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Abstract: Neural stem cells (NSCs) are multipotent cells that have the capacity for differentiation into the major cell 
types of the nervous system, i.e. neurons, astrocytes and oligodendrocytes. Valproic acid (VPA) is a widely prescribed 
drug for seizures and bipolar disorder in clinic. Previously, a number of researches have been shown that VPA has 
differential effects on growth, proliferation and differentiation in many types of cells. However, whether VPA can 
induce NSCs from embryonic cerebral cortex differentiate into neurons and its possible molecular mechanism is 
also not clear. Wnt signaling is implicated in the control of cell growth and differentiation during CNS development in 
animal model, but its action at the cellular level has been poorly understood. In this experiment, we examined neu-
ronal differentiation of NSCs induced by VPA culture media using vitro immunochemistry assay. The neuronal dif-
ferentiation of NSCs was examined after treated with 0.75 mM VPA for three, seven and ten days. RT-PCR assay was 
employed to examine the level of Wnt-3α and β-catenin. The results indicated that there were more β-tublin III posi-
tive cells in NSCs treated with VPA medium compared to the control group. The expression of Wnt-3α and β-catenin 
in NSCs treated with VPA medium was significantly greater compared to that of control media. In conclusion, these 
findings indicated that VPA could induce neuronal differentiation of NSCs by activating Wnt signal pathway.
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Introduction

The central nervous system (CNS) was long 
thought to be largely postmitotic with very  
limited ability to regenerate. Thus, it came as  
a superviser when neural stem cells (NSCs) 
were discovered [1]. NSCs can self-renew to 
produce more stem cells and have teenage 
ability, capable of generating neurons, astro-
cytes and oligodendrocytes [2-6]. So they 
brought hopes to the patients with CNS 
disorders.

Previous studies have suggested that the 
behavior of NSCs was regulated by both intrin-
sic characteristic and extrinsic signals originat-
ing from the culture medium [7]. For example, 
glial cell line-derived neurotrophic factor 
(GDNF), neurotrophin-3 (NT-3) and ciliary neu-
rotrophic factor (CNTF) have been shown to 
promote the differentiation of NSC in culture 

[8-10]. In addition to these neurotrophic fac-
tors, chemicals can also regulate the multi-
potential of NSCs.

Valproic acid (VPA) was a pharmacologic agents 
utilized in the treatment of manic-depressive  
illness for nearly 50 years in clinic. Recent  
studies have demonstrated that VPA has neu- 
roprotection effect. The potential mechanism 
for this effect involved of the expression of  
the anti-apoptotic protein Bcl-2, upegulated by 
VPA in rat mouse brain and human SH-SY5Y 
neuroblastoma cells to produced neurotrophic 
effects [11, 12]. Furthermore, VPA promoted 
neuronal fate through the induction of NeuroD 
in adult hippocampal neural progenitor [13]. 
However, the effect of VPA on NSCs remains 
unclear. In this study, we showed that VPA 
induced NSCs to differentiate predominantly 
into neurons, at least in part, by activating Wnt-
3α and β-catenin.

http://www.ijcep.com


Wnt signaling involves in neuronal differentiation

579 Int J Clin Exp Pathol 2015;8(1):578-585

in NB medium with 2% B27 supplement and 
fetal bovine serum (2%) were control group. The 
medium was half-exchanged every other day. At 
3 days, 7 days and 10 days after culture, dif-
ferentiated cells were immunochemistry stain-
ing with antibody of β-tublin III (mouse anti-rat 
IgG, 1:800, Sigma, USA) and glial fibrous acidic 
protein (GFAP, rabbit anti-rat IgG, 1:400, Sigma, 
USA). 

Identification of NSCs and differentiated neu-
ral cells

After 30-min fixation in 4% paraformaldehyde, 
the NSCs were treated with 1N HCl for 10 min 
to denature DNA, and then neutralized with 0.1 
M sodium borate for another 10 min. Samples 
were washed three times with 0.01 M PBS. 
0.5% Triton-X-100 and 1% BSA prior to an over-
night incubation with the primary mouse anti-
rat Brdu antibody (1:800, Sigma, USA) and rab-
bit anti-rat nestin (1:200, Sigma, USA). In order 
to identify the multiple differentiations of NSCs, 
the differentiated cells from NSCs were stained 
with β-tublin III and GFAP antibody. The number 
of cells was counted with DAPI (sigma) staining. 
After 3×5 min washed, fluorescein isothiocya-
nate (FITC)-conjugated goat anti-mouse sec-
ondary antibody (1:100, Zhongshan, China) 
was used for staining β-tublin III and tetrameth-
ylrhodamine isothiocyanate (TRITC)-conjugated 
goat anti-rabbit secondary antibody (1:100, 
Zhongshan, China) was used for staining GFAP 
respectively. Subsequently, the sample was 
stained with DAPI for 3 min and then washed 
three times with 0.01 M PBS prior to scanning 
with laser con-focal microscope (Leica, SP2, 
Germany).

Real time RT-PCR 

The procedure was used as describe by Hou et 
al. [16]. Total RNA was extracted from differen-
tiated NSCs after 3 days, 7 days and 10 days 
with Trizol (Invitrogen, USA). The separation and 
precipitation of RNA was accomplished with 

Table 1. Primers used for real-time reverse transcription-polymerase chain 
reaction

Gene Forward primer (5, -3,) Reverse primer (3, -5,) Length 
(bp) Access number

Wnt-3α gccagtcacatgcacctcaa gctctgtgggcaccttgaag 220 XM_220546.5
β-catenin tgggctgcagaaaatggttg tcgggtctgtcaggtgaggc 290 NM_053357.2
GAPDH aggttgtctcctgcgacttca tggtccagggtttcttactcc 163 NM_017008.3

Materials and animals

Neural stem cell culture

All animals used in this study were handled 
according to the Guidelines of Chongqing 
Association for Animal Care and Use (SCXK 
Yu20020003) and the Research Institude of 
surgery for the management of laboratory ani-
mals. Animal Ethic of this study was approved 
by the Third Military Medical University.

Primary neural stem cells (NSCs) were derived 
from embryonic 13-15 days Sprague-Dawley 
(SD) rats as derived previously [14]. Briefly, the 
telencephalon was rapidly dissected and 
placed into 2 ml tube containing 0.25% trypsin. 
The tissue was mechanically dissociated into 
signal cell suspension. Cell number and viabili-
ty were assessed by staining a small volume of 
cell suspension with 0.4% typan blue. Signal-
cell suspensions were transferred to growth 
medium consisting of neural basal (NB) medi-
um and 2% B27 supplemented with 20 ng/ml 
human recombinant basic fibroblast growth 
factor (bFGF, Gibico Invitrogen, USA), 20 ng/ml 
epidermal growth factor (EGF, Gibico Invitrogen, 
USA) at 5×104 cells/ml. The cells were then 
planted into culture flasks and maintained 
under a humidified atmosphere of 5% CO2 in air 
at 37°C. After 3-5 day in vitro, the neurosphere 
were dissociated into single-cell suspension 
and seeded onto 24-cell plates at 1-2 cell per 
well. The neurosphere subclusters were digest-
ed and another passage was performed as 
before. The cell passage protocol was per-
formed every 5-6 day to obtain neurosphere 
originating from a single primary cell. Secondary 
or tertiary neurospheres were used for subse-
quent experiments. Half of the medium was 
replaced every other day. For Brdu labeling, 
NSCs were incubated in medium containing 10 
μM Brdu for 18 h prior staining. 

The third passage cells were plated on cover-
slips coated with poly-L-lysine (Sigma) at the 

density of 1×105 cells/
ml, then cultured with 
NB medium with 2% 
B27 supplement and 
fetal bovine serum 
(2%), including valproic 
acid with the concen-
tration of 0.75 mM 
[15]. The cells cultured 
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chloroform and isopropyl alcohol. Total RNA 
was isolated and purified by an Rneasy minikit 
(Qiagen, USA) with the addition of Rnasefree 
DNase I (Qiagen, USA). The two-step SYBR 
ExScriptTM RT-PCR kit (Perfect Real TimE, 
TaKaRa, Japan) for real-time RT-PCR was used 
to analyze the expression of Wnt-3α and 
β-catenin. Glycealdehyde-3-phosphate dehy-
drogenase (GAPDH, Santa Cruz, USA) was used 
as the housekeeping gene. Quantification was 
achieved using standard curves derived from 
gene expression relative to the level of GAPDH 
gene expression. 

PCR was performed for 32 cycles (at 92°C for 
30 s, at 62°C for 1 min and at 72°C for 30 s) in 
50 µL total volume containing (in mM) dNTPs 
0.2; Tris-HCl, 13; KCl, 65; MgCl2, 2.6, with 
Triton 3100 0.13% and 2 units of Taq 
Polymerase (Promega). An amplification step 
was performed at 62°C for 10 min. Ten microli-
tre-PCR samples were loaded on a 2% agarose 
gel (Life Technologies, Cergy-Pontoise, France) 
containing Gel Star (Biorad, Hercules, USA) and 
photographed. The primers used are listed in 
Table 1.

Statistical analysis

The percentage of positive cells in relation to 
the total cell number was determined in 5 ran-
dom fields under microscope for each group in 
three independent experiments. All data were 
presented as mean ± SD. Statistical analysis of 
data was performed using a one-way analysis 
of variance (ANOVA). P < 0.05 was considered 
to be statistically significant.

Results

NSCs could proliferate and differentiate into 
different types of neural cells

On the second day after primary culture, cells 
cultured in NB medium with B27 supplement 
and bFGF proliferated and formed neuro-
spheres (Figure 1A and 1B). These neuro-
spheres expressed neural stem cell specific 
marker Nestin (Figure 1C and 1D). Three days 
after withdraw bFGF, the cells from differenti-
ated neurospheres can differentiate into neu-
rons and astrocytes (Figure 1E-H).

Figure 1. The growth and identification of NSCs in vitro. A. Representative photomicrograph of neurospheres in cul-
ture (bar = 75 µm). B. Representative photomicrograph of differentiated NSCs (bar = 160 µm). C. Immunocytochem-
ical staining of purified NSCs with Nestin (bar = 80 µm). D. Immunocytochemical staining of NSCs with anti-Brd-U 
antibody (bar = 80 µm). E. Nucleus staining of NSCs with DAPI (bar = 75.55 µm). F. Immunocytochemical staining 
of differentiated neurons from neurospheres (green indicates neuron-specific label β-tubulin III, bar = 75.55 µm). G. 
Immunocytochemical staining of differentiated astrocytes from neurospheres(red indicates astrocyte-specific label 
GFAP, bar = 75.55 µm). H. Merge of F and G (bar = 75.55 µm).
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Differentiation of NSCs with valproic acid

To confirm differentiated cells from NSCs  
with valproic acid, neurons specific marker  
and astrocytes marker were used for immu- 
nofluorescence staining (Figure 2A). Our re- 
sults showed that after differentiation 3 days, 
the number of neuron-like cells in two groups 
had no significant difference. After 7 days  
and 10 days, the cells cultured in valproic  
acid group, the number of neurons differen- 
tiated from NSCs were much higher than those 
in control group. At 10 days, 74.2 ± 2.40% dif-
ferentiated cells form NSCs were expressed 
neuron specific marker β-tubulin III, which was 
significantly higher compared to the control 
group (46.8 ± 2.36% β-tubulin III positive cells) 
(Figure 2B).

Wnt-3α and β-catenin expression in differen-
tiation process of NSCs 

To confirm the expression of Wnt-3α and 
β-catenin, Wnt-3α and β-catenin mRNA was 
examined by RT-PCR at different differentiation 
time points in vitro. On the 3rd, 7th and 10th 
day after NSCs differentiation, both mRNA 
expression of Wnt-3α and β-catenin was higher 
than control group (P < 0.01). Interestingly, the 
expression of Wnt-3α and β-catenin in both 
groups at 7 days and 10 days was lower than 
that at 3 days (Figure 3A and 3B). That means 
Wnt-3α and β-catenin mRNA didn’t increase fol-
lowing with the differentiation time. These 
results suggested that VPA stimulated neuronal 
differentiation by activating Wnt signal pathway 
such as Wnt-3α and β-catenin.

Figure 2. Identification and quantification of dif-
ferentiated neural cells cultured in VPA medium 
and control medium 7 days in vitro. A. Immunocy-
tochemical staining of differentiated neural cells 
in different midium. β-tubulin III staining (green) 
indicates neurons; GFAP staining (red) indicates 
astrocytes. The nuclei were counterstained with 
DAPI (blue). (Scale bar = 75 µm). B. Quantifica-
tion of differentiated neurons in two culture me-
dia. *P < 0.05 indicates statistical significance 
compared with control group. 
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Discussion

NSCs exist in the mammalian developing and 
adult nervous system and have the ability to 
self-renew and differentiate into three major 
neural lineages. Tremendous interest in the 
potential of NSCs for the treatment of neurode-
generative disease and central nervous system 
injuries has substantially promoted research 
on NSCs [17]. Regulation of NSCs self-renew 
and differentiation is the major challenge for 
neural stem cell-based cell replacement thera-
pies to ameliorate some of clinic feature of 
experiment models of neurological disease, 
including spinal cord trauma, neurogenetic 
degeneration and stroke [18]. 

Previous studies suggested that differentiation 
of NSCs are influenced the effects of intrinsic 
and extrinsic signals coming from substrates, 
medium components, and the complex interac-
tion among cells [19]. VPA is an effective and 
widely used antiepileptic and anticonvulsant 
drug. Previous studies showed that VPA was 
shown to protect cultured rat hippocampal neu-
rons against amyloid and glutamate neurotoxic-
ity and can protect cultured cerebral cortical 
neurons, neural progenitor cell, mesenchymal 
pluripotent cell, and retinal ganglion cells from 
apoptosis [20-23]. VPA could also induced pro-
liferation of rat Schwann cells [24]. Conversely, 
some experiments revealed that a doses expo-
sure to VPA had no changes in cell proliferation 
for Hela cell [25]. Yuan et al. [12] have further 

demonstrated that VPA produces similar 
effects to those of neurotrophic factors, pro-
moting neurite growth for SH-SY5Y cells. Other 
study revealed that VPA actively suppressed 
differentiation into astrocytes and oligodendro-
cytes, while promoting differentiation into neu-
rons by up-regulating the neurogenic bHLH 
transcription factor NeuroD [13]. So, we asked 
whether a similar pattern of regulation by VPA is 
evident in NSCs. And little is known about the 
molecular mechanisms underlying this event. 

In order to investigate the effects of VPA on 
NSCs differentiation in vitro, our previous data 
showed that the VPA on NSCs differentiation 
have concentration and time effect [15]. It indi-
cated that 0.75 mM is a desirable concentra-
tion for the differentiation of NSCs. Thus, in this 
experiment, we chose 0.75 mM VPA to treat 
NSCs and explored its possible mechanism fur-
ther. In this series of experiments, we found 
that treatment with VPA during the NSCs stages 
resulted in neuronal differentiation, accompa-
nied by increases in neuronal cell numbers and 
the expression of Wnt-3α and β-catenin. In the 
first three days, NSCs in all groups, began to 
adhere and differentiate. But the ratio of neu-
rons differentiated from NSCs had no signifi-
cant difference. Interestingly, the expression of 
Wnt-3α and β-catenin began to increase. Seven 
and ten days after differentiation, NSCs in VPA 
were more likely to differentiate into neurons 
than those in control group. Accordingly, the 
expression of Wnt-3α and β-catenin in VPA 

Figure 3. RT-PCR analysis of Wnt-3α and β-catenin expression in NSCs cultured in VPA medium and control medium 
at 3, 7, 10 days in vitro. A. The expression of Wnt-3α in two groups. B. The expression of β-catenin in two groups. 
The level of Wnt-3α and β-catenin in VPA treated NSCs was higher than that in the control group. *P < 0.01 indicates 
statistical significance compared to the control group. 
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groups was higher than that in control group. 
But the expression of Wnt-3α and β-catenin 
didn’t increase accompany with the time. We 
supposed that VPA-mediate promotion of neu-
ronal differentiation was due to the activation 
of Wnt-3α and β-catenin. Wnt-3α and β-catenin 
expressed at the early stage of NSCs, and the 
expression level didn’t rise apparently along 
with time increasing. That means there was no 
relation between the expression level of Wnt-
3α and β-catenin and the number of differenti-
ated neurons.

Wnt protein was cysteine-rich lipid-modified 
proteins that play a major role in various pro-
cesses during cell development including prolif-
eration, differentiation and fate decision [26]. 
Wnt-3α was the member of canonical pathway 
and β-catenin was an essential component of 
the canonical Wnt signaling system. At present, 
some studies have shown that activation of the 
Wnt/β-catenin pathway supports pluripotency, 
whereas other studies indicated a role in pro-
moting differentiation [27]. We presumed that 
Wnts play different role in specific cell and tis-
sue. Recent studies showed Wnt/β-catenin sig-
naling regulate neuronal differentiation of mes-
enchymal stem cells, osteoblasts [28, 29] and 
regeneration of neuron in the mouse retina 
[30]. At the same time others have identified 
that Wnt-3α is crucial for the differentiation of 
hippocampus caudomedial progenitor cells 
and zebrafish cerebellum cell [31, 32]. Wnt-3α 
in combination with bone morphogenetic pro-
teins and sonic hedgehog, induced the differ-
entiation of ESCs into interneurons [33]. 
Besides, Wnt-3α regulated chondrocyte differ-
entiation via c-Jun/AP-1 pathway [34]. In our 
experiment, we observed that Wnt-3α and 
β-catenin anticipate in the differentiation of 
NSCs as well. It has been identified that Wnt-3α 
and β-catenin have crosstalk with hedgehog, 
GSK-3β, c-Jun and Nogo A signal pathway 
[31-36]. 

In summary, VPA can promote NSCs differenti-
ated into neurons through activating Wnt-3α 
and β-catenin. These findings demonstrate that 
VPA can induce differentiation of NSCs into 
neurons by activation of Wnt canonical signal-
ing pathways. Our data provides novel informa-
tion regarding NSCs response to VPA and a 
potential therapy for inducing differentiation of 
NSCs for clinical application. Nonetheless, 
additional studies will be required to determine 

whether there is crosstalk between Wnt-3α/β-
catenin and other signaling pathway. Also more 
work is required to assess whether these VPA-
induced neurons are able to improve neurologi-
cal functions under disease conditions. 
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