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Abstract

Previous studies have shown that neural stem cell transplantation has the potential to treat Parkinson’s disease, but its specific mechanism
of action is still unclear. Stromal cell-derived factor-1 and its receptor, chemokine receptor 4 (CXCR4), are important regulators of cell
migration. We speculated that the CXCR4/stromal cell-derived factor 1 axis may be involved in the therapeutic effect of neural stem cell
transplantation in the treatment of Parkinson’s disease. A Parkinson’s disease rat model was injected with 6-hydroxydopamine via the right
ascending nigrostriatal dopaminergic pathway, and then treated with 5 pL of neural stem cell suspension (1.5 x 10%/L) in the right substan-
tia nigra. Rats were intraperitoneally injected once daily for 3 days with 1.25 mL/kg of the CXCR4 antagonist AMD3100 to observe changes
after neural stem cell transplantation. Parkinson-like behavior in rats was detected using apomorphine-induced rotation. Immunofluores-
cence staining was used to determine the immunoreactivity of tyrosine hydroxylase, CXCR4, and stromal cell-derived factor-1 in the brain.
Using quantitative real-time polymerase chain reaction, the mRNA expression of stromal cell-derived factor-1 and CXCR4 in the right
substantia nigra were measured. In addition, western blot assays were performed to analyze the protein expression of stromal cell-derived
factor-1 and CXCR4. Our results demonstrated that neural stem cell transplantation noticeably reduced apomorphine-induced rotation,
increased the mRNA and protein expression of stromal cell-derived factor-1 and CXCR4 in the right substantia nigra, and enhanced the
immunoreactivity of tyrosine hydroxylase, CXCR4, and stromal cell-derived factor-1 in the brain. Injection of AMD3100 inhibited the
aforementioned effects. These findings suggest that the stromal cell-derived factor-1/CXCR4 axis may play a significant role in the thera-
peutic effect of neural stem cell transplantation in a rat model of Parkinson’s disease. This study was approved by the Animal Care and Use
Committee of Kunming Medical University, China (approval No. SYXKK2015-0002) on April 1, 2014.
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Introduction

Parkinson’s disease (PD) is a highly degenerative neurologi-
cal disease with a worldwide prevalence of approximately 1%
of the population over the age of 60 (Shen et al., 2016). The
cardinal symptoms of PD include bradykinesia, disturbances
in balance, and neuropsychiatric complications (Barker et al.,
2015; Gao et al,, 2019). The pathological hallmarks of PD are
the loss of nigrostriatal dopaminergic neurons and the pres-
ence of intraneuronal proteinaceous cytoplasmic inclusions
(Fjodorova et al., 2017). There is currently a lack of effective
treatments or measures that can effectively improve patient
symptoms in PD (Deng et al., 2013). Several advances have
been reported recently in cell-based therapy that aim to re-
place lost dopaminergic neurons and to provide biological
sources of therapeutic agents to the PD-affected brain (Staudt
et al., 2016; Lee et al., 2018; Chen et al.,, 2019). Neural stem
cells (NSCs) have the capacity to create new functional dopa-
minergic neurons, various glia cell types, and other neurons (Li
et al., 2017b). Endogenous NSCs are located in two discrete
brain regions in adults: the subgranular zone of the dentate
gyrus and the subventricular zone of the lateral ventricle (Luo
et al., 2014; Merino et al., 2015). In mouse models of traumat-
ic brain injury, NSCs in the subventricular and subgranular
zones are activated by astrocytes around the injured area and
are promoted to migrate and differentiate into mature neurons
in the striatum of adult mice (Zhang et al., 2004). However,
the mechanisms by which donor cells are integrated into the
host niche and migrate after transplantation remain unknown.
Therefore, it is necessary to understand the mechanisms by
which NSCs migrate and differentiate to be able to successful-
ly design stem-cell-based therapeutic strategies.

Stromal cell-derived factor-1 (SDF-1), also known as
chemokine CXCL12, is a small molecule cytokine belonging
to the chemokine protein family. It is one of the most im-
portant chemokines in the mammalian brain (Cheng et al.,
2017) and participates in maintaining homeostasis in adult
brains (Liu et al., 2017). The chemokine receptor CXCR4 is
widely expressed in cells of the central nervous system and
the immune system, and is considered to be a receptor for
SDEF-1 (Addington et al., 2014). One previous study demon-
strated that the SDF-1/CXCR4 axis may promote stem cell
migration and homing (Zhang et al., 2016). Furthermore, the
SDEF-1/CXCR4 axis can be inhibited by AMD3100, a CXCR4
antagonist, thus attenuating the migration of neuroblasts
(Robin et al., 2006; Peyvand et al., 2018).These previous
studies demonstrate that the SDF-1/CXCR4 axis may have a
significant effect on NSC transplantation in the treatment of
a PD rat model.

In our study, behavioral improvement and the expression
of CXCR4 and SDF-1 in the brain were observed after NSC
transplantation, demonstrating a therapeutic effect of NSC
transplantation in a PD rat model and suggesting that the
SDF-1/CXCR4 axis plays a role in the migration of trans-
planted NSCs to the substantia nigra/striatum.

Materials and Methods

Animals
Animal experiments were conducted according to pro-

tocols approved by the U.S. National Institutes of Health
Guide for the Care and Use of Laboratory Animals. Fifty
specific-pathogen-free male Sprague-Dawley rats weighing
180-220 g and aged 2 months were used for in vivo experi-
ments, and five specific-pathogen-free fetal Sprague-Dawley
rats were used for NSC isolation (pregnancy 12.5 days) at
Kunming Medical University, China (license No. SCX-
KK2015-0002). Rats were raised under a 12-hour light/dark
cycle and had free access to food and water. Rats were fasted
for 12 hours before surgery. This study was approved by the
Animal Care and Use Committee of Kunming Medical Uni-
versity (approval No. SYXKK2015-0002) on April 1, 2014.

Ventral mesencephalic NSC cultures

NSCs were isolated from the ventral midbrains of fetal
Sprague-Dawley rats at embryonic day 12.5 under sterile
conditions, as previously described (Chen et al., 2018). The
dissected tissue was digested and the cell suspension was
transferred to serum-free Dulbecco’s modified Eagle’s me-
dium/F-12 containing N2 supplement (10 uL/mL; HyClone
Laboratories Inc., Logan, UT, USA), epidermal growth fac-
tor (20 ng/mL; Peprotech Inc., Rocky Hill, NJ, USA), and
supplemented with basic fibroblast growth factor (20 ng/mL;
HyClone Laboratories Inc.).

Ventral mesencephalic NSC differentiation culture

For in vitro differentiation, NSCs were induced in the same
medium as in the previous paragraph, but epidermal growth
factor and basic fibroblast growth factor were replaced with
10% fetal bovine serum. The neurosphere culture system and
differentiated cells were determined using a fluorescence im-
munoassay. The primary antibodies included rabbit anti-rat
Tujl (1:300, Abcam, Cambridge, UK), rabbit anti-rat tyro-
sine hydroxylase (TH, 1:500, Abcam), rabbit anti-rat CXCR4
polyclonal antibody (1:150, Abcam), rabbit anti-rat SDF-
1P polyclonal antibody (1:300, Abcam), and rabbit anti-glial
fibrillary acidic protein (GFAP) polyclonal antibody (1:300,
Abcam). The cells were incubated overnight with primary
antibodies at 4°C followed by a 2-hour incubation at room
temperature with fluorescence-labeled secondary antibodies;
either Alexa Fluor 594 goat anti-rabbit IgG (1:200, Protein-
tech, Wuhan, China) or Alexa Fluor 488 goat anti-rabbit IgG
(1:200, Proteintech). Nuclear counterstaining was achieved
using 4',6-diamidino-2-phenylindole (DAPI) (20 pg/mL;
Sigma-Aldrich Corp., St. Louis, MO, USA). Images were
observed and captured using a fluorescence microscope
(Olympus, Shibuya-ku, Tokyo, Japan).

PD modeling

Stereotaxic injections of 6-hydroxydopamine (6-OHDA,
2 ug/uL; Sigma-Aldrich Corp.) were given to healthy male
Sprague-Dawley rats weighing 180-220 g. 6-OHDA with 0.2
mg/mL of ascorbic acid was prepared fresh in 0.2% ascor-
bate saline. Rats were intraperitoneally anesthetized with 50
mg/kg of sodium pentobarbital and mounted in a stereotaxic
frame (RWD stereotaxic frame 68511, RWD Life Science
Co., Ltd., Shenzhen, China). Two stereotaxic injections
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of the selective catecholamine neurotoxin 6-OHDA were
then unilaterally made into the right ascending nigrostria-
tal dopaminergic pathway using a Hamilton syringe at the
following coordinates (Deng et al., 2013): 4 uL at anterior-
posterior, —3.6 mm; lateral, —2.0 mm; vertical, 8.5 mm; 4 pL
at anterior-posterior, +0.7 mm; lateral, —3.0 mm; vertical,
—5 mm, from bregma. The injection was performed at a
speed of 1 uL/minute, and the needle was left in place for an
additional 5 minutes before withdrawal. The rats were then
allowed to recover at room temperature (25°C). The success
of the 6-OHDA lesion was verified using apomorphine (0.5
mg/kg, intraperitoneally; Sigma-Aldrich Corp.). Four weeks
after surgery, rotational behavior of 6-OHDA-lesioned rats
was tested over 30 minutes after receiving apomorphine. The
number of complete (360°) turns in a 30-minute period was
counted, and only severely lesioned rats were considered to
be PD model rats (more than 7 full-body turns/minute on
the lesioned side versus the unlesioned side) (Jiang et al.,
2004; Deng et al., 2013). Grafted rats were also sequentially
tested 4 weeks after transplantation using the same method.
Behavioral testing was carried out at 1, 2, 3, and 4 weeks
after transplantation. The pre-grafting/post-grafting revolu-
tions per minute were considered as the rotation index for
therapeutic effects.

Grouping and treatment

PD rats were randomly divided into three groups: NSC-graft-
ed group (n = 12), NSC-grafted + AMD3100 group (n = 12),
and AMD3100 group (n = 12). The untreated rats received
saline instead of 6-OHDA as the control group (n = 12).
The rats in the sham group (n = 12) received serum-free
Dulbecco’s modified Eagle’s medium instead of NSCs and
AMD?3100. For the NSC-grafted group and the NSC-grafted
+ AMD3100 group, the NSC suspension was incubated in
serum-free Dulbecco’s modified Eagle’s medium, and 5 pL
of NSC suspension (1.5 x 10* cells/uL) were injected into
the right substantia nigra of PD rats at the following coor-
dinates: 5 pL at anterior-posterior, —3.6 mm; lateral, —2.0
mm; vertical, —=8.5 mm; and 5 pL at anterior-posterior, +0.7
mm; lateral, —3.0 mm; and vertical, -5 mm from bregma.
The injection speed was 1 pL/minute, and the needle was
maintained in place for 15 minutes. The incisions were su-
tured and rats were intramuscularly injected with 100 kU
of penicillin to prevent infection. The rats in the sham and
AMD?3100 groups received serum-free Dulbecco’s modified
Eagle’s medium instead of cell suspensions. AMD3100 (Sig-
ma-Aldrich Corp.) was dissolved in 1 mg/mL of sterile saline
and intraperitoneally administered at a dose of 1.25 mL/kg
once daily for 3 days (Saha et al., 2013) in the NSC-grafted +
AMD3100 and AMD3100 groups.

Immunofluorescent staining

The cells were fixed in 4% paraformaldehyde in phos-
phate-buffered saline (PBS) for 15 minutes at room tem-
perature. After blocking unspecific binding with a 10% goat
serum solution in PBS, cells were incubated with antibodies
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according to antibody specification For experiments using
brain tissue, rats were sacrificed and transcardially perfused
with 500 mL sterile saline followed by 1.5% w/v paraformal-
dehyde in 0.1 M PBS (Fjodorova et al., 2017). The harvested
brains were subsequently cryoprotected in 15%, 30%, and
40% sucrose solutions at 4°C. Coronal sections of substantia
nigra were cut at 10 pm thickness on a freezing microtome
(Leica) and stored at —20°C. After washing three times with
0.01 M PBS, sections were treated for 2 hours at room tem-
perature with 15% goat serum solution in PBS to reduce
nonspecific binding, and then incubated overnight with
primary antibodies at 4°C. The primary antibodies were
as follows: mouse monoclonal Nestin (1:300; Abcam) as a
marker of NSCs, rabbit polyclonal TH (1:400; Abcam), rab-
bit polyclonal CXCR4 (1:500; Abcam), and rabbit polyclonal
SDF-1 (1:400; SANTA, Delaware, CA, USA). Sections were
then incubated for 2 hours at room temperature in fluores-
cence-labeled secondary antibodies (Alexa Fluor 594 goat
anti-rabbit IgG or Alexa Fluor 488 donkey anti-mouse IgG,
both diluted at 1:200) and nuclei were counterstained with
DAPI (20 ug/mL; Sigma-Aldrich Corp.). Staining was visu-
alized with a fluorescence microscope (Olympus Life Sci-
ence, Waltham, MA, USA). Cell counting areas were mainly
located in the central substantia nigra pars compacta region,
and the number of neurons for each rat brain was calculated
from the mean number counted from three sections.

Real-time quantitative polymerase chain reaction (PCR)
At 1 and 4 weeks after transplantation, fresh right nigral tis-
sues were dissected out before total RNA was purified and
homogenized in TRIzol reagent. For iScript reverse-tran-
scription reactions (Bio-Rad Laboratories, Hercules, CA,
USA), 1 pg of RNA was used as a template. The cDNA
produced from this reaction was measured for gene expres-
sion levels of SDF-1/CXCR4 using the Eco Real-Time PCR
System (Mx3005p, Agilent, Palo Alto, CA, USA). The primer
sequences for producing PCR products are shown in Table
1. PCR amplifications were carried out under the following
conditions: One cycle of initial denaturation for 10 minutes
at 95°C; and then 30 cycles of denaturation for 15 seconds
at 95°C, 30 seconds at 57°C, and annealing for 1 minute at
72°C. Relative changes in gene expression from control con-
ditions were normalized using the glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) housekeeping gene.

Table 1 Primer sequences for producing PCR products

Gene Sequence (5'-3") Product size (bp)
SDF-1 Forward: GAC AGA TTC CTT GCC GAG AG 283

Reverse: GGC AAG CAG AGATCA GAAC
CXCR4 Forward: GGA TGG TGG TGT TCC AGT TC 326

Reverse: TCC CCA CGT AAT ACG GTA GC
GAPDH Forward: AGA CAG CCG CAT CTT CTT GT 697
Reverse: CTT GCC GTG GGT AGA GTC AT

SDF-1: Stromal cell-derived factor-1; GAPDH: glyceraldehyde-3-
phosphate dehydrogenase.
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Western blot assay

At 1 and 4 weeks after transplantation, the cells and rat brain
tissue were homogenized in ice-cold RIPA lysis buffer (So-
larbio, Beijing, China) supplemented with 1% phenylmethyl-
sulfonyl fluoride (Solarbio), and then centrifuged at 12,000 x
g for 3 minutes at 4°C to collect the supernatant according to
the manufacturer’s instructions. Protein concentrations were
assessed using the bicinchoninic acid (Tiangen Biotech Co.,
Ltd., Beijing, China) assay. Protein was boiled for 20 min-
utes before electrophoresis was performed on 8% sodium
dodecyl sulfate-polyacrylamide gels. The membranes were
blocked with 5% non-fat milk and incubated at 4°C over-
night with primary antibodies as follows: rabbit monoclonal
anti-CXCR4 (1:800; Abcam), rabbit polyclonal anti-SDF-1
(1:800; Abcam), and rabbit polyclonal anti-p-actin (1:1000;
Proteintech). The membranes were subsequently incubated
for 1.5 hours with horseradish peroxidase-conjugated sec-
ondary antibody (goat anti-rabbit IgG, 1:8000; Proteintech)
at room temperature. B-Actin was used as a loading control.
Proteins were detected using enhanced chemiluminescent
reagent (Millipore, Boston, MA, USA). The relative levels of
immunoreactive protein were quantified using ImageJ soft-
ware (NIH, Bethesda, MD, USA), and the data were normal-
ized to P-actin before statistical analysis.

Statistical analysis

All data were analyzed using SPSS 19.0 software (IBM SPSS
Inc., Chicago, IL, USA). Mean values were reported along
with the standard error of the mean. Comparisons among
multiple groups were made using one-way analysis of vari-
ance followed by Bonferroni post hoc tests. Statistical com-
parisons between two groups were made using Student’s
t-test. A P-value less than 0.05 was considered statistically
significant.

Results

Identification of CXCR4 and Nestin expression in
mesencephalic NSCs and differentiation in vitro
Mesencephalic NSCs were isolated from rats at embryonic
day 12.5, as previously described. After 5 days in vitro, cells
formed large spherical colonies (Figure 1A). The NSC mark-
er nestin and CXCR4 chemokine receptor were strongly
expressed in these neurospheres (Figure 1E-H). Immuno-
fluorescence staining results revealed that, with prolonged
time, cells began to differentiate at 5 days in vitro, and were
strongly immunoreactive for GFAP and SDF-1 at this time
point (Figure 1I-L). After 7 days of cell culture, cells were
immunoreactive for TH and GFAP (Figure 1B). TH-im-
munoreactive cells were detected in subpopulations of
Tujl-immunoreactive neuronal cells (Figure 1C), while CX-
CR4-immunoreactive cells were identified in subpopulations
of TH-immunoreactive neuronal cells (Figure 1D).

NSC transplantation decreases apomorphine-induced
rotational behavior in a PD rat model

According to a previous study (Deng et al., 2013), rotational
asymmetry can be measured as a PD-like behavioral re-

sponse to the indirect dopamine agonist, apomorphine. Rats
were assessed for their rotational response at 1, 2, 3, and 4
weeks after transplantation. Apomorphine-induced rotation
behavior was reduced in the NSC-grafted group compared
with other experimental groups after transplantation (P =
0.001; Figure 2). This difference occurred at the first week
after transplantation and continued to the fourth week.
There was no significant difference between NSC-grafted +
AMD3100 or AMD3100 groups and the sham group at each
time point (both P > 0.05; Figure 2).

NSC transplantation increases mRNA and protein
expression levels of CXCR4/SDF-1 in the ipsilateral
striatum in a PD rat model

To determine whether the effect of cell transplantation was
associated with the CXCR4/SDF-1 axis in our PD model, we
detected the expression of CXCR4/SDF-1. In culture, NSCs
expressed CXCR4, a receptor for SDF-1 that is required
for SDF-1-mediated chemotaxis (Figure 1G). The mRNA
and protein expressions of CXCR4 and SDF-1 were also
quantitatively assayed using real time fluorescence-based
quantitative real-time PCR (qPCR) and western blot assays.
The experimental data demonstrated that both mRNA and
protein expression of CXCR4 were increased at 1 and 4
weeks after transplantation in the NSC-grafted and sham
groups compared with the control group (P < 0.05; Figures
3,4A, and 4B). Furthermore, the mRNA and protein expres-
sion of CXCR4 was significantly higher in the NSC-grafted
group than in the sham group (P < 0.05). This phenomenon
disappeared with the addition of AMD3100, an inhibitor
of CXCR4 receptors, in the NSC-grafted + AMD3100 and
AMD3100 groups (Figures 3, 4A, and 4B).

qPCR and western blot assay results revealed that SDF-1
levels were markedly higher in the NSC-grafted group than
in the other groups at 1 and 4 weeks after transplantation.
Additionally, SDF-1 expression was significantly greater in
the experimental group than in the control group (P < 0.05).
There was no significant change among the sham, NSC-graft-
ed + AMD3100, and AMD3100 groups (P > 0.05; Figures
3B, 4A, and 4C). Moreover, the expressions of CXCR4 and
SDF-1 in the NSC-grafted group were significantly increased
at 4 weeks compared with at 1 week after transplantation (P
< 0.05; Figures 3B, 4A, and 4C).

Immunofluorescence staining revealed that the number
of TH-immunoreactive cells was significantly increased in
the brains of PD rats in the NSC-grafted group compared
with the sham, NSC-grafted + AMD3100, and AMD3100
groups at 1 and 4 weeks after transplantation. These results
are in agreement with behavioral evaluations (P < 0.05). In
addition, the numbers of SDF- and CXCR4-immunoreactive
cells were significantly higher in the brains of PD rats in the
NSC-grafted group compared with the other groups at 1 and
4 weeks after transplantation (P < 0.05). Compared with the
control group, the number of SDF-1-immunoreactive cells
was increased in the sham group (P < 0.05), NSC-grafted +
AMD3100 group (P < 0.05), and AMD3100 group (P < 0.05)
at 1 and 4 weeks. In contrast, the number of CXCR4-immu-
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Figure 1 Cultivation and identification of NSCs in vitro.

(A, E-H) After 5 days of culture, the neurospheres isolated from ventral mesencephalic neural tissue (A, black arrow) were positive for nestin
and CXCR4 (E-H, The red arrow points to Nestin/Alexa Fluor 594-goat anti-mouse and the green arrow points to CXCR4/Alexa Fluor 488-goat
anti-rabbit). (J, K) After 5 days of differentiation culture, cells were strongly immunoreactive for SDF-1 (J) and GFAP (K); the red arrow indicates
SDF-1/Alexa Fluor 594-goat anti-mouse and the green arrow indicates GFAP/Alexa Fluor 488-goat anti-rabbit. (B-D) After 7 days of differentia-
tion culture. (B) GFAP- and TH-immunoreactive cells: the red arrow points to TH/Alexa Fluor 594-goat anti-mouse and the green arrow points
to GPAP/Alexa Fluor 488-goat anti-rabbit. (C) TH-immunoreactive cells were detected in subpopulations of Tujl-immunoreactive neuronal cells:
the red arrow points to TH/Alexa Fluor 594-goat anti-mouse and the green arrow points to Tuj1/Alexa Fluor 488-goat anti-rabbit. (D) CXCR4-im-
munoreactive cells were detected in subpopulations of TH-immunoreactive neuronal cells: the red arrow points to TH/Alexa Fluor 594-goat an-
ti-mouse and the green arrow points to CXCR4/Alexa Fluor 488-goat anti-rabbit. Scale bars: 50 um in A-H, 100 pm in I-L.
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15 AMD3100 Parkinson’s disease rat model.
NSC-grafted APO-induced rotation and the post-grafting RPM/pre-grafting RPM as
1.0 Sham a rotation index to measure therapeutic effects (Jiang et al., 2004). Data

are expressed as the mean + SD. #P < 0.05, vs. sham group; &P < 0.05, vs.
" NSC-grafted + AMD3100 group; $P < 0.05, vs. AMD3100 group (one-way
& sas analysis of variance followed by Bonferroni post hoc test). APO: Apo-
$ morphine; NSC: neural stem cell; RPM: revolutions per minute.

S RH

#
&
$

Post-grafting RPM/pre-grafting RPM

1week 2 weeks 3 weeks 4 weeks

>
w

CXCR4

) SDF-1
<
% 0.6 s Control < 08 + Control

sk [T
é Sham % " Sham
® e * NSC-grafted % 06 te NSC-grafted
“S 0.4 ? NSC-grafted + AMD3100 G ‘I‘ s " :It NSC-grafted + AMD3100
° N # # AMD3100 3 * * b AMD3100
< * 2
Z 02 <Zt
% r 0.2

€

(9]
> o
2 2
5 0 g 0
& 1 week 4 weeks & 1 week 4 weeks

Figure 3 mRNA expression of CXCR4 (A) and SDF-1 (B) in the ipsilateral striatum in a Parkinson’s disease rat model after NSC
transplantation.

Reverse transcription-polymerase chain reaction analyses were performed to detect mRNA expression levels of CXCR4 and SDF-1 in the ipsilateral
striatum at 1 and 4 weeks after transplantation. Data are expressed as the mean + SD. *P < 0.05, vs. control group; #P < 0.05, vs. sham group; IP < 0.05,
vs. NSC-grafted group; TP < 0.05 (one-way analysis of variance followed by Bonferroni post hoc test). SDE-1: Stromal cell-derived factor-1; NSC:
neural stem cell.
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Figure 5 In vivo immunofluorescence analysis of TH*, CXCR4", and SDF-1" cells in the ipsilateral striatum of the Parkinson’s disease rat
model at 1 and 4 weeks after NSC transplantation.

The numbers of TH', CXCR4" cells (C, the green arrow indicates TH/Alexa Fluor 488-goat anti-rabbit and the red arrow indicates CXCR4/Alexa
Fluor 594-goat anti-rabbit), and SDF-1" cells (A, the red arrow indicates SDF-1/Alexa Fluor 594-goat anti-rabbit) were significantly increased in the
grafted striatum in the NSC-grafted group compared with the other groups. Data are expressed as the mean + SD. *P < 0.05, **P < 0.01, vs. control
group; #P < 0.05, vs. sham group; {P < 0.05, vs. NSC-grafted group (one-way analysis of variance followed by Bonferroni post hoc test). A: Scale bar:
50 um. C: Scale bar: 20 pm. NSC: Neural stem cell; SDF-1: Stromal cell-derived factor-1; TH: Tyrosine hydroxylase.
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noreactive cells was higher in the sham group than in the
NSC-grafted + AMD3100 and AMD3100 groups at 1 and
4 weeks (P < 0.05); and there was no significant difference
among the NSC-grafted + AMD3100 group, AMD3100
group, and control group (P > 0.05). Moreover, the numbers
of SDF- and CXCR4-immunoreactive cells were increased at
4 weeks compared with at 1 week in the NSC-grafted group;
however, there was no such significant difference in the
number of TH-immunoreactive cells (Figure 5).

Discussion

Progress in the development of regenerative cell replacement
therapies provides a basis to potentially develop novel and
robust therapeutic strategies for human neurological dis-
eases such as PD (Barker et al., 2015). Previous studies have
reported that transplanted NSCs can survive in the brain of
PD rat models, and NSC proliferation and migration into
the striatum and substantia nigra of PD rats has also been
confirmed; thus, these cells retain the capacity to generate
mature neurons when grafted into the rat brain (Gage et al.,
1995; Deng et al.,, 2013). In a recent study, it was revealed
that NSC transplantation could be used to treat neurological
disorders because grafted cells differentiated into TH-posi-
tive cells in PD rats. In this process, however, NSCs must be
directed to the sites of damage, and this depends on their
correct migration (Makri et al., 2010; Gong et al., 2014).
Current knowledge about how these cells migrate after trans-
plantation remains very limited.

A series of chemotactic cytokines (chemokines) are
known to be vital in the regulation of cell migration (Li et
al., 2017a). Evidence showed that the SDF-1/CXCR4 axis
continues to affect the migration and survival of oligoden-
drocytes (Dziembowska et al., 2005). Our results showed
that CXCR4 was constitutively expressed in NSCs as well as
in the TH-immunoreactive cells that differentiated from the
NSCs. These discoveries are consistent with a recent finding
that CXCR4 is present in dopaminergic neurons (Yang et
al., 2013). In more recent studies, SDF-1 has been shown to
be expressed in a variety of cells, including glial cells and
vascular endothelial cells (Sun et al., 2013), fibroblasts (He
et al,, 2017), and inflammatory cells (Wang et al., 2015). In-
flammatory cell infiltration increased SDF-1 expression (Mo
et al,, 2015; Huang et al., 2017). Our results showed that SDF
was constitutively expressed in GFAP-immunoreactive cells
that were differentiated from NSCs. These data are consistent
with a previous report that SDF-1 is expressed in GFAP-pos-
itive cells in the damaged motor cortex of mice (Arimitsu
et al., 2012). Moreover, HIF-1 activation promotes SDF-1
expression and ultimately promotes the migration of CX-
CR4-positive cells into damaged tissues after cell damage or
inflammation activation (Zagzag et al., 2006). Our findings
demonstrated that the expression of SDF-1 in the PD rat
model was upregulated in comparison with the control rats.
We speculated that SDF-1 expression was upregulated in the
6-OHDA-induced PD model in rats, as well as SDF-1 ex-
pression being upregulated in inflammatory cell infiltration,
which is in accordance with a recent study (Bakogiannis et
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al., 2017). Furthermore, we found that SDF-1 expression was
upregulated in the NSC-grafted group in comparison with
the sham group at 1 and 4 weeks, as a result of NSC trans-
plantation. It has been revealed that SDF-1, along with its
corresponding receptor CXCR4, exerts a significant impact
on the migration of mesenchymal stem cells to the injured
site (Xiao Ling et al., 2016). In the present study, CXCR4 ex-
pression was significantly higher in the NSC-grafted group
than in the sham group. In addition, CXCR4 expression
was significantly increased in PD model rats compared with
control rats. This phenomenon disappeared after the addi-
tion of AMD3100 treatment. These results indicated that
the 6-OHDA-induced injury in the substantia nigra and the
transplantation of NSCs into the host brain may lead to the
increased expression of CXCR4.

NSC transplantation may be effective for treating PD rats,
because many grafted cells differentiated into TH-positive
cells in the substantia nigra of a PD rat model in a previ-
ous study (Parmar, 2018). In vitro investigations have also
demonstrated that NSCs can successfully differentiate into
TH- and Tujl-positive cells. Moreover, immunofluorescence
staining in the current study revealed that the number of
TH-positive cells in the NSC-grafted group was significantly
higher than in the sham group.

In the present study, the behavioral test results were con-
sistent with the rest of our results. When AMD3100 blocked
the SDF-1/CXCR4 axis, the related physiological effects de-
scribed previously were significantly inhibited. These obser-
vations demonstrated that the SDF-1/CXCR4 axis is critical
during the transplantation of NSCs into the nigra-striatum
for the treatment of PD rat models.

This study has some limitations, however. First, PD is a
neurodegenerative disease that mainly affects people who
are over 60 years old, and the specific pathogenesis is still
unclear (Pain et al.,, 2019). Therefore, the neuropathological
characteristics of PD patients cannot be completely simulat-
ed by injecting 6-OHDA into the brain (Jakobs et al., 2019).
Second, we observed a significant increase in the number
of dopaminergic neurons in the substantia nigra/striatum
region after NSC transplantation, but did not study whether
dopamine levels increased in the brain (Eisinger et al., 2019).
Future studies should take these limitations into account.

In summary, SDF-1/CXCR4 expression significantly in-
creased after NSC transplantation. The SDF-1/CXCR4 axis
plays an important role in the therapeutic effects of NSC-
based cell replacement for PD, and this knowledge may
contribute to the development of a new effective treatment
strategy for PD. As a chronic degenerative disease of the
central nervous system, PD is mainly treated by drugs and
surgery (Sabino-Carvalho et al.,, 2019), both of which have
shortcomings. If we can treat PD by transplanting NSCs into
the brain, we will be able to improve the quality of life of
patients (Valdez et al., 2019). In our study, which is of great
significance for the treatment of PD by NSC transplantation.
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