanning confocal microscope. Five randomly-selected 
fields were used to count the average number of positive cells 
in the regions. The antibodies are listed in Table I.

Immunohistochemistry. Paraffin sections were washed with 
xylene and ascending alcohol, to air-dry and hydration, and 
incubated in 1%  H2O2 for 10  min. Antigen retrieval was 
performed by heating the sections at 95˚C for 10 min. Paraffin 
sections were incubated with anti-nestin (1:200), anti-DCX 
(1:200), anti-NF-H (1:200) at 4˚C overnight and biotinylated 
secondary antibodies for 20 min at room temperature. The 
sections were incubated with avidin-biotin complex (ABC) 
(1:400) for another 20 min, followed by washing with PBS 
three times, 5 min each time. The sections were counterstained 
with hematoxylin, followed by dehydration, and analyzed 
under light microscope. The antibodies are listed in Table I.

Western blot analysis. Animals were euthanized 4 weeks after 
MCAO using an overdose of anesthesia. Infarcted cerebral 

tissues were lysed with RIPA buffer containing protease/phos-
phatase inhibitors and phenylmethanesulfonyl fluoride (PMSF) 
on ice. After centrifugation at 15,000 rpm for 15 min, protein 
concentration was measured using a bicinchoninic acid (BCA) 
protein assay kit. Protein samples (30 µg each) were electro-
phoresed and transferred to polyvinylidene difluoride (PVDF) 
membrane, which was blocked with 5% nonfat dry milk in PBS 
containing 0.2% Tween-20 1.5 h at room temperature. After 
gentle shaking, and washing four times (10 min each) followed 
by incubation with primary antibodies: anti-nestin (1:1,000), 
anti-DCX (1:500), anti-NF‑H (1:1,000) and anti-β-actin over-
night at 4˚C, the membrane was incubated with horseradish 
peroxidase (HRP)-conjugated secondary antibodies (1:5,000) 
at room temperature for 1.5 h. An ECL advance western blot-
ting detection kit was used to detect chemiluminescence in the 
dark. The antibodies are listed in Table I.

RT-PCR. Total RNA was extracted from the right cerebral 
cortex with TRIzol (Invitrogen, Carlsbad, CA, USA). The cDNA 
synthesis was performed using the reverse transcription system 
with oligo(dT)20 according to the manufacturer's instructions. 
A control reaction without the reverse transcriptase was also 
carried out. The amplifications were conducted on a real-time 

Figure 1. Dental pulp stem cells (DPSCs) were isolated and cultured for 14 days before the middle cerebral artery occlusion (MCAO) models were established. 
The four groups of rats were treated with saline, brain-derived neurotrophic factor (BDNF) injection, DPSCs transplantation, DPSC transplantation combined 
with BDNF injection, respectively, 24 h post-MCAO. Behavioral tests were conducted on days 1, 7, 14, 21 and 28 postoperatively. Immunofluorescence was 
conducted on day 21. Immunohistochemistry, western blot analysis and RT-PCR were performed on day 28.

Table I. The antibodies.

			   Dilution	 Dilution	 Dilution	 Dilution
Antibody	 Conjugation	 Manufacturer	 (FACS)	 (IF)	 (IHC)	 (WB)

Sca-1	 FITC	 Biolegend	 1:100
CD34	 APC	 Biolegend	 1:100
CD44	 PE	 Biolegend	 1:100
CD45	 Percp	 Biolegend	 1:100
Nestin		  Abcam		  1:100	 1:200	 1:1,000
DCX		  Abcam		  1:100	 1:200	 1:500
NF-H		  Abcam		  1:200	 1:200	 1:1,000
Goat anti-rabbit	 Rhodamine	 Zhongshan		  1:100
Goat anti-mouse	 Rhodamine	 Zhongshan		  1:100
Goat anti-rabbit	 HRP	 Zhongshan			   1:400
Goat anti-mouse	 HRP	 Zhongshan			   1:400
Goat anti-rabbit	 HRP	 Zhongshan				    1:5,000
Goat anti-mouse	 HRP	 Zhongshan				    1:5,000

FACS, fluorescence-activated cell sorting; NF-H, neuronal specific filament; HRP, horseradish peroxidase; DCX, doublecortin.
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PCR system (Bio-Rad, Hercules, CA, USA) using Accupower® 
2X  SYBR-Green  I qPCR Master Mix (Bioneer, Daejeon, 
Korea) under the following conditions: pre-denaturation at 
95˚C for 15 min, followed by 40 cycles of 95˚C for 10 sec, 53˚C 
for 30 sec, and cooling at 4˚C for 5 min. The melting tempera-
tures (Tm) of the amplification products immediately after the 
last reaction cycle were used to determine the specificity. The 
2-ΔΔCT method was used to compare the gene expression of 
neural markers in each group. All the PCRs were performed in 
triplicate and validated by the presence of a single peak in the 
melting curve. The primers are shown in Table II.

Statistical analysis. All data are expressed as mean ± stan-
dard error of the mean (SEM). Means were compared using 
one-way ANOVA with Bonferroni's multiple comparison tests. 
P<0.05 was considered statistically significant. GraphPad 
Prism version 5 was used for all the statistical analyses.

Results

Assessment of stroke. The transient MCAO is an established 
animal model of stroke. In the present study, the infarct zone 
ratio for each brain was calculated as follows: (left hemi-
sphere area-right uninfarcted area)/(left hemisphere area*2), 
TTC staining showed that the ischemic areas accounted for 
an average 32.1±1.8% of the total volume at 24 h (Fig. 2). 
MCAO‑induced injury mainly involves frontal, parietal, 
temporal, occipital and striatum regions of the right cerebral 
hemisphere. No visible lesions occurred in the sham-operated 
animals. H&E staining revealed normal brain tissues in the 
sham-operated group, with uniform neuronal distribution. 
Neurons were round or oval, with pink cytoplasm, abundant 
and with clear nucleus. No inflammatory cells were detected. 
In the MCAO group, infarcted brain tissues were found, with 
a limited number of disordered neurons containing pale cyto-

Table II. Primers used in quantitative RT-PCR.

Primers 	 Sequences	 Product size	 Manufacturer

Nestin	 Forward:	5'-CTGGGCAAGTGGAACGTAGA-3'
	 Reverse:	 5'-CCTCCCACCGCTGTTGAT-3'	 150 bp	 Invitrogen
DCX	 Forward:	5'-CCTCAGGGAGTGCGCTACAT-3'
	 Reverse:	 5'-CGACCAGTTGGGATTGACATT-3'	 150 bp	 Invitrogen
NF-H	 Forward:	5'-GATGGCCCTGGATATTGAGA-3'
	 Reverse:	 5'-TTCGCTTTTGACTTTTATGTGAG-3'	 148 bp	 Invitrogen
β-actin	 Forward:	5'-TGTCACCAACTGGGACGATA-3'
	 Reverse:	 5'-GGGGTGTTGAAGGTCTCAAA-3'	 165 bp	 Sangon Biotech

NF-H, neuronal specific filament; DCX, doublecortin.

Figure 2. (A) The complete brain of middle cerebral artery occlusion (MCAO) models. (B) Serial coronal slices of sham-operated rats. (C) Consecutive coronal 
slices derived from MCAO models. 2,3,5-Triphenyltetrazolium chloride (TTC) staining showed red healthy zones and pale infarcted regions; Cerebral infarct 
volume was ~32.1±1.8% in saline group. (D) H&E staining of sham-operated animals revealed intact brain tissues, with uniform, round or oval neurons and 
pink cytoplasm with abundant and clear nucleus. No inflammatory cells were detected. (E) H&E staining of MCAO models revealed lesions in the brain 
tissues, with diminished numbers of neurons and chaotic neuronal configuration. The cytoplasm was pale, eosinophilic and vacuolated. In addition, necrotic 
neurons with karyopyknosis, cellular gaps, debris and inflammatory cell infiltration were seen (x200).
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plasm, eosinophils and abundance of vacuoles. In addition, a 
large infiltration of necrotic neurons and inflammatory cells 
was observed. Widespread ischemic damage in the brain 
resulted in significant neurological deficit. The 18-point mNSS 
and the results of the adhesive removal tests increased signifi-
cantly.

Characteristics of DPSCs. Cultured DPSCs exhibited plastic 
adherence, colony formation, fibroblast-like morphology, 
self-renewing capacity, expression of surface markers and 
multilineage differentiation (Fig. 3). Fluorescence-activated 
cell sorting  (FACS) analyses were used to evaluate the 
expression of various surface markers on the isolated cells. 
In conclusion, 91.32% of the passage-3 cells expressed stem 
cell marker Sca-1; and 73.20% expressed CD44. In contrast, 
few cells expressed hematopoietic stem cell markers, 1.35% 
expressed CD34; 1.23% expressed CD45. In addition, 
randomly distributed mineralized nodules were detected in 
the culture dish. Osteogenesis and adipogenesis were charac-
terized by the presence of calcium deposits and fat droplets. In 
conclusion, the cells derived from SD rat dental pulp appeared 
to be largely DPSCs.

Migration and distribution of transplanted DPSCs. In the 
present study, we observed PKH67 fluorescent signal 3 weeks 
after DPSCs transplantation  (Fig. 4). PKH67-labeled cells 
were abundant in the DPSC group around the periphery of the 
infarcted area, but not in the contralateral nonischemic brain 
(data not shown) under laser scanning confocal microscope. 
Several PKH67-labeled cells were found in the DPSCs+BDNF 
treatment group than in the DPSC group, as BDNF prolonged 
the viability of transplanted DPSCs. No PKH67-labeled 
cells were found in the brains of control rats. These results 
suggest that DPSCs penetrated through the blood-brain 
barrier  (BBB)  (23), proliferated, and migrated toward the 
ischemic areas of stroke. Homing ability is the character-
istic of stem cells. Grafted cells can migrate and localize in 
injured areas of the brain tissues. PKH67 represents an ideal 
cell‑labeling agent to track transplanted cells in vivo.

Expression of neural-specific markers. PKH67-labeled cells 
emitted green fluorescence at 488 nm. Rhodamine-conjugated 
antibody emitted red fluorescence at 594  nm, and DAPI 
displayed blue fluorescence at 405 nm. We found that most 
of the PKH67-labeled DPSCs accumulated in the peripheral 

Figure 3. (A) P0 of dental pulp stem cells (DPSCs), showing plastic adherence and colony formation. (B) P3 of DPSCs with fibroblast-like morphology. 
(C) PKH67-labeled DPSCs emit green fluorescence under a fluorescent microscope at 488 nm (x40). (D-G) Fluorescence-activated cell sorting (FACS) of 
DPSCs. (H) Surface marker expression of the isolated DPSCs: 91.32% expressed Sca-1; 73.20% expressed CD44; 1.35% expressed CD34; and 1.23% expressed 
CD45. (I-K) Multilineage differentiation of DPSC: mineralized nodules, calcium deposits and fat droplets (x100).
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ischemic regions of MCAO models (Fig. 4). They displayed 
neuronal morphology and were identified with a panel of 

neural-specific markers including nestin  (24), DCX  (25), 
NF-H and DAPI. The arrow in  Fig.  5B shows that DCX 

Figure 4. PKH67-labeled dental pulp stem cells (DPSCs) located in the peripheral infarcts or the infarct penumbra. Cells express neural-specific markers 
including nestin, doublecortin (DCX) and neuronal specific filament (NF-H). DAPI staining revealed blue fluorescence at 405 nm. PKH67-labeled DPSCs 
were co-localized with a panel of neural-specific markers and DAPI. Positive cells were significantly higher in the DPSCs+brain-derived neurotrophic 
factor (BDNF) group compared with the DPSCs group (x400) (P<0.05).

Figure 5. Positive cell numbers and percentages. (A-C) Nestin-, doublecortin (DCX)- and neuronal specific filament (NF-H)-immmunoreactive cells showing 
neuronal morphology around the infarcts. (D-F) Semi-quantitative data (x200). (B) DCX was localized mainly in the cytoplasma (arrow). The percentage of 
positive cells was significantly higher in the brain-derived neurotrophic factor (BDNF), dental pulp stem cells (DPSCs) and DPSCs+BDNF groups than in 
the saline group (P<0.05). Further, the percentage of positive cells in the DPSCs+BDNF group was significantly higher than in the BDNF and DPSCs groups 
(P<0.05).
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was localized mainly in the cytoplasma. We systematically 
analyzed and compared the expression of markers in each 
group. Immunofluorescence revealed increased number of 
positive cells in DPSCs+BDNF group compared with DPSCs 
group. The percentage of positive cells was significantly 
higher in the different treatment groups than in the saline 
control group (P<0.05). The number of positive cells in the 
DPSCs+BDNF group was significantly higher than in the 
BDNF and the DPSCs groups (P<0.05) (Fig. 5). Using western 
blot analysis and RT-PCR analysis, we further confirmed an 
increase in neuron-specific markers in the DPSCs+BDNF 
group compared with the other groups. Protein and gene 
markers in DPSCs or BDNF group were also higher than in 
the saline control group (P<0.05) (Figs. 6 and 7). Data suggest 
that BDNF promoted DPSC differentiation into neuron-like 
cells and triggered neurogenesis.

Weight comparison. The body weight of MCAO models 
decreased significantly 24  h after surgery and recovered 
slowly eventually. The weight was higher in the experimental 
groups than in the saline control group. The recovery in the 
DPSCs+BDNF group was significantly higher than in the 
BDNF and DPSCs groups (P<0.05). The groups differed 
significantly from each other suggesting that BDNF and 
DPSCs prevented neuronal ischemia (Fig. 8).

Treatment enhances sensorimotor functional recovery. The 
stroke models were functionally assessed using the adhe-
sive‑removal test and the mNSS on days 1, 7, 14, 21 and 28 
after MCAO. All the animals showed functional impairment on 
day 1 postoperatively, followed by gradual recovery. Compared 
with the saline group, animals treated with BDNF or DPSCs 
exhibited improved neurological performance in the adhesive 

removal task and in mNSS at 1 week post-treatment (P<0.05). 
The combination treatment group showed greater functional 
recovery compared with other groups (P<0.05). The greatest 
improvement was observed in the DPSCs+BDNF-treated 
rats on day 28 post-MCAO (P<0.01). These data suggest that 
functional deficits following ischemia due to MCAO were 
successfully treated by intravenous transplantation of DPSCs 
or BDNF injection (Fig. 7). Further, DPSCs and BDNF showed 
synergistic neuroprotection against stroke.

Discussion

Induced pluripotent stem cells (26), embryonic stem cells (27), 
neural stem cells  (28), bone marrow-derived mesenchymal 
stem cells (29) and DPSCs (30) exhibit neuroprotective effects 
in ischemic stroke animal models. DPSCs are easily harvested, 
cultured, amplified and cryo-preserved. They originate in the 
cranial neural crest and exhibit higher differentiation compared 
with other stem cells. Allogeneic stem cell transplantation may 
be used in clinical trials without the risk of immune rejection 
and ethical concerns. DPSCs represent ideal stem cells for 
treatment of neurological diseases. In the present study, we 
showed that: i) cells can be labeled with the green fluorescent 
dye PKH67 and tracked in vivo without cytotoxicity; ii) intrave-
nously transplanted DPSCs retain their proliferative capacity in 
the peripheral ischemic regions of MCAO models; iii) PKH67-
labeled DPSCs were co-localized with neuronal markers and 
DAPI; iv) DPSC transplantation combined with BDNF injec-
tion enhanced the expression of neural differentiation markers 
including nestin, DCX, and NF-H, suggesting that BDNF 
promotes DPSC survival and differentiation into neuron-like 
cells; v) combination treatment with DPSCs and BDNF restores 
neurological function better than BDNF or DPSCs alone. 

Figure 6. Western blot analysis of neuronal-specific markers. (A)  Immunoreactive band. (B-D)  Increased protein levels in the dental pulp stem 
cells (DPSCs)+brain-derived neurotrophic factor (BDNF) group compared with the other groups (P<0.05). Protein level in the DPSCs or BDNF group was 
significantly higher than in the saline control (P<0.05).
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MCAO is traditionally used to mimic ischemic stroke. TTC and 
H&E staining revealed cerebral infarction in rat brains. Rats 
subjected to MCAO showed obvious weight loss and behavioral 
deficits postoperatively unlike the sham-operated rats. Our data 
indicated successful creation of focal cerebral ischemia models. 
We studied rat DPSCs displaying stem cell morphology, 
phenotype and multilineage differentiation potentials. Isolated 
DPSCs expressed mesenchymal stem cell markers Sca-1 and 
CD44, and rarely expressed hematopoietic or endothelial cell 

markers CD34 and CD45. Calcium deposition and fat droplets 
were found using Alizarin Red and Oil Red O staining, which 
revealed DPSC differentiation into bone and adipose cells. The 
green fluorescent dye PKH67 was used to label cell membrane 
and track transplanted stem cells in vivo. The high labeling 
efficiency suggested absence of cytotoxicity. Cells colocalized 
with green fluorescent, neural-specific markers and DAPI were 
observed in the peripheral ischemic regions under laser scan-
ning confocal microscope, indicating DPSC survival in focal 

Figure 8. (A) Weight loss on day 1 after middle cerebral artery occlusion (MCAO) was reversed gradually. Significant differences were found between each 
group. (B) Modified neurological severity scores (mNSS). (C) Adhesive removal tests. All animals showed a remarkable functional deficit on day 1 after 
operation, followed by gradual recovery. Compared with the saline control, animals treated with brain-derived neurotrophic factor (BDNF) or dental pulp stem 
cells (DPSCs) showed better neurological performance in the adhesive removal task and mNSS at week 1 after treatment (P<0.05). The DPSCs+BDNF‑treated 
group showed greater functional improvement compared with other groups (P<0.05). The greatest neurological improvements were observed in the 
DPSCs+BDNF‑treated rats 4 weeks after MCAO (P<0.01). 

Figure 7. RT-PCR of gene expression of neuronal specific markers. (A-D) Melting curve of nestin, doublecortin (DCX), neuronal specific filament (NF-H) and 
β-actin. (E) mRNA levels of neural-specific markers in each group. Dental pulp stem cells (DPSCs)+brain-derived neurotrophic factor (BDNF) group gene expres-
sion was higher than in the other groups (P<0.05). Gene expression level in DPSCs or BDNF group was significantly higher than in the saline control group (P<0.05).
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cerebral ischemia. According to previous experimental research 
and basic theory, stem cells have homing characteristic, grafted 
cells migrate and localize in injured areas in vivo. In the past, 
our group demonstrated similar results that transplanted bone 
marrow cells relocated to and resided mostly around the infarct 
penumbra in a mouse model of ischemic cerebral stroke (31). 
Many researchers have proved that stroke-induced stromal 
cell-derived factor-1 (SDF-1) and its receptor CXC chemokine 
receptor 4 (CXCR4) play a critical role in attracting trans-
planted cells into injured areas. Stroke-induced stromal cell 
derived factor-1 (SDF-1) may play a critical role in attracting 
transplanted cells to ischemic areas. Intravenously transplanted 
stem cells reach the site of injured area by interaction with 
SDF-1 and its CXC chemokine receptor 4 (CXCR4) (32-35). 
Intravenous delivery of stem cells is safe and effective without 
surgical trauma or clinical complications (31,36). No adverse 
events were apparent after cellular transplantation or BDNF 
injection. DCX is expressed by neuronal precursor cells and is a 
biological marker for immature neurons. It is the ‘gold standard’ 
for evaluation of neurogenesis (25). Nestin, a marker of neural 
stem cells, is an intermediate filament protein synthesized 
during the early stages of neuronal development (24). NF-H is 
a mature neuronal marker. Engrafted DPSCs expressed neural-
specific markers including nestin, DCX and NF-H, indicating 
successful differentiation into neuron-like cells. Functionally 
differentiated cells integrate into neural networks and replace 
the damaged or lost neural tissues. Additional evidence is 
needed to corroborate the findings.

Animals in the BDNF, DPSCs and DPSCs+BDNF 
groups, showed better neurological performance than those 
in the saline group. Functional recovery occurs as a result of 
direct cell replacement. In addition, DPSCs secrete a series 
of neurotrophic factors, including glial-derived neurotrophic 
factor (GDNF), BDNF and NGF, which attenuate apoptosis 
and control neuronal survival, growth, and differentiation (37). 
Further, DPSCs modulate tissue microenvironment and alle-
viate inflammation. Central nervous system inflammation 
contributes to the pathogenesis of stroke and neurological 
deficits. Studies suggest that BDNF not only decreases local 
pro-inflammatory cytokines, but also increases the levels of 
anti-inflammatory mediators (38). Further, BDNF promotes 
angiogenesis and neurogenesis in MCAO rats. A test grid of 
frames was used to conduct semi-quantitative analysis of posi-
tive cells expressing nestin, DCX and NF-H (39). We found 
that the expression of nestin, DCX and NF-H was higher in 
the DPSCs+BDNF group than in the DPSCs. Expression of 
markers in the DPSCs or BDNF group was also higher than in 
the control group. BDNF injection may improve the viability 
and differentiation of transplanted DPSCs resulting in 
enhanced neuroprotection. The results suggest that combining 
BDNF and DPSCs had a synergistic protective effect against 
stroke, and represents an effective strategy to restore neuro-
logical function. The study provides experimental evidence 
supporting clinical investigation of cell and gene therapy in 
neurological diseases.

However, the study limitations relate to the short follow-up 
of the surviving DPSCs after transplantation in vivo. Further 
investigations are needed to elucidate the molecular mecha-
nisms underlying the role of combined BDNF and DPSCs 
administration in cerebral ischemia.

In conclusion, notwithstanding the lack of established 
mechanisms underlying the role of stem cell therapies, the 
present study for the first time demonstrated that intravenous 
transplantation of rat-derived DPSCs promotes effective func-
tional recovery in animal models of stroke without any adverse 
effect. BDNF administration may promote DPSC survival and 
differentiation into functional neurons. DPSC transplantation 
together with BDNF injection is a promising clinical strategy 
for the management of cerebral ischemia.
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