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Bone marrow-derived mesenchymal stem cells improve post-ischemia
neurological function in rats via the PI3K/AKT/GSK-38/CRMP-2
pathway
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Abstract

Background: Transplantation of bone marrow-derived mesenchymal stem cells (BMSCs) is a potential therapy for cerebral
ischemia. However, the underlying protective mechanism remains undetermined. Here, we tested the hypothesis that trans-
plantation of BMSCs via intravenous injection can alleviate neurological functional deficits through activating PI3K/AKT
signaling pathway after cerebral ischemia in rats.

Methods: A cerebral ischemic rat model was established by the 2 h middle cerebral artery occlusion (MCAO). Twenty-four
hours later, BMSCs (1x 10% in 1 ml PBS) from SD rats were injected into the tail vein. Neurological function was evalu-
ated by modified neurological severity score (mNSS) and modified adhesive removal test before and on d1, d3, d7, d10 and
d14 after MCAO. Protein expressions of AKT, GSK-3p, CRMP-2 and GAP-43 were detected by Western-bolt. NF-200 was
detected by immunofluorescence.

Results: BMSCs transplantation did not only significantly improve the mNSS score and the adhesive-removal somatosensory
test after MCAO, but also increase the density of NF-200 and the expression of p-AKT, pGSK-3f and GAP-43, while decrease
the expression of pCRMP-2. Meanwhile, these effects can be suppressed by LY294002, a specific inhibitor of PI3K/AKT.
Conclusion: These data suggest that transplantation of BMSCs could promote axon growth and neurological deficit recovery
after MCAO, which was associated with activation of PI3K/AKT /GSK-3p/CRMP-2 signaling pathway.
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Introduction

Mesenchymal stem cells (MSCs) have been found in various
tissues such as bone marrow, adipose tissue, and umbilical
cord blood [1], and can differentiate into multiple mesoder-
mal lineages including osteoblasts, adipocytes and neurons
B< Nan Liu in vitro [2-4]. Due to their self-renewal and potential multi-

xieheliunan1984 @sina.com lineage properties, MSCs have been extensively studied in
animal models of stroke [5]. The beneficial effects of MSC
treatment may be due to their direct differentiation and par-
acrine effect. Many inflammatory cytokines and hypoxic
conditions can stimulate the release of growth factors from
MSCs, many of which are known activators of the AKT sig-
nal transduction pathway [6]. These growth factors promote
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years suggests that transplanted MSCs can reduce infarct
volume and improve functional behavioral outcome follow-
ing MCAO in rats [10]. But whether it could improve axon
growth and the mechanism of transplanted MSC-induced
functional benefit after MCAO remain unclear. Here, we
tested the hypothesis that transplantation of BMSCs via
intravenous injection can promote axon growth and allevi-
ate neurological functional deficits through activating PI3K/
AKT signaling pathway after cerebral ischemia in rats.

Methods
Ethics statement

All animals used in this study were provided by Animal
Center of Fujian Medical University (Fuzhou, China). Ani-
mals were cared for in accordance with the National Institute
of Health Guide for the Care and Use of Laboratory Ani-
mals (NIH Publications No. 80-23, revised 1996). All study
procedures were approved by Fujian Medical University
Institutional Animal Care and Use Committee. The inves-
tigators responsible for molecular, cytological, histological
and functional studies were blinded to the treatment groups.
We make all efforts to minimize the number of animals used
as well as their suffering.

Isolation culture and identification of BMSCs

We prepared primary BMSCs from the bone of male
Sprague—Dawley rats weighted 60 to 80 g as described in
our former study [11]. Rats were anesthetized with 10%
chloral hydrate (3 ml/kg). The bilateral femurs and tibias
were aseptically dissected and cut off. The marrows cells
were extruded with Dulbecco’s Modified Eagle’s Medium
(DMEM; Sigma) containing 10% fetal bovine serum,
2 mmol/L glutamate and 100 U/ml penicillin/streptomycin,
and cultured in chamber (37 °C, 5% CO2). After 24 h, the
non-adherent cells were removed by changing the medium.
Then culture medium was replaced approximately every
3 days. When dense colonies of spindle-shaped cells cov-
ered greater than 80% in the flask, the cells were passed into
the secondary culture. They were lifted by 0.05% Trypsin-
EDTA (Gibco). The 3 rd passage BMSCs were applied to
the following experiments.

The differentiation of BMSCs towards the osteogenic and
adipogenic lineage was carried out as previously described
[12, 13]. For osteoblast differentiation, BMSCs were cul-
tured for three weeks with osteogenic medium, containing
10~ M dexamethasone, 50 pg/ml ascorbic acid and 10 mM
- glycerophosphate (Sigma). For adipocyte differentiation,
BMSCs were cultured for 3 weeks with adipogenic medium,
containing 107 M dexamethasone, 10 pg/ml insulin and
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100 pg/ml 3-isobutyl-1-methylxantine (Sigma). Von kossa
dyes and oil-red-O were employed to identify adipocytes and
osteoblasts respectively.

Animal model

Male adult SD rats weighted 260 to 280 g were ran-
domly divided into 4 groups: sham-operated group (Sham
group), transient right middle cerebral artery occlusion
group (MCAO group), MCAO+BMSCs-treated group
(MCAO+BM group) and MCAO+BMSCs+1LY294002
group (MCAO+BM +LY group) (n=12). Male adult SD
rats were subjected to 2 h middle cerebral artery occlusion
(MCAO) [11]. Rats were anesthetized with 10% chloral
hydrate (3 ml/kg). MCAO was induced by advancing a 4-0
surgical nylon suture (18.5 to 19.5 mm) with an round tip
from the external carotid artery into the lumen of the internal
carotid artery to block the origin of the MCAOQO. Two hours
later, we restored the blood flow by withdrawing the nylon
suture. The sham-operated group underwent the same pro-
cedure without inserting the suture. The rectal temperature
was controlled at 37 °C with a homeothermic blanket. After
recovering from anesthesia, the animals were allowed free
access to food and water. All rats were killed on d14 after
MCAO.

Cell and drug administration

SD rats received BMSCs (1 x 10°in 1 mL PBS) with ice bath
by injecting into the tail vain 24 h after ischemia, which were
harvested after culture for 3 or 4 passages and suspended
in phosphate buffered saline (PBS). To investigate the role
of the PI3-kinase pathway after MCAO, LY294002 (a PI3-
kinase inhibitor, Cell Signaling) dissolved in the dimethyl
sulfoxide and phosphate-buffered saline was injected into
intracerebroventricularly according to atlas (3 pL, bregma;
1.8 mm lateral, 1.0 mm posterior, 3.5 mm deep) 1 h before
MCAO.

Behavioral tests

To confirm whether the BMSCs could promote neurologi-
cal deficit recovery following stroke, two behavioral tests,
the modified neurological severity scores (mNSS) test [14]
and the adhesive-removal somatosensory test [15], were per-
formed before MCAO (baseline) and on d1, d3, d7, d10 and
d14 after MCAO .

mNSS test
The mNSS test is a composite of motor, sensory, balance and

reflex tests [16]. Neurological function is graded on a scale
of 0 to 18 (normal score =0, maximal deficit score=18). In
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the severity scores of injury, 1 point is awarded for a specific
abnormal behavior or for the lack of a tested reflex; 13 to
18 indicates severe injury; 7 to 12, moderate injury; 1 to
6, mild injury. Thus, the higher the score indicates a more
severe injury.

Adhesive-removal somatosensory test

For the adhesive-removal somatosensory test, somatosen-
sory deficit was measured both before and after surgery [17].
Before surgery, the animals were trained for 3 days. Once
the rats were able to remove the dots within 120 s, they were
subjected to MCAO. All rats were familiarized with the test-
ing environment. In the initial test, two pieces of adhesive-
backed paper dots (of each size, 113.1 mm?2) were used as
bilateral tactile stimuli occupying the distal-radial region on
the wrist of each forelimb. The time to remove each stimulus
from forelimbs was recorded on 5 trials per day. Individual
trials were separated by at least 120 s.

Western blot analysis

For brain extracts, the animals were sacrificed with 10%
chloral hydrate and their brain were removed on d14 after
MCAOQO (n=6). The ipsilateral hemispheres of MCAO and
normal control rat brain were dissected on ice. And then the
wet weight was rapidly measured. According to the instruc-
tion of RIPA (Beyotime) lysis buffer, total protein was
extracted from cortex tissue. The sample was centrifuged
at 13,000 r/min for 15 min at 4 °C. And then the superna-
tant was used for protein analysis. Protein concentration was
determined with the BCA protein assay (Beyotime). Total
protein (15 pg/lane) was separated by 10% SDS-polyacryla-
mide gel electrophoresis (SDS-PAGE) and transferred to
polyvinylidene fluoride membranes (PVDF, Millipore) by
semi-dry blotter (BIO-RAD, USA). The immunoblot was
blocked for 2 h at room temperature, incubated by following
primary antibodies overnight at 4 °C, washed and incubated
for 2 h by secondary antibody with a 1:2000 dilution of
horseradish peroxidase (HRP)-conjugated IgG secondary
antibody, accordingly. Signals on membranes were visual-
ized by an ECL western blotting detection kit (Beyotime) on
Kodak XTB-01 films. The primary antibodies used in this
study were rabbit anti-pAKT monoclonal antibody (1:1000,
Cell signaling Technology), rabbit anti-AKT polyclonal
antibody (1:1000, Cell signaling Technology), rabbit anti-
pGSK-3B(Ser9) monoclonal antibody (1:1000, Cell signal-
ing Technology), rabbit anti-GSK-3f polyclonal antibody
(1:1000, Cell signaling Technology), rabbit anti- pPCRMP-
2(Thr514) monoclonal antibody (1:700, Cell signaling Tech-
nology), rabbit anti-CRMP-2 polyclonal antibody (1:1000,
Cell signaling Technology), rabbit anti-GAP-43 monoclo-
nal antibody (1:1000, Cell signaling Technology), mouse

anti-GAPDH monoclonal antibody (1:500, Wuhan boster).
All experiments were repeated three times. All bands from
western blot were analyzed by Image J software (version
1.6 NIH).

Immunofluorescence

In order to detect the change of the axon, immunofluores-
cence was performed. Rats were euthanized with 10% chlo-
ral hydrate on d14 after MCAO. For preparation of frozen
sections, rats were perfused transcardially with normal saline
and paraformaldehyde and the brain samples were removed
immediately. Blocks corresponding to coronal coordinates
from bregma —1 to 1 mm were obtained and frozen rap-
idly in liquid nitrogen. A series of 8-um-thick sections were
obtained. Antibodies used for fluorescent detection consisted
of the following: rabbit anti-NF-200 (1:100; Sigma-Aldrich).
Secondary antibodies used were Cy3 donkey anti-rabbit IgG
(1:400, Jackson Immunoresearch). Negative controls were
labeled in the absence of primary antibody. Finally, the sec-
tions were used to detect by a laser scanning confocal micro-
scope (Zeiss, LSM510).

Statistical analysis

All the data were presented as mean + SD. Statistical analy-
sis was evaluated with SPSS19.0 software by Independent
sample test and one way analysis of variance (ANOVA) fol-
lowed by Tukey’s multiple comparisons test were used to
measure statistical significance. Statistical significance was
accepted at P <0.05.

Results

Morphological and differentiation capacity
of BMSCs

24 h after culture, there were many of lipid droplets and
debris. After replacing the medium, minority adherent
growing spindle cells could be recognized (Fig. 1a). On the
third day, little small cell colony formation was observed.
On the fifth day, the cells increased significantly in num-
ber and were arranged in bundles or whorls, and the colony
formation became bigger. During the seventh to ninth day,
more than 80% cell fused. Cell morphology and growth pat-
tern were similar to the primary cells. The cell morphology
was single fusiform (Fig. 1b). Three weeks after osteogenic
induction, the cell morphology disappeared and black cal-
cium mineralization deposition could be observed in the
intercellular (Fig. 1c). Three weeks after adipogenic induc-
tion, lots of orange lipid droplets were visible (Fig. 1d).
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Fig. 1 Morphological charac-
teristics and differentiation of
BMSCs. (a) PO, BMSCs grow
as a morphologically homoge-
neous population of fibroblast-
like cells; (b) P3, BMSCs grow
as whorls of densely packed
spindle-shaped cells. (¢) Cell
stained with Von kossa dyes
show that BMSCs differentiated
into osteocyte of calcium depos-
its (black). (d) Cells stained
with Oil-red-O dyes show that
BMSC:s differentiated into lipid
laden adipocytes (red). Scale
bars: 200 pm

BMSCs treatment improved functional recovery
after MCAO

The neurological function was gradually improved with
time in all rats evaluated by the mNSS score and removal
test score (Fig. 2). There was no significant difference
in mNSS score between MCAO+BMSCs group and
MCAO group on d1, d3 after MCAO(p > 0.05). How-
ever, the MCAO+BMSCs(7.92 +0.67) group showed
significant improvement in mNSS score compared with
the MCAO group(8.67 +£0.78) as early as 7 days after
MCAO(p <0.05). The therapeutic effects were sustained

Fig.2 Recovery of behavioral A
deficits. Panel A represents

sensorimotor recovery as meas- 14 -
ured by the mNSS score. Note

that, compared with MCAO 12 4
group, there was significant
recovery in the mNSS score in
MCAO+BMSCs group. N=12,
*p <0.05 vs MCAO group.
Panel B represents somatosen-

i
w
Sory recovery as measured ‘E‘

mNSS

by the adhesive-removal test.
N=12, *p<0.05 vs MCAO

group

- MCAO
- MCAC+BMSCs

throughout the study period. The average score of mNSS
in MCAO+BMSCs group was 17.4%, 24% and 28.4% less
than MCAO group.

No significant differences in adhesive-removal test
in MCAO+BMSCs group was detected compared with
MCAO group on dl1, d3, d7 after MCAO(p > 0.05). The
MCAO+BMSCs group(82.08 +9.73) showed signifi-
cant improvement in adhesive-removal test compared to
the MCAO group(94.42 +3.85) as early as 10 days after
MCAO(p <0.05). The average score of adhesive-removal
test in MCAO+BMSCs group was 13.1% and 30.6% less
than MCAO group on d10 and d14 respectively.

B Adhesive-removal Test

150+ — MCAO
— MCAO+BMSCs

T L U
0d 1d 3d
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BMSCs treatment increased the protein expression
of p-AKT and p-GSK-3p, while decreased
the p-CRMP-2

The expressions of p-AKT, p-GSK-3p and p-CRMP-2
were detected by western blot (Fig. 3). Compared with
MCAO group, the expressions of p-AKT and p-GSK-3f
increased by 60.21% and 31.54% (p < 0.05), and p-CRMP2
decreased by 20.39% (p <0.05) in MCAO+BMSCs group,
respectively. Compared with MCAO+BMSCs group, the
expressions of p-AKT and p-GSK-3p decreased by 78.08%,
39.76% (p <0.05) and p-CRMP-2 increased by 137.36% in
MCAO+BMSCs+LY294002 group.

Fig.3 Protein expression in rat A

cerebral cortex after BMSCs A MCAO - b
treatment in MCAO. Western BMSCS - -
blot was probed for p-AKT, Lyzgq,m]z - -

p-GSK-3B and p-CRMP-2,
respectively. The bar chart
shows the ratio of different
protein. Values correspond to
mean+SD (n=6). 4P <0.05
vs. Sham group, *P <0.05 vs.
MCAO group, *P <0.05 vs.
MCAO+BM group

o A
o S ———
1P I 15

Treatment with BMSCs promoted axon growth
in cerebral white matter after MCAO

NF-200 and growth-associated protein-43 were used to
detect the axon growth. In the Sham group, NF-200-posi-
vive fibers were red-stained, densely distributed and regu-
larly arranged. In MCAO group, the positive fibers were
sparsely distribution and disordered arrangement, and the
expression of NF-200 (0.0757 +£0.00321) was decreased
compared with the Sham group (0.1336 +0.00495)
(p <0.05). Treatment of BMSCs significantly increased
the expression of NF-200 (0.1070 4+ 0.00499) and the
positive fibers when compared with the MCAO group
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(0.0757+0.00321) (p <0.05). These effects can be sup-
pressed by LY294002 (an inhibitor of PI3K/AKT) in
MCAO+BMSCs+LY?294002 group (0.0718 +£0.00317),
compared with MCAO+BMSCs group (0.1070 +0.00499)
(p<0.05) (Fig. 4a). The expression of GAP-43 in cer-
ebral white matter was detected by western blot. Com-
pared with MCAO group, the expression of GAP-43
increased in MCAO+BMSCs group and decreased in
MCAO+BMSCs+LY294002 group (p < 0.05)(Fig. 4b).

MCAO

Sham

A
a

MCAO+BMSCs

MCAO+BMSCs+LY

0.15-

0.104

0.05-

Average intensity of NF-200

o
o
<

Fig.4 BMSCs protect axon from MCAO injury. Axon growth was
detected by immunofluorescence and Weston blot. The panel A shows
neuronal marker NF-200(red) and average fluorescence intensity of
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Discussion

In present study, we show that BMSCs are capable of dif-
ferentiating into osteocyte of calcium deposits and lipid
laden adipocytes. Meanwhile, administration of BMSCs by
tail-vein can significantly improve neurological functional
outcome and promote axon growth in the MCAO rats, which
was associated activation of PI3K/AKT /GSK-33/CRMP-2
signaling pathway.

GAP-43 ey o, v, o .. 43KD

GAPDH 36kD
MCAOQ

BMSCs - - + +
Ly294002 - - - +

0.8

GAP-43 expression(GAP-43/GAPDH)

NF-200. Scale bar: 20 pm. The panel B represents the expression
of GAP-43. AP <0.05 vs. Sham group, *P <0.05 vs. MCAO group,
#P <0.05 vs. MCAO+BM group
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Because of easily and safely obtaining and differentiat-
ing into many types of cells, BMSCs has been applied in
many animal models of neurological disorders in addition
to multiple sclerosis, such as stroke and Parkinson’s disease
[18-23]. BMSCs, including stem and progenitor cells, are
identified by the morphology, differentiation and cell-surface
antigen. Previous studies showed that a feature of the cells
is a CD29+, CD90+, CD106+, CD45-, CD14- cell surface
phenotype in BMSCs [24]. In this study, we found that cells
derived from rat bone marrow could differentiate into osteo-
blasts and adipocytes after induction by the morphology.

Intravenous administration of BMSCs can pass through
the blood-brain barrier (BBB) and translocate into or “home
to” the brain ischemic regions [25]. Transplanted BMSCs
concentrated in ischemic boundary zone (IBZ) and subven-
tricular zone [26]. The interaction between stromal-cell-
derived factor-1(SDF-1) and CXC chemokine receptor-
4(CXCR-4) may lead to the targeted migration of BMSCs
[27]. SDF-1 expression was higher in the ischemic bound-
ary zone after stroke, which may facilitate the migration of
CXCR4-positive stem cells. CXCR4, the specific receptor of
SDF-1, is highly expressed in BMSCs in the bone marrow.
The combination of SDF-1 with CXCR4 may contribute to
the trafficking of transplanted BMSCs. Matrix metallopro-
teinases (MMP)-9 also takes part in the migration of BMSCs
[28]. MMP-9-positive neutrophil infiltration is associated
with BBB breakdown and basal lamina type IV collagen
degradation, which sequentially facilitates BMSCs crossing
BBB and reaching their destination.

BMSCs can not only survive and migrate to ischemic
zone, but they also express neural or glial protein markers
and replace dying cells [29]. In the early stage of cerebral
infarction, BMSCs have a stimulating effect on the expres-
sion of various growth factors in the ischemic zone. During
the entire process of recovery, these factors can facilitate
functional recovery by inducing angiogenesis, reducing neu-
ronal apoptosis in the IBZ, rebuilding synapses and den-
drites, and enhancing axonal regeneration and differentiation
of endogenous neural stem and progenitor cells [7-9, 30].

Axonal regeneration plays an important role in functional
recovery after brain ischemia. Because there are many fac-
tors inhibiting the growth of the axon after injury, it is dif-
ficult for the axon of central nervous system to regenerate.
In a report [31], anterograde tracing with biotinylated dex-
tran amine injected into the right motor cortex was used to
assess axonal sprouting in the contralateral motor cortex and
ipsilateral rostral forelimb area. It was found that BMSCs
further enhanced axonal plasticity and the structural plas-
ticity, which was highly correlated with functional recov-
ery. Some studies have shown MSC could promote axon
regeneration by secreting certain neurotrophic factors, such
as BDNF (brain-derived neurotrophic factor), and bFGF
(basic fibroblast growth factor) [32]. GAP-43 is a highly

expressed protein in neuronal growth cones during develop-
ment that is used as a marker of regenerative neurons with
an axon outgrowth [15]. In the cell culture, GAP-43 signifi-
cantly increased in the BMSCs treatment following oxygen-
glucose-deprive injured [33].

Our research indicated that BMSCs implanted intra-
venously in vivo could increase the GAP-43 protein level
remarkably in MCAO rats. Nerve filament-200 is the main
component of the cytoskeleton of neuronal cell body and
nerve axons, which plays an important role in a series of the
pathophysiological changes associated with neurons such as
maintenance of the normal neuron morphology and axoplas-
mic transport. Therefore, NF-200 can be used as the marker
of neuronal axons to understand the effect of BMSC treat-
ment on the growth of neurons axon. In our study, we found
that administrated with BMSC could increase the density
of NF-200 in the cerebral white matter after MCAQO. Mean-
while, we found that during the first 2 weeks after admin-
istrating with BMSCs, there was a substantial degree of
recovery in the mNSS score. The recovery stemmed mainly
from improvements in gait, body resistance and spontaneous
activity in MCAO+BMSCs rats. Therefore, we concluded
that administrated with BMSCs could improve axon growth
and benefit neuron function outcome.

Recent studies showed that transplanted MSC after cer-
ebral infarction can activate AKT by phosphorylating [34],
which can alleviate ischemic injury and reduce neuronal
apoptosis induced by focal cerebral ischemia [35]. AKT is
the pivotal effector in the PI3K/AKT pathway, which is a
complex signaling pathway involved in crucial cellular func-
tions such as cell proliferation, migration and angiogenesis.
Numbers of researchers found that PI3K/AKT pathway also
plays an important role in multiple ischemia-reperfusion
injury organs, such as brain, heart [36] and kidney [37]. Pre-
viously, we have reported that the injured neurons induced
by Oxygen—Glucose Deprivation (OGD) can enhance the
expression of p-AKT and promote axonal outgrowth through
culturing with a conditioned medium of BMSCs [33].
Glycogensynthasekinase-3f (GSK-3p) is inactivated by Akt-
mediated phosphorylation, so GSK-38 downstream target
protein could not undergo phosphorylation including collap-
sin response mediator protein (CRMP-2) [38]. CRMP-2 is a
brain-specific protein involved in neuronal polarity, axonal
guidance, and axonal regeneration [39]. Non-phosphoryl-
ated CRMP-2 promotes axon growth mainly by interacting
with the cytoskeleton. CRMP-2 would lose the activity of
regulating neurite growth after phosphorylation [40]. In
the adult animal model of cerebral ischemia, CRMP-2 is
cleaved or exhibit hypo-phosphorylation state, which is an
important cause of neuron death [41]. Our research indicated
that the expression of p-AKT and p-GSK-3 increased sig-
nificantly, but the p-CRMP-2 decreased after administrat-
ing BMSCs. The effects were inhibited by LY294002, an
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AKT phosphorylation inhibitor, injected into the intracer-
ebroventricular before BMSCs intravenously transplanted
into MCAQO rats. Therefore, it was indicated that BMSCs
could stimulate GAP43 protein expression to reinforce neur-
ite outgrowth through activating the AKT/GSK-3p/CRMP-2
signaling pathway.

To sum up, the results from our study demonstrated that
BMSCs can promote neurological function recovery of rats
following MCAO, and its molecular mechanism is related to
the activation of AKT/GSK-33/CRMP-2. Meanwhile, there
are several limitations in our study: firstly, without testing
the differentiation of BMSCs implanted into neurons in vivo;
secondly, just providing the short-term benefits following
ischemia; finally, not determining whether BMSCs directly
or indirectly activate the AKT/GSK-33/CRMP-2 pathway.
Nevertheless, our study may be helpful to extend our under-
standing for transplantation of BMSCs in stroke.
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