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Abstract

Background: Transplantation with bone marrow-derived mesenchymal stem cells (BMSCs) improves the survival of neurons
and axonal outgrowth after stroke remains undetermined. Here, we investigated whether PI3K/AKT signaling pathway is
involved in these therapeutic effects of BMSCs.

Methodology/Principal Findings: (1) BMSCs and cortical neurons were derived from Sprague-Dawley rats. The injured
neurons were induced by Oxygen-Glucose Deprivation (OGD), and then were respectively co-cultured for 48 hours with
BMSCs at different densities (5% 10, 5x10%/ml) in transwell co-culture system. The average length of axon and expression of
GAP-43 were examined to assess the effect of BMSCs on axonal outgrowth after the damage of neurons induced by OGD.
(2) The injured neurons were cultured with a conditioned medium (CM) of BMSCs cultured for 24 hours in neurobasal
medium. During the process, we further identified whether PI3K/AKT signaling pathway is involved through the adjunction
of LY294002 (a specific phosphatidylinositide-3-kinase (PI3K) inhibitor). Two hours later, the expression of pAKT
(phosphorylated AKT) and AKT were analyzed by Western blotting. The length of axons, the expression of GAP-43 and the
survival of neurons were measured at 48 hours.

Results: Both BMSCs and CM from BMSCs inreased the axonal length and GAP-43 expression in OGD-injured cortical
neurons. There was no difference between the effects of BMSCs of 5x10°/ml and of 5x10%/ml on axonal outgrowth.
Expression of pAKT enhanced significantly at 2 hours and the neuron survival increased at 48 hours after the injured
neurons cultured with the CM, respectively. These effects of CM were prevented by inhibitor LY294002.

Conclusions/Significance: BMSCs promote axonal outgrowth and the survival of neurons against the damage from OGD
in vitro by the paracrine effects through PI3K/AKT signaling pathway.
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Introduction recovery primarily by its paracrine effects, in turn which promote
axonal outgrowth and neuron survival [5,6,7,8,9]. However, the
mechanism remains undetermined.

that transplantation with bone marrow-derived mesenchymal stem Phosphatidylinositol-3-kinase (PISK)/AKT signaling pathways
cells (BMSCs) can promote functional recovery and nervous tissue

repair in a vast number of previous studies associated with stroke
[1,2,3]. Several factors may be involved in BMSCs’ therapeutic

As one of potential therapeutic arms, it has been demonstrated

can be activated by a variety of extracellular stimuli and regulate a
wide range of cellular processes, including cell motility, cell
’ ! ‘ survival and proliferation, cell cycle progression [10]. Recent
effects: induction of neurogenesis and angiogenesis, transdiffer- studies showed that the activation of PI3K/AKT are involved in
entiation, neuroprotection, and activation of endogenous neuror- cell survival [11] and axonal outgrowth [12] in neurons. Growth
estorative processes [3,4]. In fact, axonal outgrowth and repair in associated protein (GAP-43), a neuron-specific protein, dramati-
the nervous system underlie functional plasticity and behavioral cally increased during regeneration and development of nervous

recovery after ischemic stroke [1]. More recently, it has been tissue [12]. GAP-43 is a neurotrophin-dependent membrane
widely accepted that BMSCs improve post-stroke functional
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bound phosphoprotein found in the growth cone and axon of

neurons [13]. A study reports that activation of PISK/Akt by
msulin-like growth factor-1(IGF-1) results in enhanced expression
of GAP-43 in dorsal root ganglion (DRG) neurons [14]. Thus, we
hypothesized that BMSCs may promote the axonal outgrowth and
the neuron survival by paracrine effects through PISK/AKT
signaling pathway, and which was confirmed by a vitro oxygen—
glucose deprivation (OGD) model of cerebral ischemia in this
study.

Methods

Ethics Statement

Animals were cared for in accordance with the National
Institute of Health Guide for the Care and Use of Laboratory
Animals (NIH Publications No. 80-23) revised 1996. All study
procedures were approved by the Fujian Medical University
Institutional Animal Care and Use Committee.

Culture and Differentiation Assay of BMSCs

BMSCs were prepared from tibias and femurs of Sprague—
Dawley (60-80 g) male rats as described by our former study
[15,16]. In brief, SD rats were euthanized and bone marrow was
harvested. Bone marrow cells were placed into 25 cm? flasks and
cultured in a solution of Dulbecco’s Modified Eagle’s Medium
(DMEM; Sigma) containing 10% fetal bovine serum and 100 U/
ml penicillin/streptomycin, incubated at 37°C in 5% COs..
Culture medium was replaced approximately every three days.
When cells grew to approximately 80-90% confluence, they were
expanded in additional 25 cm?® flask. Following the second
generation, these cells were trypsinized using trypsin-EDTA
0.05% (Gibco) and administered to differentiation assay.

The differentiation of BMSCs towards the osteogenic and
adipogenic lineage was carried out as previously described [17,18].
In osteoblast differentiation assay, BMSCs were cultured for three
weeks in a solution of DMEM containing 10% fetal bovine serum,
10 mM  B-glycerophosphate, 50 ug/ml ascorbic acid, 1077 M
dexamethasone (Sigma). In adipocyte differentiation assay,
BMSCs were cultured for three weeks in a solution of DMEM
containing 10% fetal bovine serum, 10 pg/ml insulin, 107° M
dexamethasone, 100 pg/ml 3-isobutyl-1-methylxantine (Sigma).
After three weeks, Von kossa dyes and Oil-red-O dyes were used
to identify osteoblasts and adipocytes respectively.

Primary Cultures of Cortical Neurons

Primary cultures of cortical neurons were prepared from
pregnant Sprague-Dawley rats as described with slight modifica-
tion [19]. Briefly, pregnant 16~18 days old rats were euthanized
and embryos were harvested in sterile conditions. Fetal brains
were dissected out by forceps on ice and placed in petri dish
containing ice-cold DMEM. Meninges were removed under
microscope and  cortical  tissue  were chopped into
I mmx1 mmx1 mm pieces with micro-spring scissors. These
tissues were transferred to 15 ml tubes containing trypsin-EDTA
(0.025% in PBS). The tubes were incubated in 37°C chamber for
15 minutes and were agitated every 5 minutes. After stopping the
trypsinization with 5 ml 20% FBS, these tissues were triturated 15
times with a Pasteur pipet. Then cell clumps were left to settle for 2
minutes to allow debris to settle and transfer the supernatant to a
15 ml eppendorf tube. The supernatant was filtered through a
75 um pore-sized filter and centrifuged in a tube for 2 minutes at
1000 r/min. The cells were resuspended in the neurobasal
medium (GIBCO) containing 2% B27(GIBCO), and 0.5 mM
glutamine, 50 U/ml penicillin/streptomycin. 2x10° and 2x10°
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cells respectively were seeded on  poly-L-lysine-coated
24 mm %24 mm coverslips (0.05 mg/ml) for immunofluorescence
and Western, and cultured in chamber (37°C, 5% COy). Culture
medium was first replaced after 24 hours, then half of the medium
was replaced with fresh medium every three days.

Oxygen-Glucose Deprivation (OGD)

Oxygen—Glucose Deprivation (OGD) model was established as
privously described with slight modification [20]. Primary cortical
neurons were cultured from embryonic SD rat embryos (16—
18 day). On DIV 5, cells were washed with phosphate-buftered
saline and cultured in glucose-free DMEM (GIBCO) after
incubated in an anaerobic chamber (95% N2, 5% COy) for
30 min to remove residual oxygen. Then cells were placed in an
anaerobic chamber containing 5% COj and 95% N2 at 37°C for
OGD. Cells were returned to original medium 90 min later, and
placed in a normoxic chamber (37°C, 5% COy).

Coculture of Post-OGD Neurons with BMSCs

To confirm whether BMSCs promote axonal outgrowth by
paracrine effects, a Transwell co-culture system was used (Fig. 1).
The 3™ passage of BMSCs at different densities 5x10° and
5%10°/ml were seeded to the upper well of the six-well Transwell
system and cultured for two days respectively. After that, the
medium were changed with 1 ml neurobasal medium. Cortical
neurons were harvested and cultured for five days, then the cell
injury was induced by OGD. Ninety minutes later, neurons were
immediately placed into the lower well of the six-well Transwell
system and 1 ml neurobasal medium added. Thus the per well of
the six-well Transwell system include 2 ml neurobasal medium
total. Fourty-eight hours later, the length of axonal outgrowth and
the expression of GAP-43 were measured. Cells those cultured in
the neurobasal medium were used as control. Four experimental
groups: Control group (normal culture), OGD group,
OGD+5x10%* BMSCs group, OGD+5x10°> BMSCs group.

Preparation of BMSCs Conditioned Medium (CM)

The 3™ passage of cultured BMSCs at a density of $x10* to
5x10*ml were cultured for three days. The culture medium was
replaced with a volume of 1 ml neurobasal medium. Total
conditioned medium (CM) were collected and debris was removed
by rinsing through 0.2 wm filter system after 24 hours later, then
stored at —20°C.

Transwell
inserts
Upper well
/” . B \\\
4 BMSCs

Membrane 0.4pm

S———

NEUTON e Lower well

Figure 1. Transwell system. Transwell system is used to coculture
BMSCs and neurons. Nutritive substance can freely penetrate the
membrane, but cells can not pass through the membrane.
doi:10.1371/journal.pone.0078514.g001
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Blocking Experiment of PI3K/AKT

PIBK/AKT signaling pathways regulate a wide range of
cellular processes, including cell survival and proliferation. To
avoid the possible effects of inhibitor LY294002 on survival and
proliferation of BMSCs through PI3K/AKT, CM from BMSCs
was applied to culture OGD-injured neurons involved in
investigating molecular pathways of neuroprotection of BMSCs
as described [11,21]. In brief, after OGD injured, neurons were
cultured in 2 ml CM with or without LY294002 (20 uM). At 2
hours of culture age, the expression of pAKT and AKT were
analyzed by Western blotting. The length of axons, the
expression of GAP-43 and the survival of neurons were
measured at 48 hours. Four experimental groups: OGD group,
OGD+CM  group, OGD+CM+ LY294002 (20 uM) group,
OGD+ LY294002 (20 uM) group.

Western Blot Analysis

According to the instruction of RIPA (Beyotime) lysis buffer,
protein was extracted from primary cortical neurons. The
sample was centrifuged at 14,000 r/min for 15 min at 4°C, and
the supernatant was collected and used for protein analysis.
Protein concentration was determined with the BCA protein
assay (Beyotime). 20 pg protein of every sample was loaded
onto the 10% SDS gel, separated by electrophoresis and
transferred to polyvinylidene fluoride membranes (PVDF,
Millipore). Blocking of membranes was carried out with
blocking solution (Beyotime) for 2 h at room temperature.
Then the membranes were incubated with the following
primary antibodies overnight at 4°C: rabbit ant-pAKT
monoclonal antibody (1:1000, Cell signaling Technology), rabbit
anti-AK'T polyclonal antibody (1:1000, Cell signaling Technol-
ogy), rabbit anti-GAP-43 monoclonal antibody (1:1000, Cell
signaling Technology), mouse anti-GAPDH monoclonal anti-
body (1:500, Wuhan boster bio-engineering limited company).
After washing three times, the membranes were incubated by
following secondary antibody for 2 h at room temperature: goat
anti-rabbit IgG-HRP (1:4000, Zhongshan Goldenbridge Bio-
technology), goat anti-mouse IgG-HRP (1:4000, Zhongshan
Goldenbridge Biotechnology). Signals on membranes were
visualized by an ECL western blotting detection kit (Beyotime)
on Kodak XTB-01 films. All experiments were repeated six
times.

Immunofluorescence Staining and Axonal Outgrowth
Assay

Culture plates were washed two times with 37°C PBS, and
cells were fixed in 4% paraformaldehyde (pH 7.4) for 15 min.
Blocking and permeabilization were carried out in 3% normal
donkey serum (Jackson Immunoresearch), and 0.1% TritonX-
100(sigma). Cells were incubated by following primary antibod-
ies overnight at 4°C: rabbit anti-GAP-43 monoclonal antibody
(1:200, Cell signaling Technology), mouse anti-class III f-
Tubulin monoclonal antibody (1:200, Beyotime). After washing
three times, the following secondary antibodies were incubated
for 2 h at room temperature, Cy3 donkey anti-mouse IgG
(1:400, Jackson Immunoresearch), Dylight488 donkey anti-rabbit
IgG (1:400, Jackson Immunoresearch). After washing with PBS,
cells were counterstained with Hoechst33342 (sigma) before
mounting. Samples were examined under a ZEISS LSM 710
confocal microscope (Germany), and the length of axonal
outgrowth was measured with ZEN2009 software (Carl ZEISS).
For each group and experiment, 3 visual fields in every
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coverslip were observed and all experiments were repeated three
times.

Flow Cytometry using Annexin V/PI Staining

For the quantitative assessment of neuronal survival, detection
of survival by flow cytometry was performed using the Annexin-V-
FLUOS Staining Kit (Roche, Germany). In brief, cortical neurons
were seeded in 25 CM? plates and subjected to various treatments
as described earlier experimental groups and design. The Annexin
V/PI staining was performed according to the manufacturer’s
instruction. The neurons were harvested and washed with 4°C
PBS three times. Neurons were resuspended by 500 pL incubation
buffer. Then 10 pl Annexin- V-FLUOS labeling reagent and
10 ul PI were added into the cell suspension for staining 15 min at
room temperature in the dark. Neurons were analyzed immedi-
ately using flow cytometry. Survival cells are negative for both
Annexin V and PIL

Statistical Analysis

All data were expressed as mean = SD. Statistical analysis was
evaluated with SPSS13.0 software. One way analysis of variance
(ANOVA) followed by Tukey’s multiple comparisons test was used
to measure statistical significance. Statistical significance was
accepted at P<<0.05.

Result

Differentiation Capacity of BMSCs

Initially, only hematopoietic cells can be observed in the
harvested marrow cells. After replacing the medium at the third
day of culture age, we observed decrease in hematopoietic stem
cell lineages and the appearance of spindle-shaped morphology of
marrow cells that adhered to the plastic culture flask. The third
passage BMSCs were uniformly distributied and adhered to the
bottom of flask (Fig. 2A). After three weeks of culture with
adipogenic induction and oesteogenic induction, these cells were
found differentiated into adipocyte (Fig. 2B) and osteocyte
(Fig. 2C).

Morphology of Primary Rat Cortical Neurons and OGD
Injury

The typical morphology of cortical neurons growing in coverslip
is shown in Fig. 3. After 24 h of culture, neurons which adhered to
the coverslip were round and relatively small, with a small neurite
outgrowth (Fig. 3A). At five days of culture age, the neurite of
neurons was lengthened and formed an extensive network
(Fig. 3B). Neurons were stained with anti-class III B-Tubulin
antibody by immunofluorescence (Fig. 3C). After OGD injury, we
can observe that neurite of neurons were injured and partially
disappeared (Fig. 3D,3E,3F).

BMSCs Enhance Axonal Length of OGD-injured Neurons

To investigate the effect of BMSCs on the axonal outgrowth by
the secretion, we first investigate whether BMSCs cocultured with
OGD-injured neurons by non-contact Transwell system promote
axonal outgrowth in vitro. BMSCs were co-cultured for 48 hours
with neurons following OGD injury. Immunofluorescent staining
for PII-tubulin identify cell bodies and neurites. Images were
captured by ZEISS LSM 710 confocal microscope (Fig. 4A), and
the morphology of neurites was manually traced with ZEN2009
software (Carl ZEISS) (Fig. 4B). The length of the longest neurite
per neuron was counted. It is shown that, the average length of
axon (51.11%3.96 um) was shortened in OGD group (Fig. 4D)
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Figure 2. Differentiated capacity of BMSCs. (A) 200x The third passage of BMSCs were fibroblast-like cells and uniformly distributied on the
bottom of a plastic flask. (B) 400x Cells stained with Oil-red-O dyes show that BMSCs differentiated into lipid laden adipocyte (red). (C) 400x Cell
stained with Von kossa dyes show that BMSCs differentiated into osteocyte of calcium deposits (black).

doi:10.1371/journal.pone.0078514.g002

(p<0.01) when compared with Normal control group (Fig. 4A)
(133.50%16.92 wm). Compared with OGD group, the average
length of axon in OGD+5x10° BMSCs group (67.21+3.97 um)
(Fig. 4F) and OGD+5x10° BMSCs group (68.27%7.61 um)
(Fig. 4F) increased (p<<0.05), but there were no significant
difference  between ~ OGD+5x10° BMSCs  group  and
OGD+5x10> BMSCs group. (p>0.05) (Fig. 4). In comparison
with Normal control group (0.89%0.03), the expression of GAP-43
(0.60£0.08) decreased in OGD group (p<<0.05). Compared with
OGD group, the expression of GAP-43 in OGD+5x10° BMSCs
group (0.75%0.03) and OGD+5x10"> BMSCs group (0.76+0.04)
significantly increased, there were no significant difference
between OGD+5x10° BMSCs group and OGD+5x10° BMSCs
group (p>0.05) (Fig. 5). These data suggested that BMSCs
cocultured with OGD-injured neurons could promote axonal
outgrowth and upregulate the expression of GAP-43 in vitro, and
the effect of the BMSCs in different density on neurons has no
difference.

BMSCs Conditioned Medium (CM) Improve Axonal
Length, Expression of pAKT and GAP-43 of Injured
Neurons

In order to further investigate the indirect effect of BMSCs on
neurons and involved mechanism of signal pathway, OGD-injured
neurons were cultured with BMSCs conditioned medium (CM)
containing or not containing inhibitor LY294002. As shown
(Fig. 6), compared respectively with OGD (55.73%5.47 um), the
average length of axon was decreased in OGD+LY294002
(22.66*+4.3 um) (p<<0.053), while the average length of axon was
increased in OGD+CM (69.41%+4.10 um) (p<<0.05). In compar-
ison with OGD+CM, the average length of axon were decreased
(p<<0.05) in OGD+CM+LY294002 group (27.69%3.44 um). The
expression of GAP-43 and p-AKT were detected by western blot
(Fig. 7). Compared with OGD group, the expression of GAP-43
and p-AKT decreased in OGD+LY294002 group (p<<0.05) and
increased (p<<0.05) in OGD+CM group. Compared with
OGD+CM group, the expression of GAP-43 and p-AKT

Figure 3. Morphology of primary rat cortical neurons and OGD injury. (A) 200x First day in vitro, neurons were small and adhered to
bottom of the flask to grow, with a round body and small neurite. (B) 200 x Fifth day in vitro, these neurites of neurons formed an extensive network.
(Q) Immunofluorescence shows cell body and neurite were labeled by anti-class Il B-Tubulin antibody (red), while nuclei were stained with
Hoechst33342 (blue). Scale bar =50 um. (D) 200 x After 24 h, neurite of neurons following by 90 min of OGD injury were degraded and disappeared,
with partial dead cell. (arrowhead shown in Fig. E) (magnification). (F) Immunofluorescence shows cell body and neurite after OGD injury. Scale
bar=50 um.

doi:10.1371/journal.pone.0078514.g003
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Figure 4. BMSCs treatment promoted axonal outgrowth. (A) Immunofluorescence showing body and neurites of cell (red). (B) Manually
traceing morphology of neurites by the ZEN2009 software (yellow). (C) Quantification of the longest axonal length of neurons. Data are expressed as
mean+SD. #P<0.01 vs Normal control; *P<0.05 vs OGD; 4P>0.05 vs BMSCs (5x10°/ml). (D) OGD (E) OGD+BMSCs (5x10°/ml), (F) OGD+BMSCs
(5x10°/ml). Scale bar=20 pm.

doi:10.1371/journal.pone.0078514.g004

decreased (p<<0.05) in OGD+CM+LY294002 group. This data  Localization of GAP-43 Expression at Growing Axons after
revealed that CM could promote axonal outgrowth and CM Treatment
upregulate expression of GAP-43 and p-AKT, the effect was

expre Immunofluorescence staining was used to detect the localization
blocked by inhibitor LY294002.

of GAP-43 expression at growing axons after CM treatment
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Figure 5. Detection of GAP-43 expression. (A) The most representative image of wesrernblot analysis for GAP-43 expression (B) Statistical graph
of GAP-43 expression in different group (n=6) #P<0.05 vs Normal control; *P<0.05 vs OGD; 4P>0.05 vs BMSCs (5x10%/ml).
doi:10.1371/journal.pone.0078514.g005
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doi:10.1371/journal.pone.0078514.9006

(Fig. 8). We observed that immunoreactive GAP-43 expressed in
the cell body and axon, but GAP-43 staining was intense in the
proximal and distal axon, thus indirectly suggesting that the axon
may be growing actively.

Effect of CM on Survival of OGD-injured Neurons

To further investigate the effect of BMSCs on survival of OGD-
injured neurons and involved in mechanism of signal pathway,
OGD-injured neurons were cultured with BMSCs CM containing
or not containing inhibitor LY294002. As shown (Fig. 9),
compared with the OGD group, CM induced a higher survival
of neurons followed OGD injury after 48 h (p<<0.01). In addition,
CM containing inhibitor LY294002 led to a lower survival
compared with the CM group (p<<0.01).
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Discussion

Stroke is one of the primary causes of long-term functional
disability and death [1,22]. It has been demonstrated that BMSCs
can promote axonal outgrowth, neuronal survival and nerve tissue
regeneration by secretory action to support the injured neurons in
a vast number of previous studies [5,23,24,25]. In this report, we
have shown that BMSCs promoted survival and axonal outgrowth
of OGD-injured neurons by paracrine effects. Furthermore, this
neuroprotective effect of BMSCs on damage neuron was partially
abolished by inhibitor LY294002 of PISK/AKT signaling
pathway.

BMSCis are capable of differentiation into different cell lineage,
such as osteoblasts, adipocytes and neuron-like cells [17,26,27]. In
our study, BMSCs were successfully differentiated into osteoblasts
and adipocytes, which show the properties of stem cells in line with
our previous study results [15]. This result indicated that cells have
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Figure 7. Detection of GAP-43 and p-AKT expression. (A) The most representative image of wesrernblot analysis for GAP-43 and p-AKT
expression. (B) Statistical graph of GAP-43 expression in different group (n=6). (C) Statistical graph of p-AKT expression in different group (n=6).

*P<0.05 vs Control group, 7P<0.05 vs CM group.
doi:10.1371/journal.pone.0078514.9g007
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Figure 8. Localization of GAP-43 expression. The left panel shows neuronal marker class Il -Tubulin (red) and nucleus (blue). The middle panel
shows expression of GAP-43(green), which is expressed in the body and axon. The right panel shows GAP-43 primarily distributes to the proximal and

distal axon (white arrows).
doi:10.1371/journal.pone.0078514.g008

been obtained from rats was multipotential BMSCs. BMSCs have
become therapeutic cells in stroke diseases because they are easily
available and can be rapidly expanded in vitro for autologous
transplantation. It has been well known that axonal remodeling is
critical to brain repair and function recovery after stroke [28]. In
the past decade, several groups found that BMSCs can promote
axonal outgrowth in vivo after stroke and also axonal outgrowth of
normal dorsal root ganglion (DRG) neurons in vitro
[25,29,30,31]. However, the direct evidence that BMSCs promote
axonal outgrowth of the injured neurons remains little.

In this study, we found that the axonal length significantly
increased when the injured neurons were cultured in the CM from
BMSCs or cocultured with BMSCs in non-contact co-cultured
system. This indicated that BMSCs promote axonal outgrowth
through the paracrine eflects, rather than by transdifferentiating
into nerve cells. Furthermore, we have found that the effect of
BMSCis promoting axonal outgrowth seemed to be not associated
with a certain of cell density, which be confirmed by the injured
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Annexin V

neurons co-cultured with BMSCs at two different densities, i.e.,
5%10° cells/ml and 5x10° cells/ml.

Gap-43 as a neuron-specific protein is implicated in axonal
growth, plasticity, neuronal differentiation and regeneration
[32,33]. Its activities and distribution are regulated by its dynamic
interactions with various neuronal proteins [34]. For instance,
axon poor regeneration is partly attributed to inhibitors of the
protein Nogo-A. Increased GAP-43 expression may be correlated
with Nogo-A inhibition after traumatic brain injury in rats [35]. It
has been revealed in a recent study that the axonal outgrowth
guidance cue netrin-1 depended on GAP-43 for its function in
neurite growth and guidance [36]. In this study, protein expression
of growth associated protein (GAP-43) was increased by the
treatment of CM or BMSCs in cortical neurons followed OGD
injury. Our results have shown that GAP-43 located in growing
axon and body, in line with the previous study [32]. Thus,BMSCs
can directly promote axonal outgrowth of the injured neurons by
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Figure 9. Detection of neuronal survival by flow cytometry. After 48 h, assay of survival of neuron. The signals from survival of cells are
localized in the lower left quadrant of the resulting dot-plot graph. (A) OGD, (B) OGD+CM, (C) OGD+CM+LY294002, (D) OGD+LY294002. (E) #P<0.01

vs OGD, *P<0.01 vs OGD+CM.
doi:10.1371/journal.pone.0078514.g009

PLOS ONE | www.plosone.org

November 2013 | Volume 8 | Issue 11 | e78514



paracrine effects though we can not determined the special
neuroprotective factors secreted by BMSCs.

To further investigate the mechanism, LY294002, a specific
inhibitor of PI3K/AKT signaling pathway was used. PI3K/AKT
signaling pathway plays a crucial role in a wide range of cellular
processes, including cell cycle progression, cell growth, cell
motility, cell adhesion and cell survival [10]. Activation of
PIBK/AKT by many different cytokines is beneficial to the
regulation of neurite outgrowth and neuronal survival. Insulin-like
growth factor-1 (IGF-1) is a neurotrophicfactor and plays a critical
role in regulation of membrane expansion at the nerve growth
cone by activation of PI3K/AKT [37]. A previous study shows
that activation of PI3K/AKT by IGF-1 promoted GAP-43
expression in neurons with excitotoxicity induced by glutamate
in vitro [14]. Virdee et al found that nerve growth factor (NGF)
stimulation induced a rapid increase in AKT activity which was
correlated with sympathetic neuronal survival [38]. Besides, Ma
et al recently report that low frequency magnetic stimulation play
a role in regulating structural synaptic plasticity of hippocampal
neurons via the activation of brain-derived neurotrophic factor
(BDNF) and tropomyosin-related kinase B (TrkB) pathways
(BDNF-TrkB), including PI3K/AKT signaling pathways [39]. In
this study, to avoid possible effects of inhibitor LY294002 on
survival and proliferation of BMSCs through PI3K/AKT
signaling pathway, just CM from BMSCs was used to culture
OGD-injured neurons involved in investigating molecular path-
ways of neuroprotection of BMSCs. Our results have shown that
PAKT expression and axonal outgrowth were increased in OGD-
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