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Degeneration or loss of GABAergic neurons frequently may lead to many neuropsychiatric disorders such as epilepsy
and autism spectrum disorders. So far no clinically effective therapies can slow and halt the progression of these
diseases. Cell-replacement therapy is a promising strategy for treatment of these neuropsychiatric diseases. Although
increasing evidence showed that mammalian somatic cells can be directly converted into functional neurons using
specific transcription factors or miRNAs via virus delivery, the application of these induced neurons is potentially
problematic, due to integration of vectors into the host genome, which results in the disruption or dysfunction of
nearby genes. Here, we show that mouse fibroblasts could be efficiently reprogrammed into GABAergic neurons in a
combined medium composed of conditioned medium from neurotrophin-3 modified Olfactory Ensheathing Cells (NT3-
OECs) plus SB431542, GDNF and RA. Following 3 weeks of induction, these cells derived from fibroblasts acquired the
morphological and phenotypical GABAerigic neuronal properties, as demonstrated by the expression of neuronal
markers including Tuj1, NeuN, Neurofilament-L, GABA, GABA receptors and GABA transporter 1. More importantly,
these converted cells acquired neuronal functional properties such as synapse formation and increasing intracellular
free calcium influx when treated with BayK, a specific activator of L-type calcium channel. Therefore, our findings
demonstrate for the first time that fibroblasts can be directly converted into GABAergic neurons without ectopic
expression of specific transcription factors or miRNA. This study may provide a promising cell source for the application
of cell replacement therapy in neuropsychiatric disorders.

Introduction

GABAergic neurons, an important type of inhibitory inter-
neurons, play a crucial role in neural circurity and activity. In
contrast to excitatory interneurons, these inhibitory cortical inter-
neurons specifically release the neurotransmitters gamma-amino-
butyric acid (GABA) and glycine which actively participate in
diverse physiology activities in brain.1 Especially, GABAergic
neurons exert pivotal roles in maintaining the balance between
the excitatory and inhibitory inputs with regards to cortical cir-
cuits. The disruption and alteration of the balance between exci-
tation and inhibition inputs in the cortical circuitry generally
result in neuropsychiatric disorders such as epilepsy, autism spec-
trum disorders and schizophrenia.2 Currently, there is no cura-
tive treatment for these neuropsychiatric disorders and existing
pharmacotheraphy is extremely erratic and may cause severe side-
effects that decrease the quality of life for these patients.

Nevertheless, increasing evidence suggest that stem cell implanta-
tion might be a promising strategy for the treatment of neurode-
generative disorders. Comparatively, autologous cell therapy is
regarded as perspective candidate for cell-based clinical therapies
owing to several unique advantages including no immune rejec-
tion and no ethical problems. More strikingly, numerous studies
also demonstrated that somatic cells can be dedifferentiated into
induced pluripotent stem cells (iPSCs) and subsequently re-dif-
ferentiated into mature specific neurons, which is believed to be a
breakthrough strategy for cell-based therapy in restoring the
functions of injured nervous system and neurological disorder.3-7

However, iPSCs derived from patient-specific somatic cells are
restricted in clinical studies owing to its low differentiation effi-
ciency, time consuming and tumorigenicity.8-11 Thus, people are
seeking for alternative strategies such as direct conversion of
somatic cells to neurons, by which neurons derived from somatic
cells do not go through a pluripotent state. In this way, much
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lower tumorigenicity and shortened procedure for dedifferentiat-
ing and re-differentiation can be achieved. Toward this direction,
somatic cells forced to ectopic express of a combination of tran-
scriptional factors or/and neuronal-specific miRNAs (miR9/9*
and miR124) have been shown to be directly converted into neu-
ral progenitor cells (NPCs),12 neural stem cells (NSCs),13-15 neu-
rons,16,17 or special sub-type of neurons such as glutamatergic
neurons, GABAerigic neurons,18,19 motor neurons,20 and dopa-
minergic (DA) neurons.21-23 In addition, several studies showed
that repression of a single RNA binding protein PTB can also
directly convert fibroblasts into neurons by up-regulating multi-
ple neuronal-specific transcriptional factors and miR124.24

Unfortunately, these strategies may be problematic because using
viral vectors are likely to integrate the genes into the host
genome, possibly resulting in the disruption or dysfunction of
nearby genes. To overcome these problems, it is of unusual
importance to discover new methods for a direct conversion of
somatic cells into sub-type of neurons without exogenous gene
delivery.

To find out a novel strategy, we attempted to utilize a combi-
nation of the conditioned medium of OECs, plus SB431542 and
growth factors capable of reprogramming somatic cells to our
desired neuronal subtypes based on the following rationales.
Firstly, our recent study demonstrated that human OECs and
RA cooperate to effectively promote neural differentiation of
human bone marrow stromal stem cells (hBMSCs).25 OECs are
specialized glial cells from the olfactory bulb and the olfactory
mucosa. Numerous studies have revealed that OECs are a prom-
ising cell source available for transplantation to improve the func-
tional recovery and axon regeneration following damage to
central nervous system (CNS) or peripheral nerve system (PNS)
attributing to its unique characteristics.26,27 That is, OEC can
produce some neurotrophic factors such as BDNF, NT-3, NT-

4/5, NGF, GDNF and VEGF, which effectively promote neuro-
nal cell survival, growth and development.28,29 Additionally,
OECs could secrete desert hedgehog (DHH), which promotes
cell fate determination of motor neurons and differentiation of
interneuron cells in the spinal cord30 and can also regulate the
gene expression of FGFs and BMP in CNS.31 Secondly, apart
from OECs, we simultaneously supplemented SB431542, an
inhibitor of TGF-b pathway, to the induced medium, based on
previous reports indicating that the inhibition of TGF-b pathway
can enhance the neuronal differentiation of ESCs32 and
strengthen the direct conversion process of somatic cells into neu-
ral cells.33

We demonstrate in this report that by using a combined
medium composed of conditioned medium from NT3-OEC
plus SB431542, GDNF and RA, we were able to successfully
induce a direct conversion of fibroblasts into GABAergic neu-
rons. Therefore, our findings may provide a novel strategy for the
treatment of specific neurological diseases via autologous cell
replacement.

Results

Preparation and characterization of MEF cells
To make sure that the MEF cells that we prepared were pure

fibroblasts, we first prepared primary MEFs as described previ-
ously19 from embryonic day (E) 13.5 wild-type C57BL/6 mice
embryos removing spinal cord and cultured the cells in tissue cul-
ture flasks. Briefly, MEF were expanded up to passage 2 or 3 for
the following conversion experiment in a DMEM medium con-
taining 10% FBS, 1% penicillin/streptomycin. At passage 2, we
needed to determine whether the MEFs contained any neuron
stem/progenitor cells or neural cells by immunostaining assay

with Nestin, Sox1, Tuj-1, Map2, NeuN
and GFAP antibodies, respectively. As
shown in Figure 1, neither NSCs/NPCs
nor neural cells in the MEFs were found
in the MEF culture. All cultured cells
were vimentin positive and E-cadherin
negative, indicating that the MEFs that
we prepared were not contaminated with
neural cells or NSCs/NPCs.

Preparation and characterization
of the conditioned medium from
the NT3-OECs

To obtain the conditioned medium,
we isolated and cultured OECs in DF12
medium containing 10% FBS. After 2–
3 weeks, the cells extended very thin and
long processes, and eventually formed a
more intricate net (Fig. 2A). In addition,
immunostaining analysis showed that
about 80–90% of the cells immunoreac-
tive to p75 (OEC specific marker) were
OECs (Fig. 2B). Next, OECs were

Figure 1. Characterization of MEFs. Immunostaing of the MEF cells, Vimentin and E-cadherin. Neural
Markers: Nestin, Map2, Tuj-1, GFAP, Sox1,NeuN. scale bar, 50mm.
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infected with lentivirus particles con-
taining NT3-RFP. Overexpression of
NT3 was indicated in the OECs as
they displayed the expression of
reporter red fluorescence protein (RFP)
(Fig. 2C). Consistently, western blot-
ting also confirmed that NT3 level was
remarkably higher in the NT3-OECs
than that of the control cells (Fig. 2D).

Induction of GABAergic neurons
from fibroblasts with a combination of
the conditioned medium of NT3-
OECs plus SB431542, GDNF and RA

To examine the efficiency of our
combinational induction system in the
trans-differentiation of fibroblasts, we
re-plated MEFs onto poly-L-lysine-
coated dishes in serum-containing
DMEM medium and changed with a
combination of 1% B27 neural basal
medium supplemented with the condi-
tioned medium of NT3-OECs at a 1:1
ratio plus SB431542, GDNF and RA
next day. After 1 week, many MEFs in
the cultures exhibited small, compact
cell bodies with monopolar or bipolar
projections and neuron-like morphol-
ogy (Fig. 3A). 2–3 weeks later, increas-
ing number of cells appeared a typical
neuron-like morphology, consisting of multiple neurites with
intricate branching (Fig. 3A). Moreover, immunostaining analysis
showed that, under our induction system, these neuron-like cells
were remarkably Tuj-1 positive (Fig. 3A). By quantification of
positive cells, the percentage of Tuj-1 positive cells over the total
cells in the cultures were about 8.2 § 2.32%, 26.5 § 1.48%, and
32.3 § 2.1% at 1, 2 and 3 weeks post-induction, respectively
(Fig. 3B). These results indicated that MEFs can be directly con-
verted to neurons under this induction system, and the numbers
of neuron-like cells were significantly elevated when exposed to
the induction medium for 2–3 weeks (Fig. 3A and B). To further
verify the GABAergic characteristics of the neuron-like cells
derived from MEFs, more neuronal markers were also used to ver-
ify their biological phenotypic traits. Quantitative real-time PCR
analysis showed that Tuj-1, NeuN and Neurofilament-L (NF-L)
were expressed and dramatically increased at 3 weeks post-induc-
tion (Fig. 3C). Consistently, protein gel blots revealed that pro-
tein expression of the 3 molcules were also significantly elevated
compared to the control cultures without any treatments
(Fig. 3D). In addition, immunostaining results also confirmed
that the neuron-like cells at 3 weeks post-induction were NeuN
positive, Neurofilament-L and MAP2 double positive (Fig. 4A).

Given that the MEFs are directly converted to neurons, next
we are interested in whether these MEFs could be directly con-
verted to a specific type of neurons in the induction culture sys-
tem, we conducted immunostaining assay with GABA and Tuj-1

antibodies. As shown in Figure 3A and B, double positive cells at
2 weeks or 3 weeks post-induction were much more in the exper-
imental cultures than that in the control group. Moreover, cell
count analysis also showed that a higher percentage of GABAer-
gic neurons was observed in the experimental cultures (31.2 §
3.1% for 1 week, 35.8 § 1.9% for 2 weeks, and 54.5 § 7.2%
for 3 weeks) (Fig. 3B). To determine the characteristics of
GABAergic neurons of the neuron-like cells at 3 weeks post-
induction, immnostaining was performed, the results showed
that GATA positive cells were also GATA transporter 1 (GAT1)
positive (Fig. 4A). Consistent with the immunostaining results,
quantitative real-time PCR further verified that the mRNA levels
of GABA receptors (GABARa, GABARb and GABARg) and
GAT1 were significantly increased, especially for GABARb,
GABARg and GAT1 (Fig. 3C). In parallel, western blot analysis
also confirmed that MEFs-derived cells evidently express GABA
and GAT1 after 2–3 weeks of induction (Fig. 3D). These results
suggest that MEFs were efficiently converted to GABAergic neu-
rons under a combination of the conditioned medium of NT3-
OECs plus SB431542, GDNF and RA.

To find out whether MEFs at 3 weeks post-induction can give
rise to other subtype of neurons or glial cells with this induction
system, we performed double-immunostaining with Tuj-1/
VGlut1, Tuj-1/TH and GFAP/NF-L antibodies, respectively.
About 10% Tuj-1 positive cells were VGlut1 positive (Fig. S1),
indicating that lower proportions of the MEF-derived cells were

Figure 2. Characterization and transduction of OECs. (A) Phase-contrast microscopic images of OECs.
(B) Immunostaing of OECs with p75 antibody. (C) Transduction of OECs with lentiviral particles express-
ing NT3-RFP. (D) Westernblot analysis of NT3-OECs. scale bar, 50 mm.
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induced into glutamatergic neurons compared to conversion to
GABAergic neurons as 32.3§ 2.1%GABA/Tuj-1 double positive
cells were seen (Fig. 3A, B). Strikingly, no dopaminergic neurons
were found when induced with the same system (Fig. S1). Never-
theless, a few of MEFs were also converted into glial cells
(Fig. S1). These results suggested the induction system could effi-
ciently promote conversion of MEFs to GABAergic neurons.

To clarify which components of the combined medium of
NT3-OECs plus SB431542, GDNF and RA cause the conversion
from mEFs into GABAergic neurons, different induction condi-
tions were used as follows: (1) The conditioned medium of NT3-
OECs; (2) The conditioned medium of NT3-OECs with 1% B27
medium and SB431542; (3) The conditioned medium of NT3-
OECwith 1% B27medium, GDNF and RA; (4) 1% B27medium
with SB431542, GDNF and RA. We found that while virtually all
MEFs were apoptotic or dead under the conditioned medium of
NT3-OEC with or without GDNF and RA at one week (Data not

shown), a number of flat cells appeared in the conditioned medium
of NT3-OEC with SB431542, and some of the flat cells became
GFAP positive, but Tuj-1 and GATA negative (Fig. 4B). In the
cultures treated with SB431542, GDNF and RA, only a very small
number of cells appeared neuron-like morphology and were Tuj-1
positive but GABA negative, which was much less than what was
seen in the cultures treated with NT3-OEC, SB431542, GDNF
and RA (Figs. 3A, B, and 4B). Taken together, these results suggest
that the components of NT3-OEC, SB431542, GDNF and RA in
our induction medium might exert a synergistic effect in the con-
version of MEFs to GABAergic neurons.

Generation of functional neuron-like cells from fibroblasts
under the combination of NT3-OECs, SB431542, GDNF
and RA

To detect whether the neurons derived from fibroblasts are
likely functional, we firstly performed the immunostaining and

Figure 3. Direct conversion of MEFs into GABAergic neurons. (A) Phase-contrast microscopic images of the induced cells derived from MEFs and immu-
nostaing with Tuj-1 and GABA antibodies of the induced cells at 1–3 weeks. Scale bar, 50mm. (B) Quantification of Tuj-1 positive cells and GABA positive
cells: The percentages of Tuj-1 positive cells over the total cells, and GABA positive cells over Tuj-1 positive cells. Five to 6 representative visual fields for
each of the groups were counted. (C) Quantitative real-time PCR analysis of the mRNA levels of Tuj-1, NeuN, Neurofilament L (NF-L), GAT1 and GABA
receptors from MEF-derived cells derived from MEFs at 1–3 weeks. MEFs in normal cultures were used as control group, Con. The level of mRNA in MEFs
was set as 1. Data were collected from at least 3 separate experiments and are shown as means § standard deviation (SD). *P < 0.05, **P < 0.01 com-
pared to controls. (D) Western blot analysis of the protein expression of MEF-derived cells with Tuj-1, NeuN, NF-L, GABA, GAT1, synapsin and b-catenin
antibodies.W, week. scale bar, 50 mm.
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protein gel blotting experiments to determine the expression of
synapsin in the induced cells. As shown in Figure 5A, immunos-
taining results showed that synapsin positive cells overlapped

with Tuj-1 positive cells, displaying punctate distribution in the
cell bodies and neurites after 2–3 weeks of induction. The data
above indicated that the synapse has formed and these MEF-

Figure 4. Generation of GABAergic neurons from fibroblasts with the combination of the conditioned medium of NT3-OECs, plus SB431542, GDNF and
RA. (A) Immunostaining of the MEF-derived cells at 3 weeks post-induction with Map2, NF-L, NeuN, GATA and GAT1 antibodies. (B) Phase-contrast micro-
scopic of MEF-derived cells and double staining of MEF-derived cells with GATA/Tuj1 or NF-L/GFAP when the MEFs were cultured with the combination
of NT3-OECs with SB431542 (SB) or 1% B27 medium supplemented with SB, GDNF and RA for 3 weeks. scale bar, 50 mm.
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derived neurons are likely functional. Consistent with the above
immunostaining results, the protein levels of synapsin could also
be detected after 2–3 weeks of induction, exhibiting a much

stronger blot band of synapsin at
3 weeks compared to that of the control
cultures by western blotting (Fig. 3D).

Since a neuron-specific membrane-
related electrical activity is the most impor-
tant indicator of functional neurons34-36,
we assessed this function of the neuron-like
cells at different time points using calcium
imaging. As shown in the Figure 5B, C,
the neuron-like cells display the increasing
neuron-specific calcium influx when
treated with BayK, as demonstrated by
about 3-fold and 6-fold increase of the
fluorescence intensity at 2 and 3 weeks
post-induction, respectively. More impor-
tantly, these converted cells could display
2–3 times stronger fluorescence intensity
after withdrawal of BayK and were blocked
by nifedipine, a specific L type calcium
channel blocker. In contrast, there was not
a significant increase of fluorescence inten-
sity when treated with BayK in cultured
MEFs. Based on the above data, the con-
verted neuron-like cells indeed acquired
the functional properties of neurons.

Discussion

Although recent studies demonstrated
that induced neurons can be directly con-
verted from somatic cells using a combi-
nation of transcription factors such as
Ascl1, Brn2 and Mytl1,19 and that spe-
cific neurons subtypes can be generated
by various combination of transcription
factors,20,22 the strategy is likely prob-
lematic in future clinic application
because of a potential risk of the integra-
tion of viral vectors into the host genome.
In this study, we demonstrated a new
protocol that a combination of the condi-
tioned medium of NT3-OEC with
SB431542, GDNF and RA can directly
convert fibroblasts into GABAergic neu-
rons, avoiding the risk of delivery medi-
ated by viral vectors containing
exogenous reprogramming factors.

Previous studies reveal that OEC can
differentiate MSCs into desired type of
neurons.25,37 The possible underlying
mechanism of OECs participation in
inducing MSCs to neuronal cells is asso-

ciated with secretion of specific growth factors and cell adhesion
molecules including laminin, fibronectin and tenasin, some of
which play an important role in neural cell differentiation,

Figure 5. Characterization of the neuron-like cells derived from MEFs. (A) Immunostaining of the neu-
ron-like cells at 1–3 weeks post-induction with synapsin and Tuj-1 antibodies. scale bar, 50 mm. (B)
Functional characterization of the L-type Calcium channel. The panels show typical calcium imagines
response observed in neuron-like cells at 2–3 weeks post-induction. 1F/F0 represents the ratio of
fluorescence intensity of cells for 0s and an indicated time. Bay-K (10 mM) in the presence or absence
of nifedipine (5 mM) was added at the marked time point. (C) The represent figures of calcium imag-
ing of the induced neurons or MEFs with or without nifedipine following in the treatment with BayK.
The total number of cells analyzed in each experiment was 40–50 cells, represent results were pres-
ent. scale bar, 20 mm.
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development and survival.38 Accordingly, we used the condi-
tioned medium of OECs as an important component in our
induction system. In addition, we utilized NT3-OECs for the
following 2 reasons: First, NT3 promotes neural cell prolifera-
tion, differentiation, survival and maturation;39 Second, NT3
can further promote cell fate specification and the growth factor
secretion.40 Furthermore, we supplemented GDNF and RA in
our induction system based on previous findings that GDNF
promotes neuron survival,41 differentiation, neurite outgrowth
and dopamine release.42 Finally, RA was also added into the
induction system as it is well-known that RA, an widely used
inducer in neural differentiation of stem cells,43 can bind to spe-
cific RA receptors and therefore regulates the expression of some
transcription factors responsible for cell patterning and differenti-
ation, such as Nolz1, which reduces the self-renewal of neural
stem/progenitor cells and promotes neuronal differentiation and
growth.44 To clarify which component of the combined medium
play a crucial role in the conversion of MEFs to GABAergic neu-
rons, MEFs were induced with various combinations of NT3-
OEC, SB431542, GDNF and RA for 3 weeks. Our results
revealed that the combination of RA, SB431542 and GDNF
could only induce a small number of MEFs into pan-neurons
without GABAergic neurons (Fig. 4B). Surprisingly, when the 3
components were supplemented to the conditioned medium of
NT3-OEC, this induction system could significantly enhance
the conversion efficiency, displaying 32.3 § 2.1% Tuj-1 positive
cells and 54.5 § 7.2% GABA positive cells among Tuj-1 positive
cells (Fig. 3A, B) These results suggested that the components of
NT3-OEC, SB431542, GDNF and RA in our induction system
might exert a synergetic effect in direct conversion of MEFs to
GABAergic neurons.

It should be pointed out that there are several unique advan-
tages of the direct conversion of MEFs into specific subtype of
neurons by our combined conditioned medium plus additional
supplements. First, our induction culture system can directly
convert fibroblasts into neurons with a high reprogramming effi-
ciency of 32.3 § 2.1% (Fig. 3B). Secondly, the high proportion
of GABAergic neurons is generated using this culture system,
and the percentage of GABA positive cells over Tuj-1 positive
cells reaches 54.5 § 7.2% (Fig. 3B), suggesting that the present
reprogramming approach is relatively excellent, and particularly
useful as a cell resource for cell-replacement therapy for GABAer-
gic neuronal loss-mediated neurologic disorders. Thirdly, our
induction approach remarkably shortens the process of conver-
sion of fibroblasts, as demonstrated by the expression of neuron
marker Tuj-1 and GABAergic neuron marker GABA after only
1–3 week of induction and the increase of numbers of Tuj-1 pos-
itive cells and GABA positive cells when exposed to the combina-
tional medium for 2–3 weeks (Fig. 3). Fourthly, these neuron-
like cells derived from MEFs also possess functional neuronal
characteristics including synapse formation and significant cal-
cium influx into the neuron-like cells when treated with BayK.
As shown in the Figure 5B, C, the neuron-like cells display the
neuron-specific calcium influx in a time-dependent manner as
demonstrated by about 3-fold and 6-fold increases in the fluores-
cence intensity at 2 or 3 weeks post-induction, respectively

following addition of BayK. Moreover, the intracellular free cal-
cium influx has gradually exhibited a relatively stable tendency,
indicating the converted neuron became mature as the induction
time proceeds.

Taken together, we have presented a novel protocol for the
first time to induce somatic cells to be directly converted into
GABAregic neurons without involving exogenous gene transfer.
This method can be useful for cell-replacement therapy for many
neuropsychiatric disorders.

Materials and Methods

Cell culture
Mouse embryonic fibroblasts (MEFs) were isolated by remov-

ing spinal cord from C57BL/6 mouse fetus on embryonic day
13.5 (E13.5) as previously described19 and cultured in DMEM
with 10% FBS, 1% penicillin/streptomycin (all from life technol-
ogy). MEFs were used at passage 2 or 3 (P2 or P3) for the follow-
ing reprogramming experiments.

Mouse OECs were isolated from the olfactory bulb and cul-
tured as previously described45 in DF12 medium containing
10% FBS, 2 mM glutamine, and 1% penicillin/streptomycin.

Lentiviral vector construction, viral particles production
and transduction

Mouse NT3 cDNA was amplified using high-fidelity DNA
polymerase, cloned into the lentiviral vector pHIV-H2BmRFP
(from addgene) with HapI and Xba1 sites and constructed a plas-
mid named as NT3-RFP. Viral particles were generated by tran-
sient transfection of lentiviral plasmids using the X-tremeGENE
9 DNA Transfection Reagent (Roche) into the 293T cells. The
supernatant was collected after 48 and 72 hours of transfection,
and further concentrated by ultracentrifugation to produce virus
stocks, which were stored at ¡80�C for the subsequent use.
OECs grown in the DF12 medium with 10% FBS were infected
with the viral particles. Twenty-four hours later, the culture
medium was replaced with DF12 medium supplemented 1% G5
(all from life technology). Subsequently, the supernatant of the
OECs was harvested once a day until the day 5. Finally these
supernatant was mixed, centrifuged as conditioned medium, and
stored ¡20�C for the next experiments.

Direct conversion of MEFs to neurons
For induction of MEFs with the combined medium, we re-

plated MEFs at P2 or P3 on poly-L-lysine (Sigma) coated dishes
or coverslips in DMEM medium with 10% FBS. After 24 hours,
the cultures were switched to 1% B27 neural basal medium (life
technology) supplemented with 50% (v/v) conditioned medium
of NT3-OECs, 10 mM SB431542 (Sigma), 20 ng/ml GDNF
(R&D) and 5 uM RA (Sigma). Then the cultures were kept for
additional 2–3 weeks for the following experiments.

Immunofluorescence staining
Cells grown on coverslips were fixed with 4% paraformalde-

hyde (PFA, Sigma), blocked with 3% BSA, incubated overnight
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at 4�C with the primary antibodies as follows: rabbit anti-Vimen-
tin (1:200, BD), mouse anti-E-cadherin (1:200, BD), mouse
anti-Nestin (1:100, Cell Signaling Technology), Rabbit anti-
Pax6 (1:50, Abcam), rabbit anti-GFAP (1:500, DAKO), mouse
anti-Tuj1 (1:200, Sigma), rabbit anti-synapsin (1:200, Abcam),
rabbit anti-GABA (1:100, Abcam), mouse anti-p75 (1:200,
Abcam), rabbit NeuN (1:100, Cell Signaling Technology), rabbit
Map2 (1:100, Cell Signaling Technology), mouse Neurofila-
ment-L (NF-L, 1:100, Cell Signaling Technology), mouse
VGlut1 (1:100, millipore), chicken TH (1:200, GeneTex) and
guinea pig GATA transporter 1 (GAT1,1:100, Synaptic System).
After washing with PBS 3 times, cells were incubated with the
corresponding secondary antibodies conjugated with Alexa Fluor
488 and Alexa Fluor 594-conjugaged at 400-fold dilution for
2 hrs in 3% BSA in PBS. Followed by DAPI (Sigma) counter-
staining, the coverslips were mounted and immunostaining
images were visualized by using an inverted fluorescence
microscope.

Quantitative real-time PCR
RNA was extracted by using the Direct-ZolTM RNA Mini kit

(ZYMO RESEARCH) and reversely transcribed to cDNA using
PrimedScriptTM RT Master Mix (Takara). The mRNA levels
were quantified by SYBR Green-based quantitative real-time
PCR (Takara) using an ABI Prism 7900 HT (Applied Biosys-
tems). Results were confirmed in at least 3 separate analyses. The
sequences for gene primers are shown in supplementary informa-
tion, Table S1.

Western blot assays
Western blot analyses were performed as previously

reported.46 The following antibodies were used to detect specific
proteins: mouse anti-Tuj-1 (Sigma), rabbit anti-GABA (Abcam),
rabbit anti-NeuN (Cell Signaling Technology), mouse anti-Neu-
rofilament-L (Cell Signaling Technology), guinea pig anti-GAT1
(Synaptic System) and mouse anti-b-Actin (Sigma).

Calcium imaging
To substantiate the neuron-like cell neuronal properties, we

performed assessment of calcium imaging of single cells as previ-
ously described47,48 Briefly, MEFs were plated onto autoclaved
coverglass chambers coated with 0.01% poly-L-lysine for 4 hours
and then the cultures were changed with above induction system
and were maintained for additional 1–3 weeks. To measure
Ca2C influx and efflux, the cultures were incubated with 2 mM
Ca2C-sensitive dye Fluo4-AM (Life technology, dissolved in
DMSO) in 1% B27 neural basal medium for 30 min at 37�C,
and then were washed twice with extracellular medium (EM)
(140 mM NaCl, 3 mM KCl, 1 mM MgCl2, 2.5 mM CaCl2,

10 mM HEPES, pH 7.4, 10 mM glucose), 5 min each time.
Measurements of calcium imaging were performed at 37�C in
EM with confocal Zeiss microscopy with perfusion system, using
image sizes of 256 £ 256 pixels and acquisition rates of one
frame per 2 second. The fluorescence intensity for a single cell
was measured and set as 1 F at indicated time points, and the
fluorescence intensitys at 0s was set as F0. To better observe
Ca2C influx, 10 mm BayK (BayK8644, Stemgent), a specific L-
type calcium channel activator was applied for 10 s on the cells
and then repeatedly wash with EM for 10 min. Next, 5 mm
nifedipine (Abcam), a specifi L-type calcium channel blocker,
was used to block Ca2C influx before the addition of Bay-K. For
calcium imaging in Ca2C-free extracellular medium, cells were
treated for 1 min with Ca2C-free medium containing 1 mM
EGTA without CaCl2 before the Calcium imaging experiments.
Control measurements in the presence of extracellular Ca2C-con-
taining medium were performed before and after experiments in
Ca2C-free medium.

Statistical analysis
Data derived from at least 3 independent experiments were

presented and analyzed with the SPSS 13.0 software. The relative
mRNA levels were quantified by normalization to GAPDH
expression. Statistical significances were tested by Student’s t-test.
P-values < 0.05 (*) were considered statistically significant.
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