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Introduction

Cell therapy has been proposed as a promising 
therapy for nervous system diseases1,2. However, 
the neural cell therapy for nervous system diseas-
es is hindered because of the technical difficulties 
in harvesting autologous neural stem cells. Fortu-
nately, neural cells are able to be produced by bone 
marrow stromal stem cells (BMSCs) in vitro and 
in vivo3,4. Moreover, little doubt exists that BMSCs 
stand for one of the ideal candidates for cell thera-
py. Relative to embryonic stem cell or neural stem 
cells, BMSCs are relatively easier to be separated, 
expanded and proliferated rapidly, without ethical 
and immunological problems5. Thus, BMSCs have 
attracted the interest of researchers in the potentiali-
ty of neuronal-like differentiation and in the possible 
cytotherapy of neurological diseases6. Moreover, the 
effects of BMSCs on the injury of the central ner-
vous system have frequently been reported 7,8. The 
differentiation of BMSCs in vitro serves as one log-
ical objective9,10. That is, differentiated neural cells, 
relative to active precursors, are usually believed to 
have a lower chance of malignant transformation. 
Hence, it is of significance to establish a method of 
transforming BMSCs into neural-like cells.

Although the great interest in BMSCs, no well 
differentiation protocol of BMSCs into neuron-like 
cells has been determined. Woodbury et al11 initial-
ly reported the differentiation of BMSCs into neu-
ron-like cells in vitro using chemical reagents, by 
which 80% BMSCs were turned into neuron-like 
shape within a few hours. However, chemicals 
treatments have been debated for rapid induction 
process due to their cytotoxicities12. Moreover, the 
application of chemical compounds could lead to 
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GDNF and HGF stimulate the neural differentiation of BMSCs 

such serious damage to the cell that morphological 
change was induced rather than neuronal differen-
tiation13. In addition, growing evidence has demon-
strated that a plenty of neuronal differentiated cells 
obtained by the chemical protocol go with a high 
rate of cell death14. On the account of the toxicity 
and the spurious neuronal differentiation, it seems 
extremely unpromising that clinical approval could 
be granted for the use of chemical compound-based 
differentiation methods. Fortunately, promising re-
sults have been demonstrated with induction pro-
tocols after BMSCs are exposed to trophic factors 
such as epidermal growth factor (EGF) or brain-de-
rived neurotrophic factor (BDNF) or glial cell-de-
rived neurotrophic factor (GDNF)15-17, which allows 
neuron-like cells to be derived from BMSCs. For 
example, Sanchez-Ramos et al18 utilized retinoic 
acid and growth factor including EGF at the induc-
tion step, and the expression of nestin, a marker of 
neural precursors, was observed. In 2011, Bae et al19 
demonstrated that BMSCs could differentiate into 
neuron-like cells induced by growth factors includ-
ing EGF, hepatocyte growth factor (HGF), and vas-
cular endothelial growth factor (VEGF). The results 
mentioned in aforementioned methods indicated the 
potential of neural differentiation of BMSCs. How-
ever, the protocol based on the use of trophic factors 
has side reactions, because trophic factors may act 
as mitogen agents to further increase BMSC prolif-
eration20. Moreover, the best combination of various 
trophic factors to produce full neural differentiation 
of BMSCs was still unclear. The aim of the present 
study was to establish a useful and available solution 
for transforming BMSCs into neural-like cells.

GDNF, one distant member of the transform-
ing growth factor-β (TGF-β) superfamily, was 
firstly cloned and purified from the B49 glial cell 
line21. Wang et al22 suggested that GDNF played 
a significant role in the development of nervous 
system via inducing the differentiation of neural 
crest cells, which entered gastrointestinal tract to 
form enteric neurons. Another study23 indicated 
that GDNF and NT-3 induced the BMSCs differ-
entiation and neuron-like features including the 
expression of both NSE and nestin. HGF binds 
to the tyrosine kinase receptor24 and then exerts 
important functions as a pleio-trophic growth fac-
tor25. Significantly, tyrosine kinase receptor and 
its ligands are expressed in the neural tissue, and 
they exert the prominent action in differentiation 
and regeneration of neurons.

Nevertheless, it is unknown whether or not the 
combination of HGF and GDNF would enhance 
the effects of BMSCs differentiation. Herein we 

investigated whether the growth factors, GDNF 
and HGF, could stimulate the differentiation of 
BMSCs into neuronal-like cells and whether the 
proliferation would alter the BMSCs differentia-
tion. The possible application of GDNF and HGF 
as an inducer for neuronal induction makes these 
growth factors being available for cell therapy.

Materials and Methods 

Animals 
Sprague-Dawley adult male rats, weighing 

130 g, were purchased from the Laboratory An-
imal Center of the Academy of Military Medical 
Sciences (Beijing, China) [Animal production 
license No.: SCXK-(JUN)2012-0004]. All ani-
mal experiments were implemented based on the 
Guidelines for the Care and Use of Laboratory 
Animals, with animal Ethics Committee license, 
in our university. 

BMSC Isolation and Expansion
BMSCs were isolated from the bone marrow of 

Sprague-Dawley rats. In short, the rats were in-
jected with an overdose of 3% pentobarbital. Fem-
ora as well as tibiae were dissected. Moreover, 
musculature and soft tissues were cleaned. Under 
sterile conditions, 0.5-1 mL bone marrow was 
extracted from the femur and tibia and syringed 
using the solution containing 5 mL heparin (100 
U/ml, Sigma-Aldrich, St. Louis, MO, USA), then 
diluted using PBS, followed by trituration and 
suspension with Hanks’ balanced salt solution 
(HBSS). Then, the isolated cells were gathered 
by centrifugation at 500 g for 5 min. Cells were 
counted and seeded into 24-well plates at a densi-
ty of 9×105 cells/mL in Dulbecco’s modified eagle 
medium (DMEM) supplemented with 10% fetal 
calf serum (FCS), penicillin (100 U/mL), as well 
as streptomycin (100 U/mL) in a humidified incu-
bator at an atmosphere of 95% 02-5% CO2 at 37°C 
till 70-80% confluence was reached. Non-adher-
ent cells were washed away after 3 days and ad-
herent cells were fed with fresh complete medi-
um. The cells were sub-cultured at the split ratio 
of 1:2 after attaining the confluence. The BMSCs 
were employed for forthcoming experiments after 
three passages.

Neural Induction 
The neuron induction was implemented at the 

3rd passage. BMSCs were cultured in plates at a 
density of 104 cells/cm2. When the seeded cells 
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were confirmed to be viable and adherent to the 
bottom of the plates, cells were removed from the 
bottom of plate and were replaced with the neuro-
nal induction medium: (1) GDNF (10 ng/mL), (2) 
HGF (20 ng/mL), (3) GDNF (10 ng/mL) + HGF 
(20 ng/mL), and (4) the normal BMSCs receiving 
neither induction as control. The differentiated 
cells after 1, 7, 14, and 21-day of induction were 
processed for subsequent study. 

Cell Counting Kit-8 (CCK-8) Assay
Cell viability was measured by CCK-8 assay 

after differentiation according to previous re-
ports26,27. Briefly, cells were seeded in 96-well 
plates at a density of 2 × 104 cells per mL. Af-
ter cell induction, cells were rinsed three times 
with PBS. Then, CCK-8 dye (Bestbio, China) and 
DMEM cell culture medium (1:10) were added to 
each well and incubated for 2 h at an atmosphere 
of 5% CO2 at 37°C. Subsequently, plates were read 
with a microplate reader at 450 nm. The OD450 
values were proportional to the total number of 
live cells. The percent reduction of CCK-8 dye 
was compared to controls (cells not induction by 
GDNF or HGF), which was on behalf of 100% 
reduction of CCK-8. Three replicate wells were 
used per 96-well plate. Cell survival was repre-
sented as the absorbance relative to that of con-
trols. 

BrdU Cell Proliferation Assay 
Bromodeoxyuridine (BrdU; abam), a thymi-

dine analog that is able to be incorporated into 
the DNA of dividing cells during S-phase28, was 
utilized to label proliferative cells in our study. 
In brief, the cells were cultured in 96-well plates. 
After 24 h, 20 μl of BrdU-labeling solution was 
added to each well and incubated for 4 h. During 
the period of labeling, the pyrimidine analogue 
BrdU was incorporated into the DNA of prolifer-
ating cells instead of thymidine. Afterward, the 
BrdU-labeling solution was removed, then cells 
were fixed using 4% paraformaldehyde and dena-
tured with HCL for 15 min at 37°C. Denaturation 
is needed to improve the accessibility of the in-
corporated BrdU for detection by anti-BrdU anti-
body. Next, cells were incubated for 30 min with 
5% bovine serum albumin in 0.01 M PBS, fol-
lowed by incubation with primary mouse mono-
clonal anti-BrdU (1:200; Abcam, Cambridge, 
UK) overnight at 4°C. After washing away un-
bound anti-BrdU, samples were treated with 
FITC-conjugated goat anti-mouse IgG second-
ary antibodies (1:200, ZSGB-BIO) for 2 h in the 

dark at room temperature. The cultures were then 
washed three times for 5 min using PBS. Finally, 
the cultures were covered with 50% glycerinum. 
Optical densities of BrdU immunore active cells 
were determined using an Olympus fluorescence 
microscope (Olympus, Tokyo, Japan) at 495 nm.

 
Flow Cytometry for Cell Cycle Analysis

The cell cycle distribution was measured by 
staining ethanol-fixed cells with propidiumiodide 
(PI) via flow cytometry reported previously29. 
When the BMSCs were cultured in fresh medi-
um containing 10% FBS to 90% confluency, these 
were harvested and suspended in 5 mL PBS. 
Then, a volume of 2 mL cold ethanol was added 
for immobilization for 24-48 h at 4°C. Next, the 
cells were washed with PBS and 0.1 mg RNase A 
was added for RNA degradation. The cells were 
then placed in the dark for 30 min after adding 0.2 
µg PI. The percentages of cells in different phases 
were examined by flow cytometry.

Immunofluorescence Staining
After induction, cells were fixed with 4% para-

formaldehyde for 15 min at room temperature, 
and then the cells were washed three times for 
5 min in PBS. Next, cells on coverslips sections 
were permeabilized with 0.25% Triton X-100 and 
blocked with 5% bovine serum albumin in 0.01 M 
PBS for 30 min, followed by incubation with the 
following primary antibodies: mouse monoclo-
nal, mouse anti-nestin (1:200; Sigma-Aldrich, St. 
Louis, MO, USA), rabbit polyclonal anti-NCAM 
(1:500; Sigma-Aldrich, St. Louis, MO, USA) and 
rabbit anti-SCF (1:200, Abcam, Cambridge, UK), 
containing 1% bovine serum albumin in PBS 
overnight at 4°C. On the next day, cultures were 
rinsed three times for 5 min using PBS, incubated 
with FITC-conjugated goat anti-mouse or goat an-
ti-rabbit IgG secondary antibodies (1:200, ZSGB-
BIO) for 2 h in the dark at room temperature. All 
slides were covered with Vecta-shield mounting 
medium with DAPI (Vector). All control cultures 
were treated similarly but without primary anti-
bodies. The images of nestin, NCAM, and SCF 
immunoreactive cells were acquired and count-
ed using an Olympus fluorescence microscope 
(Olympus, Tokyo, Japan). 

Quantitative Real-time polymerase Chain 
Reaction (RT-PCR)

Total RNA was extracted from the cultures 
of each group using Trizol (Invitrogen, Carls-
bad, CA, USA). Then, 7 μL of total RNA was 
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reverse-transcribed into the first-strand cDNA 
with 1 μL random oligo(dT) primer (N9) using 
Superscript III reverse transcriptase (Invitrogen, 
Carlsbad, CA, USA) based on the manufacturer’s 
instructions. Synthesized first-strand cDNA was 
used as templates, and β-actin was applied as an 
internal control for PCR amplification, respec-
tively. For quantitative RT-PCR analyses, ampli-
fication reactions were implemented by means 
of ABI Prism 7500 sequence detection system 
(Applied Biosystems, Foster City, CA, USA) with 
SYBR green qPCR ThunderBird (Toyobo, Osa-
ka, Japan). PCR amplification was performed 
using the experimental run protocol as follows: 
10.0 μl 2 × power qPCR premix, 2.0 μl cDNA was 
used as templates, 0.15 μl 50 × Rox Reference 
Dye, 0.4 μl upstream primers, and 0.4 μl down-
stream primers. The protocol was carried out 
using the following conditions: 95°C for 1 min, 
following by 40 DNA amplification cycles of 95 
°C for 10 sec, 60 °C for 20 sec, and 72 °C for 31 
sec, and dissociation curve analysis was imple-
mented at the end of each PCR reaction for qual-
ity control. The following specific primers were 
used for mouse nestin, SCF, NCAM, and β-actin. 
NCAM forward 5′-TATCCACCTCAAGGTCTTC-
GC-3′

NCAM reverse 5′-TGTCTTCACTGCTGAT-
GTTCG-3′; 

SCF forward 5′-CAATAGGAAAGCCGCAA 
AGTC-3′

SCF reverse 5′-GCAGCAAAGCCAATTA-

CAAGC-3′; 
NESTIN forward 5′-GACCTCCTTAGCCA-

CAACCCTC-3′

NESTIN reverse 5′-GATTTGCCCCTCATCTT 
CCTG-3′;

β-actin forward 5′-CAGGGAAATCGTGCGT-
GAC-3′

β-actin reverse 5′-GACATTGCCGATAGT-
GATGACCT-3′.

Every sample was run three times along 
with the internal control gene. The CT values 
were normalized using the 2∆∆CT method30.

Statistical Analysis
All data were expressed as means ± standard 

deviation (SD). Statistical significance was deter-
mined using one-way analysis of variance (ANO-
VA) and one-side t-test. A p-value of less than 
0.05 was regarded to be statistically significant. 

Results 

Proliferation Capacities

The Cell Viability Evaluated by CCK-8 
Analysis 

CCK-8 assay was a sensitive and accurate col-
orimetric approach for the determination of via-
ble cells number. The cell viability was evaluated 
using CCK-8 assay after differentiation induced 
by GDNF or HGF. As shown in Figure 1A, the 

Figure 1. A, CCK-8 assays of bone marrow stromal stem cells (BMSCs) proliferation on GDNF induction group, HGF induc-
tion group, GDNF + HGF induction group and control group. The values were exhibited as mean ± standard deviation (SD). *p 
< 0.05 vs. control group. #p < 0.05 vs. GDNF induction group. $p < 0.05 vs. HGF induction group. B, GDNF- and HGF-treatment 
driving the BMSCs into proliferation, evaluated with FITC conjugated Brdu (blue) immunofluorescent staining. Bar = 100 μm.
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viable cell density increased over initial days ac-
cording to the CCK-8 results. The three induction 
groups, as well as the control group, exhibited 
the similar tendency of viable cell density. More-
over, the HGF induction group reached a maxi-
mum value at day 21, and the control group also 
reached a maximum value at day 21. The activity 
of BMSCs in three induction groups and control 
group was not remarkably different from day 1 as 
well as 7. On the day 14 and 21 after incubation, 
HGF induction resulted in a marked increase in 
the cell density, relative to GDNF alone and the 
combination of GDNF and HGF group (p < 0.05). 
However, BMSCs induced by GDNF alone and 
the combination of GDNF and HGF had signifi-
cantly lower cell viability than the control group 
on day 14 and 21 (p < 0.05). This difference on 
day 14 and 21 might be due to the enhanced dif-
ferentiation ability of GDNF. The results of the 
CCK-8 measurement reflected the overall viabil-
ity, which was influenced by both cell differenti-
ation and cell proliferation. This result indicated 
that HGF-inducted group earned better capacity 
in BMSCs proliferation compared with the GD-
NF-treated group.

GDNF- and HGF-Treatment Increased the 
BrdU-Positive cells 

The pattern of cell proliferation was further 
determined using Brdu staining. Representative 
anti-BrdU staining images of BMSCs in control, 
GDNF, HGF, and GDNF + HGF groups were 
shown in Figure 1B. At the beginning of induc-
tion, the low-level expression of BrdU, were ob-
served in all the four groups. As time goes on, 
the amount of BrdU-positive cells increased. 
GDNF alone and the combination of GDNF and 
HGF treatment had significantly less BrdU-pos-
itive cells than the control group on day 14 and 
21 (p < 0.05), but no difference was observed in 
HGF group, compared to the control (p > 0.05). 
Significant differences were found between 
the HGF-treated and GDNF-treated, GDNF + 
HGF-treated groups (p < 0.05). These results 
demonstrated that HGF enhanced BMSC prolif-
eration, but GDNF inhibited it, leading to an off-
setting effect of each to the other.

Analysis of the Cell Cycle by Flow 
Cytometry

Flow cytometry was used to evaluate the per-
centage of BMSCs in different phases of the cell 
cycle. The proportions in G1 and S phases were 
exhibited in Figure 2. The ratio of BMSCs was 

computed for each cell cycle phase. With the in-
duction days increasing, BMSCs contained fewer 
cells in S-phase, and more cells in G1-phase in the 
three induction groups and control group. Signifi-
cantly, 7 and 14 days after exposure to induction 
factors, there were more cells in G1-phase and 
fewer cells in S-phase in GDNF-treated group, 
relative to other three groups, which suggested 
that GDNF was not helpful for the proliferation of 
BMSCs. Nevertheless, no significant difference 
was observed in the four groups.

GDNF- and HGF-treatment Promoted the 
Differentiation of BMSC into 
Neuronal-like Cells

To verify the neural differentiation of BMSCs, 
a series of markers including nestin and NCAM 
were utilized. Nestin is expressed in neuroepithe-
lial neuronal precursor stem cells, and the amount 
of nestin decreases along with neuronal matura-
tion. As shown in Figure 3A, after incubation, 
images of immunofluorescence indicated that the 
morphology of some BMSCs in four groups was 
changed to be neuron-like with multipolar and 
rounded cell bodies. Moreover, a random field of 
vision indicated that several cells stained positive 
against nestin. One day after induction, in con-
trol and GDNF + HGF induction groups, BMSCs 
expressed nestin at low-level, and did not exhibit 
any difference in all four groups. As expected, 
the percentage of nestin-labeled cells increased at 
the 7th day, which coincided with higher expres-
sion of nestin in these cells and a significant in-
crease of nestin expression level was observed in 
the three induction groups when compared to the 
control group (p < 0.05). More importantly, when 
compared with either GDNF- or HGF-induc-
tion group, the combination of GDNF and HGF 
treatment stimulated the expression of nestin (p 
< 0.05). Then, nestin expression level reduced at 
the 14th day and dramatically decreased at the 21st 

day. The GNDF application appeared to be more 
effective to induce BMSCs differentiation if com-
pared with the other two cultures on the day 14 
and 21 after induction (p < 0.05).

Simultaneously, the expression level of neuro-
nal markers (nestin and NCAM) was determined 
by quantitative PCR. As depicted in Figure 3B, 
after 7-day induction, a significant increase of 
nestin expression was observed in three induc-
tion groups, if compared control group (p < 0.05). 
Moreover, nestin expression reached the highest 
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level in GDNF + HGF induction group at day 7, 
and its expression level in the combined GDNF- 
and HGF- induction cells was much higher than 
that in either GDNF induction group or HGF in-
duction group (p < 0.05). In addition, the expres-
sion level of nestin reached the highest level in 
GDNF induction group at day 14. After 14 days of 
incubation, the nestin expression level decreased. 
On the 14th and the 21st day after induction, the 
GNDF group generally had better outcomes than 
the HGF- alone, and the combined GDNF- and 
HGF- induction group as well (p < 0.05).

Additionally, neural cell adhesion molecule 
(NCAM), exhibited the similar trend with nestin at 
days of 1, 7, 14, 24 following induction. As shown 
in Figure 3C, NCAM expression level reached a 
maximum value in the combined GDNF + HGF 
induction group at day 7, and its expression level 

in combined GDNF- and HGF-treated cells was 
significantly greater than that in the presence of 
GDNF or HGF alone, and control groups as well 
(p < 0.05). However, no big difference was ob-
served in the control group and those groups with 
GDNF or HGF (p > 0.05). At 14 and 21 days fol-
lowing induction, the GNDF treated cultures ap-
peared to exhibit better outcomes compared with 
the other two cultures (p < 0.05).

GDNF- and HGF-treatment Inhibited the 
Secretion of SCF

SCF, known as a hematopoietic growth factor, 
is generated by stromal cells in bone marrow and 
is important for the growth and proliferation of 
stem cells. Thus, the level of SCF is positively 
correlated to the number of BMSCs. Based on 

Figure 2. Cell cycle analyses of BMSCs, determined by flow cytometry. With the induction days increasing, BMSCs con-
tained less cells in S-phase, and more cells in G1-phase in the three induction groups and control group.



Q. Ma, M. Cai, J.-W. Shang, J. Yang, X.-Y. Gu, W.-B. Liu, Q. Yang

4660

the PCR and immunofluorescence assays, single 
and combined treatment with GDNF and HGF 
was found to result in a decrease of the number 
of SCF-labeled cells even if extending induc-
tion time (Figure 4A and B). Of note, on the day 
7 and 14 after induction, the expression level of 
SCF was remarkably decreased in GDNF-treat-
ed and GDNF + HGF-treated groups than the 
control group and the HGF-treated groups (p < 
0.05), while there was no statistical significance 
detected between GDNF-treated group and the 
combined treatment group (p > 0.05). This sug-
gested that GDNF might inhibit the expression 
of SCF but promote BMSCs differentiation into 
neural-like cells instead.

Discussion

Although BMSCs has been advocated as a 
promising therapy for treating the patients with 
neurological disease, there is still one crucial dif-
ficulty-differentiation of BMSCs to neuron-like 
cells, greatly limited their application to neuro-
logical disease. Previous studies31,32 showed that 

BMSCs were able to differentiate into neuro-
nal-like phenotype when they were cultured stim-
ulated with various factors, including GDNF, NT-
3, vasoactive intestinal peptide, HGF and so on. 
In our experiment, we found that after incubation, 
GDNF and HGF could promote BMSCs differ-
entiation to neuronal-like cells in vitro. Of note, 
during the induction, the combination of HGF and 
GDNF showed the optimal effect to produce neu-
ral differentiation of BMSCs on the 7-day post-in-
duction. Moreover, the administration of GDNF 
significantly improved the viability of neuron-like 
cells in the process of induction, relative to the 
HGF-treated and GDNF + HGF-treated groups on 
the day 14 and 21 after induction. Significantly, 
in accordance with our data, Yang et al 33 indi-
cated that GDNF was a better choice for neuronal 
differentiation of BMSCs. Thus, we deduce that 
GDNF might be more suitable for neuronal differ-
entiation of BMSCs than HGF in vitro.

In the current study, when BMSCs proliferate 
and differentiate, HGF stimulates cell prolifera-
tion while GDNF stimulates differentiation of 
BMSCs into neuron-like cells. HGF was reported 
to play an important role in growth and differenti-

Figure 3. GDNF- and HGF-treatment driving the BMSCs into differentiation at the day 1, 7, 14 and 21 after induction. A, 
Expression of nestin by immunofluorescence. The anti-nestin staining is exhibited as green fluorescence and nuclei is marked 
with DAPI, depicted as blue fluorescence. B-C, Analysis of PCR for nestin and NCAM expression. Bars show means ± SD 
values. The mean content of mRNA was normalized with the expression of actin gene. *p < 0.05 compared with the respective 
control group. #p < 0.05 vs. the respective GDNF induction group. $p < 0.05 vs. HGF induction group. 
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ation of stromal cells, for example, osteoclast and 
myocytes34. Moreover, HGF was found to stim-
ulate the proliferation of BMSCs35. Eom et al36 
demonstrated that HGF played important roles in 
maintaining the differentiation potential during 
long-term culturing of about 2 months. In addi-
tion, GDNF was capable of initiating myelination 
in the culture of dorsal root ganglion neuronal 
cells37. Yang et al33 indicated that GDNF induced 
the differentiation of BMSCs into the neuron-like 
cells, and neuron-specific markers including NSE 
and MAP-2 were detected in the culture. More-
over, Jiang et al38 reported that proliferated cells 
were able to be differentiated into multi-potent 
precursor cells, which have the characteristic 
shapes of neural cells. We supposed that com-
bination treatment of HGF and GDNF might be 
very important to maintain stemness of BMSCs 
for cell therapy. Thus, we determined whether 
combination treatments of GDNF and HGF could 
increase both proliferation and differentiation 
potentials. We found that combined treatment 
of growth factors increased differentiation, but 
not proliferation of BMSCs. On the day 7-post 
induction, the combined treatment with GDNF 
and HGF resulted in better differentiation as-
pect when compared to the other single induction 
groups. Our findings indicated BMSCs showed a 
time-dependent manner to induce differentiation. 
Based on these, the ability of BMSCs to prolifer-
ate and differentiate into neuron-like cells indicat-

ed a cytotherapy possibility or many diseases, for 
example, neurodegenerative disease and cerebral 
infarct. Moreover, HGF and GDNF used in our 
study are secreted from human body; they were 
not toxical and are safely manipulated to induce 
differentiation. In addition, the application of dif-
ferentiated neuron-like cells in clinical therapy 
has fewer drawbacks. Significantly, large quanti-
ties of neuron-like cells can be obtained from a 
small number of bone marrow, and the utilization 
of these cells in a clinic will be very meaningful.

Although BMSCs express nestin, a type VI in-
termediate filament protein and a common marker 
of neural precursors, nestin is not a unique marker 
of neural precursors. Even the expression of one 
or more neuronal proteins is insufficient to prove 
BMSCs becoming neurons. Further studies will 
be needed to determine whether these differenti-
ated neuron-like cells can survive and migrate af-
ter being implanted into lesion sites, and improve 
neurological functions. 

Conclusions

Our results showed both HGF and GDNF 
could contribute to the differentiation of BMSCs 
into neuron-like cells. Nevertheless, HGF but not 
GDNF, showed proliferation effects on BMSCs, 
indicating GDNF perhaps could be a better choice 
of a long lasting treating nervous diseases.

Figure 4. The gene expressions of SCF in BMSC cells at different stages after differentiation by quantitative RT-PCR and 
immunofluorescence analysis. A, Single and combined treatment can decrease the number of SCF-positive cells, quantitative 
analysis was performed to the number of SCF. The anti-SCF staining is exhibited as red fluorescence and nuclei is marked with 
DAPI, depicted as blue fluorescence. B, Analysis of quantitative RT-PCR for SCF expression. Bars show means ±SD values. 
The mean content of mRNA was normalized with the expression of actin gene. *p < 0.05 compared with the respective control 
group. #p < 0.05 vs. the respective GDNF induction group. $p < 0.05 vs. HGF induction group.



Q. Ma, M. Cai, J.-W. Shang, J. Yang, X.-Y. Gu, W.-B. Liu, Q. Yang

4662

Conflicts of interest
The authors declare no conflicts of interest.

References 

 1) Geffner L, Santacruz P, IzurIeta M, fLor L, MaLdona-
do B, auad a, MonteneGro X, GonzaLez r, SILva f. 
Administration of autologous bone marrow stem 
cells into spinal cord injury patients via multiple 
routes is safe and improves their quality of life: 
comprehensive case studies. Cell Transplant 
2008; 17: 1277-1293.

 2) de feo d, MerLInI a, Laterza c, MartIno G. Neu-
ral stem cell transplantation in central nervous 
system disorders: from cell replacement to 
neuroprotection. Curr Opin Neurol 2012; 25: 
322-333.

 3) BLau HM, BrazeLton t, WeIMann J. The evolving 
concept of a stem cell: entity or function? Cell 
2001; 105: 829-841.

 4) denG W, oBrocka M, fIScHer I, ProckoP dJ. In vitro 
differentiation of human marrow stromal cells into 
early progenitors of neural cells by conditions that 
increase intracellular cyclic AMP. Biochem Bio-
phys Res Commun 2001; 282: 148-152.

 5) kuznetSov Sa, kreBSBacH PH, SatoMura k, kerr J, rIMI-
nuccI M, BenayaHu d, roBey PG. Single-colony de-
rived strains of human marrow stromal fibroblasts 
form bone after transplantation in vivo. J Bone 
Miner Res 1997; 12: 1335-1347.

 6) Mezey e, cHandroSS kJ, Harta G, MakI ra, Mck-
ercHer Sr. Turning blood into brain: cells bearing 
neuronal antigens generated in vivo from bone 
marrow. Science 2000; 290: 1779-1782.

 7) oPydo-cHanek M. Bone marrow stromal cells in 
traumatic brain injury (TBI) therapy: True per-
spective or false hope? Acta Neurobiol Exp 2007; 
67: 187.

 8) Xu HS, Ma c, cao L, WanG JJ, fan XX. Study of 
co-transplantation of SPIO labeled bone marrow 
stromal stem cells and Schwann cells for treating 
traumatic brain injury in rats and in vivo tracing of 
magnetically labeled cells by MRI. Eur Rev Med 
Pharmacol Sci 2014; 18: 520-525.

 9) cHen y, tenG f, tanG B. Coaxing bone marrow stro-
mal mesenchymal stem cells towards neuronal 
differentiation: progress and uncertainties. Cell 
Mol Life Sci 2006; 63: 1649-1657.

10) yanG yJ, LI XL, Xue y, zHanG cX, WanG y, Hu X, daI 
Q. Bone marrow cells differentiation into organ 
cells using stem cell therapy. Eur Rev Med Phar-
macol Sci 2016; 20: 2899-2907.

11) WoodBury d, ScHWarz eJ, ProckoP dJ, BLack IB. 
Adult rat and human bone marrow stromal cells 
differentiate into neurons. J Neurosci Res 2000; 
61: 364-370.

12) Lu P, BLeScH a, tuSzynSkI MH. Induction of bone 
marrow stromal cells to neurons: differentiation, 

transdifferentiation, or artifact? J Neurosci Res 
2004; 77: 174-191.

13) ScuterI a. Mesenchymal stem cells neuronal dif-
ferentiation ability: a real perspective for nervous 
system repair? Curr Stem Cell Res Ther 2011; 6: 
82-92.

14) rISMancHI n, fLoyd cL, BerMan rf, LyetH BG. Cell 
death and long-term maintenance of neuron-like 
state after differentiation of rat bone marrow stro-
mal cells: a comparison of protocols. Brain Res 
2003; 991: 46-55.

15) cHo kJ, trzaSka ka, Greco SJ, McardLe J, WanG fS, 
ye JH, raMeSHWar P. Neurons derived from human 
mesenchymal stem cells show synaptic trans-
mission and can be induced to produce the neu-
rotransmitter substance P by by interleukin-1α. 
Stem Cells 2005; 23: 383-391.

16) Greco SJ, zHou c, ye JH, raMeSHWar P. An interdis-
ciplinary approach and characterization of neu-
ronal cells transdifferentiated from human mes-
enchymal stem cells. Stem Cells Dev 2007; 16: 
811-826.

17) coHen ad, zIGMond MJ, SMItH ad. Effects of in-
trastriatal GDNF on the response of dopamine 
neurons to 6-hydroxydopamine: time course of 
protection and neurorestoration. Brain Res 2011; 
1370: 80-88.

18) SancHez-raMoS J, SonG S, cardozo-PeLaez f, HazzI c, 
Stedeford t, WILLInG a, freeMan t, SaPorta S, JanSSen 
W, PateL n. Adult bone marrow stromal cells differ-
entiate into neural cells in vitro. Exp Neurol 2000; 
164: 247-256.

19) Bae kS, Park JB, kIM HS, kIM dS, Park dJ, kanG SJ. 
Neuron-like differentiation of bone marrow-de-
rived mesenchymal stem cells. Yonsei Med J 
2011; 52: 401-412.

20) cHoI Sc, kIM SJ, cHoI JH, Park cy, SHIM WJ, LIM dS. 
Fibroblast growth factor-2 and-4 promote the 
proliferation of bone marrow mesenchymal stem 
cells by the activation of the PI3K-Akt and ERK1/2 
signaling pathways. Stem Cells Dev 2008; 17: 
725-736.

21) LIn Lf, doHerty dH, LILe Jd, BekteSH S, coLLInS f. 
GDNF: a glial cell line-derived neurotrophic fac-
tor for midbrain dopaminergic neurons. Science 
1993; 260: 1130-1132.

22) WanG H, HuGHeS I, PLaner W, ParSadanIan a, GrIder 
Jr, voHra BP, keLLer-Peck c, HeuckerotH ro. The 
timing and location of glial cell line-derived neu-
rotrophic factor expression determine enteric ner-
vous system structure and function. J Neurosci 
2010; 30: 1523-1538.

23) zHu t, yu d, fenG J, Wu X, XIanG L, Gao H, zHanG 
X, WeI M. GDNF and NT-3 induce progenitor bone 
mesenchymal stem cell differentiation into neu-
rons in fetal gut culture medium. Cell Mol Neuro-
biol 2015; 35: 255-264.

24) nakaMura t, nISHIzaWa t, HaGIya M, SekI t, SHIMonISHI 
M, SuGIMura a, taSHIro k, SHIMIzu S. Molecular clon-
ing and expression of human hepatocyte growth 
factor. Nature 1989; 342: 440-443.



GDNF and HGF stimulate the neural differentiation of BMSCs 

4663

25) van BeLLe e, WItzenBIcHLer B, cHen d, SILver M, 
cHanG L, ScHWaLL r, ISner JM. Potentiated angio-
genic effect of scatter factor/hepatocyte growth 
factor via induction of vascular endothelial growth 
factor. The case for paracrine amplification of an-
giogenesis. Circulation 1998; 97: 381-390.

26) zHanG X, QI H, WanG S, fenG L, JI y, tao L, LI S, 
WeI y. Cellular responses of aniline oligomers: a 
preliminary study. Toxicol Res 2012; 1: 201-205.

27) zHanG X, zHu y, LI J, zHu z, LI J, LI W, HuanG Q. Tun-
ing the cellular uptake and cytotoxicity of carbon 
nanotubes by surface hydroxylation. J Nanopart 
Res 2011; 13: 6941-6952.

28) Lee SH, kIM yJ, Lee kM, ryu S, yoon BW. Ischemic 
preconditioning enhances neurogenesis in the 
subventricular zone. Neuroscience 2007; 146: 
1020-1031.

29) kaLeJta rf, BrIdeau ad, BanfIeLd BW, BeavIS aJ. 
An integral membrane green fluorescent pro-
tein marker, Us9-GFP, is quantitatively retained 
in cells during propidium iodide-based cell cycle 
analysis by flow cytometry. Exp Cell Res 1999; 
248: 322-328.

30) LIvak kJ, ScHMIttGen td. Analysis of relative gene 
expression data using real-time quantitative PCR 
and the 2 (-Delta Delta C(T)) method. Methods 
2001; 25: 402-408.

31) HaManoue M, takeMoto n, MatSuMoto k, nakaMura 
t, nakaJIMa k, koHSaka S. Neurotrophic effect of he-
patocyte growth factor on central nervous system 
neurons in vitro. J Neurosci Res 1996; 43: 554-
564.

32) Gao H, WeI M, WanG y, Wu X, zHu t. Differentiation 
of GDNF and NT-3 dual gene-modified rat bone 

marrow mesenchymal stem cells into enteric neu-
ron-like cells. J Huazhong U Sci-Med 2012; 32: 
87-91.

33) yanG Jd, WanG Jc, fenG XM, LI yn, XIao HX. The 
isolation and cultivation of bone marrow stem 
cells and evaluation of differences for neural-like 
cells differentiation under the induction with neu-
rotrophic factors. Cytotechnology 2014; 66: 1007-
1019.

34) Grano M, GaLIMI f, zaMBonIn G, coLuccI S, cottone 
e, zaLLone az, coMoGLIo P. Hepatocyte growth fac-
tor is a coupling factor for osteoclasts and osteo-
blasts in vitro. Proc Natl Acad Sci USA 1996; 93: 
7644-7648.

35) Ha X, donG f, Lv t. Modification and activity ob-
servation of hepatocyte growth factor gene on 
bone marrow mesenchymal stem cells. Zhongguo 
Xiu Fu Chong Jian Wai Ke Za Zhi 2010; 24: 613-
617.

36) eoM yW, oH Je, Lee JI, BaIk Sk, rHee kJ, SHIn Hc, kIM 
yM, aHn cM, konG JH, kIM HS. The role of growth 
factors in maintenance of stemness in bone mar-
row-derived mesenchymal stem cells. Biochem 
Biophys Res Commun 2014; 445: 16-22.

37) SanGo k, yanaGISaWa H, kaWakaMI e, takaku S, aJIkI k, 
WataBe k. Spontaneously immortalized Schwann 
cells from adult Fischer rat as a valuable tool for 
exploring neuron-Schwann cell interactions. J 
Neurosci Res 2011; 89: 898-908.

38) JIanG y, JaHaGIrdar Bn, reInHardt rL, ScHWartz re, 
keene cd, ortIz-GonzaLez Xr, reyeS M, LenvIk t, 
Lund t, BLackStad M. Pluripotency of mesenchy-
mal stem cells derived from adult marrow. Nature 
2002; 418: 41-49.


