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Abstract. Recent studies regarding regenerative medicine 
have focused on bone marrow mesenchymal stem cells 
(BMSCs), which have the potential to undergo neural differen
tiation, and may be transfected with specific genes. BMSCs 
can differentiate into neuron‑like cells in certain neurotropic 
circumstances in vitro. Basic fibroblast growth factor (bFGF) 
and nerve growth factor (NGF) are often used to induce neural 
differentiation in BMSCs in vitro. However, previous studies 
regarding their combined actions are insufficient. The present 
study is the first, to the best of our knowledge, to thoroughly 
assess the enhancement of neural differentiation of BMSCs 
following transfection with bFGF and NGF. Sprague‑Dawley 
(SD) rat BMSCs were separated through whole bone marrow 
adherence, and were then passaged to the third generation. 
The cells were subsequently divided into five groups: The 
control group, which consisted of untransfected BMSCs; the 
plv‑blank‑transfected BMSCs group; the plv‑bFGF‑trans-
fected BMSCs group; the plv‑NGF‑transfected BMSCs group; 
and the plv‑NGF‑bFGF co‑transfected BMSCs group. Cell 
neural differentiation was characterized in terms of stem 
cell molecular expression, and the neuronal morphology and 
expression of neural‑like molecules was detected in each of 
the groups. A total of 72 h post‑transfection, the expression 
levels of neuron‑specific enolase, glial fibrillary acidic protein, 
and nestin protein, were higher in the co‑transfected group, 
as compared with the other groups, the expression levels of 
β‑tubulin III were also increased in the co‑transfected cells, 
thus suggesting the maturation of differentiated neuron‑like 

cells. Furthermore, higher neuronal proliferation was observed 
in the co‑transfected group, as compared with the other groups 
at passages 2, 4, 6 and 8. Western blotting demonstrated that 
the transfected groups exhibited a simultaneous increase in 
phosphorylation of the AKT and extracellular signal‑regulated 
kinases (ERK) signaling pathway. These results suggested that 
manipulation of the ERK and AKT signaling pathway may be 
associated with the differentiation of transfected BMSCs.

Introduction

A promising future for the use of bone marrow mesenchymal 
stem cells (BMSCs) in regenerative medicine is anticipated, 
due to their ability to self‑replicate and differentiate into 
various functional cells. Stem cells are the most widely used 
seed cells in the field of neural regeneration and bone tissue 
engineering, due to their easy availability, reduced side effects, 
biological scaffold adhesion abilities, and promising perfor-
mances in vitro, as well as their strong proliferative capacity in 
culture and passaging (1-6). Therefore, stem cells are currently 
being widely investigated and applied in the clinic (1). BMSCs 
possess powerful differentiation potential and immunological 
regulatory properties, and therefore have potential for use in 
the field of cell injury. Numerous studies have demonstrated 
that BMSCs are able to differentiate into neuron‑like cells 
in vitro via genetic manipulation, where various factors and 
chemical agents are adopted to induce BMSC differentiation 
into neuron‑like or Schwann cells (1‑3,7). However, due to 
ethical considerations and the various methods used to induce 
adult stem cell neural differentiation, how to produce and 
identify the source of neuron‑like cells for clinical cell therapy 
is currently a significant problem.

BMSCs transplanted in adult Sprague‑Dawley (SD) rat 
may respond to microenvironmental cues and differentiate 
into neuron‑like cells. In addition, BMSCs have been shown 
to migrate towards the source of lesions in the brain  (4), 
which may enhance the repairing capacity of injured tissue 
in animal models. A previous study demonstrated that BMSC 
transplantation into the central nervous system was able to 
impede Alzheimer's disease‑like pathology and upregulate 
δNp73 expression in the hippocampus of APP/PS1  trans-
genic mice  (5). In addition, Mohammadi  et  al  (2,8) used 
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undifferentiated bone marrow stromal cells to induce sciatic 
nerve regeneration in rats. Administration of BMSCs via the 
central nervous system and peripheral system is considered to 
be safe in human subjects (8-10). BMSCs may become a clinical 
choice for cell therapy of the central nervous and peripheral 
systems, since BMSCS have the advantage of reduced ethical 
regulation and do not often induce tissue rejection. The rapid 
development of nerve engineering technology has enabled 
many investigators to examine the use of natural and artifi-
cial biomaterials. Constructed grafts may be used to connect 
and repair in neurological regeneration (9‑11); however, the 
new nerve must possess biocompatibility. Conversely, stem 
cells have the ability to secrete neurotropic factors to repair 
injured neurons. BMSCs are not prone to ethical and tissue 
rejection‑related concerns; however, further studies on the use 
of human BMSCs are required.

Basic fibroblast growth factor (bFGF) and nerve growth 
factor (NGF) are powerful mitogens that promote the 
nutrition of neural stem cells and precursor cells present 
in the mature nervous system. Through the expression of 
nerve‑related proteins, bFGF promotes cell proliferation and 
mitosis, and enhances neuronal axon regeneration and spinal 
cord injury repair (12). NGF is a homodimeric peptide. By 
supporting the survival and growth of neural cells in the 
nervous system, it is able to regulate cell growth and promote 
neural differentiation. Furthermore, NGF exhibits nerve 
injury healing ability in clinical therapy (13). BMSCs may be 
stably transfected in order to overexpress exogenous genes. 
According to a previous experiment, transfected BMSCs are 
capable of differentiating into endodermal and ectodermal 
cells (14). It has also been reported that BMSCs transplanted 
into neonatal mice brain may differentiate into neurons 
and glial cells (15-19). However, the differentiation rate of 
BMSCs into neuron‑like cells is much lower, as compared 
with other types of differentiated cells; therefore, the present 
study aimed to increase the efficiency of BMSC neural 
differentiation in vitro (14‑17).

There are numerous chemical reagents and cytokines 
widely used to induce the differentiation of neural BMSCs 
in  vitro, such as dimethyl sulfoxide, β‑mercaptoethanol, 
vitamin C, insulin, valproic acid, forsklin, hydrocortisone and 
NT‑3 retinoic acid (18). Epidermal growth factor (EGF) and 
bFGF are powerful mitogens and cell fate drivers for neural 
precursor cells (19,20), whereas bFGF may maintain a neuro-
genic microenvironment in vivo (21).

NGF is a type of neurotrophin, which exerts an anti‑apop-
totic function in premature neurons (13). Based on effective 
biological activation, NGF is associated with the neural differ-
entiation and migration of neural cells. In addition, NGF 
can protect axons and myelin from inflammatory damage in 
order to modulate the immune system, as well as protect and 
enhance excitotoxicity during inflammatory activation. It has 
been demonstrated that NGF can induce BMSC differentia-
tion into neural cells, via generating neuropeptide signals and 
receptors (6). These findings suggest that NGF is essential 
for BMSC neural differentiation, which may be beneficial 
for the treatment of injured nerves. The present study used 
NGF and bFGF recombinant lentiviral vectors to transfect 
BMSCs in vitro, and the neural differentiation efficiency of the 
BMSCs was investigated. The aim of the present study was to 

observe the differentiation of the co‑transfected BMSCs into 
neuron‑like cells in vitro.

Materials and methods

Cell isolation and harvest. BMSCs were isolated and 
harvested according to a previous method (22-24). Briefly, 
male and female SD rats (age, 2‑3 weeks, weighing 80‑100 g) 
were sacrificed. Their bone marrows were harvested by 
flushing the marrow cavities with 5 ml Dulbecco's modified 
Eagle's medium (DMEM)/F12 supplemented with 10% fetal 
bovine serum (FBS; Hyclone, GE Healthcare Life Sciences, 
Logan, UT, USA) and 1%  penicillin/streptomycin. The 
marrow cavities were then rinsed two to three times until 
white. The sample was transferred to 15 ml sterile centrifuge 
tubes, which were centrifuged at 300  x g for 5  min. The 
precipitate was resuspended in fresh DMEM/F12 (Hyclone) 
medium containing 10% FBS (Hyclone), penicillin (100 U/ml 
(Hyclone), and streptomycin (100 g/l; Hyclone). Subsequently, 
the cells were seeded at a density of 1x104 in 10 cm2 flasks 
(Falcon Plastics, Oxnard CA, USA) and cultured at 37˚C in a 
humidified atmosphere containing 5% CO2. After 3 days, the 
medium was replaced and non‑adherent cells were removed. 
Spindle‑shaped adherent MSCs were expanded and purified 
with 3‑5 passages after initial plating. The medium was then 
replaced and the cells were observed under an Olympus 81 
inverted phase contrast microscope (Olympus Corporation, 
Tokyo, Japan) every 3 days. After 12 days, spindle‑shaped 
adherent BMSCs were harvested with 0.25% trypsin (Hyclone, 
GE Healthcare Life Sciences) and subcultured once they 
reached 80‑90% confluence. The third or fourth generation 
BMSCs were digested using 0.25% EDTA‑trypsin and seeded 
in six well plates containing poly‑L‑lysine coverslips at a 
density of 1x106 cells/well. This study was approved by the 
ethics committee of the Institutional Animal Care and Use 
Committee of Dalian Medical University (Dalian, China).

Flow cytometric analysis. For flow cytometry of the isolated 
BMSCs, BMSC cell markers, including CD29, CD34, CD44, 
CD45, CD71, CD90 and CD106 (BD Biosciences, Franklin 
Lakes, NJ, USA) were considered positive, whereas CD45 
was considered negative. The following mouse monoclonal 
CD antibodies were conjugated with fluorescein isothiocya-
nate (FITC; BD Biosciences): Anti-CD29 (eBioscience, San 
Diego, CA, USA; cat. no. 12-0291); -CD34 (eBioscience; cat. 
no. 12-0341); -CD44 (eBioscience; cat. no. 12-0441) -CD45 
(eBioscience; cat. no.  11-0451), -CD71 (eBioscience; cat. no.  
11-0711), -CD90 (eBioscience; cat. no.  11-0900); and -CD106 
(eBioscience; cat. no.   11-4321). The surfaces of the fourth 
passage BMSCs were stained; BMSC suspensions (1x105) 
were mixed with 10 µl FITC, and incubated in a dark room 
at 4˚C for 30 min. The cells were then analyzed using a flow 
cytometer (BD FACSDiva Software version 6.1.3; BD ARIA II 
and Diva software; BD Biosciences).

Plasmid construction and transduction. Lentiviral‑plasmids 
encoding human NGF (NM_002506.2) and human 
bFGF2 (NM_002006.4) (Cyagen Biotechnology, Co., Ltd., 
Guangzhou, China) were generated by PCR amplifica-
tion and subcloned into the pLV.Des3d.P/puro expression 
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vector (Invitrogen Life Technologies, Carlsbad, CA, 
USA). The plasmids pLV. ExSi.P/Puro‑CMV‑NGF‑T2A, 
pLV.ExSi.P/Puro‑CMV‑FGF2‑P2A, pLV.ExSi.P/Puro‑ 
CMV‑NGF‑T2A‑FGF2‑P2A and pLV.ExSi.P/Puro‑CMV 
were constructed as previously described (25). Expression 
plasmids were transfected into the 293T cells (Cyagen 
Biosciences, Sunnyvale, CA, USA) using Lipofectamine® 2000 
(Invitrogen Life Technologies), according to the manufac-
turer's instructions. Briefly, overexpression of the specific 
delivered gene was generated using a lentiviral system 
(Sigma‑Aldrich, St.  Louis, MO, USA), according to the 
manufacturer's instructions. Briefly, to generate the specific 
NGF‑ and bFGF‑containing lentiviruses, 1,077x105 293T 
cells were co‑transfected with pC9MV‑VSV‑G (15  µg), 
PRSV‑Rev (15 µg) and pMDLg/pRRE (15 µg). Transduction 
of 293T cells with compatible packaging plasmids and 15 µg 
plv plasmids was conducted in 10‑cm2 flasks for 24 h using 
Lipofectamine® 2000 transduction reagent (100 µl) diluted 
in OPTI‑MEM (1.5  ml; Thermo Fisher Scientific, Inc., 
Waltham, MA, USA). Following 16 h of transduction, the 
media was replaced with OPTI‑MEM containing 10 mM 
sodium butyrate. At 24 h post‑transduction, the media was 
replaced with viral harvesting medium. Subsequently, the 
viruses were harvested and the media was replaced with viral 
harvesting medium.

Harvesting of viruses and titration of lentiviral vectors. 
BMSCs (3x105 cells) were seeded in a 6 cm plate and incu-
bated at 37˚C for 24‑48 h (5% CO2) until the cells reached 
30‑50% confluence. The medium was then replaced with 
serum‑free medium, and transduction was performed 
2  h later. Briefly, the medium was removed and 1  ml 
virus‑containing supernatant and 1 µl polybrene (8 mg/ml; 
Santa Cruz Biotechnology Inc., Dallas, TX, USA) was added 
with 3 ml complete medium, and the cells were incubated for 
2 h. The cells were then allowed to grow for 2 days.

Western blotting. In order to detect the protein expression 
levels of the two genes western blotting was performed. 
The transfected BMSCs differentiated at various passages 
were lysed in radioimmunoprecipitation buffer for 72  h. 
The proteins were then extracted from SDS-PAGE and 
transferred to polyvinylidene difluoride membranes, which 
were incubated with 5% skim‑milk in phosphate‑buffered 
saline (PBS) for 1 h at 37˚C to reduce non‑specific binding. 
The membranes were washed with PBS containing 0.1% 
Tween‑20, and were incubated with antibodies targeting NGF 
(1:500; cat. no. sc-33602; Santa Cruz Biotechnology, Inc.), 
bFGF (1:1,000; cat. no. sc-79; Santa Cruz Biotechnology, 
Inc.), β‑tubulin  III (1:500; cat. no.  MFCD01323870; 
Sigma‑Aldrich), GAPDH (1:5,000; cat. no. sc-25778; Santa 
Cruz Biotechnology, Inc.), Akt (1:1,000; cat. no. 9272; Cell 
Signaling Technology, Inc., Danvers, MA, USA), phos-
phorylated (p)‑Akt (1:1,000; cat. no. 9271; Cell Signaling 
Technology, Inc.), extracellular‑signal regulated kinases 
(ERK; 1:1,000; cat. no. 9102; Cell Signaling Technology, 
Inc.), and p‑ERK (1:1,000; cat. no.  9101; Cell Signaling 
Technology) overnight at 4˚C. The membranes were then 
incubated with the corresponding secondary antibodies. The 
blots were developed using enhanced chemiluminescence 

western blotting reagents, and were visualized using the 
Bio‑Rad Image Lab system (Bio‑Rad Laboratories, Inc., 
Hercules, CA, USA).

BMSC groups. The BMSCs were divided into five groups: 
The control group, which consisted of untransfected BMSCs; 
the plv‑blank‑transfected BMSCs group; the plv‑bFGF‑trans-
fected BMSCs group; the plv‑NGF‑transfected BMSCs group; 
and the plv‑NGF‑bFGF co‑transfected BMSCs group. All of 
the groups were cultured in DMEM/F12 (Thermo Fisher 
Scientific, Inc.) supplemented with 20% FBS, 1% penicillin 
and streptomycin (100 U/ml). When the cells had proliferated 
and reached 80% confluency, the differentiation time was 
between 1 and 7 days until the next passage. Subsequently, 
each group was fixed for immunocytochemistry.

Detection of neuron‑like cells induced from transfected 
BMSCs using immunofluorescence. Transfected fourth 
passage BMSCs were digested with 0.25% EDTA‑trypsin. 
The cells (1x106) were then seeded in 6‑well plates containing 
poly‑D‑lysine‑coated cover‑glass, until all of the cells were 
induced to neuronally differentiate. After 72 h, the cells were 
washed with PBS. The plates were then treated with 1 ml 4% 
paraformaldehyde for 15 min, washed with PBS and fixed with 
3.7% formaldehyde in PBS for 25 min. Subsequently, the plates 
were rinsed with PBS, and permeated with 0.1% Triton X‑100 
(Solarbio Beijing China) in 1 ml PBS for 20 min. The plates 
were then washed with PBS for 1 h, blocked with 1% bovine 
serum albumin in PBS for 1  h, and rinsed three  times in 
PBS, each for 10 min. The plates were incubated overnight 
with primary anti‑nestin (1:200; Santa Cruz Biotechnology, 
Inc.), anti‑glial fibrillary acidic protein (GFAP; 1:200; 
Wuhan Boster Biological Technology, Ltd., Wuhan, China), 
anti‑neuron specific enolase (NSE; 1:200; Wuhan Boster 
Biological Technology, Ltd.), and anti‑β‑tubulin III (1:500; 
Sigma‑Aldrich) in blocking solution for 2 h. The slides were 
washed with blocking solution three times for 10 min each 
time, and the plates were incubated for 2 h with secondary anti-
bodies conjugated to Alexa Fluor 488 (2 µg/ml, Invitrogen Life 
Technologies) in blocking solution. Subsequently, the plates 
were washed with blocking solution three times for 10 min 
each, and were incubated with 1 µg/ml DAPI (Invitrogen Life 
Technologies) in blocking solution for 2 min. The membranes 
were washed a further three times with PBS and dried, and 
the cells were observed under a fluorescence microscope 
(DP73; Olympus Corporation). β‑tubulin III was observed 
using a confocal laser scanning microscope (TCS SP5 II; Leica 
Microsystems GmbH, Wetzlar, Germany).

Statistical analysis. Data are presented as the mean ± stan-
dard deviation. Standard analyses were carried out using an 
independent-samples t-test. Experimental data were analyzed 
by SPSS version 19.0 (IBM, Armonk, NY, USA). P<0.05 was 
considered to indicate a statistically significant difference.

Results

Identification of BMSCs isolated from SD rats. The morpho
logy of BMSCs isolated from SD rats was altered after the 
initial passage, as observed under an inverted microscope 
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(Fig 1). As shown in Fig 1, the primary BMSCs were oval‑like 
and spindle‑shaped, and some adherent fibroblast cells were 
observed. Synaptic‑like morphological changes occurred in 
the cells, which gradually fused with each other following 
the replacement of culture medium over the following days. 
As compared with the initial cells, the second passage cells 
appeared larger, and as they proliferated they extended from 
a triangle to polygon shape. During the second passage, the 
rate of proliferation was increased and the cells were shown 
to contain 1‑2 visible round and large nucleoli. While the cells 
are found to be integrated minimally with the surrounding for 
shape and distribution, the proliferation rate was significantly 
increased, as compared with in the original cells. The BMSCs 
were especially easy to subculture during the third passage. At 
the fourth passage increased cell proliferation, polygonal cell 
morphology and long fusiform growth were observed. 

Identification of BMSCs. In previous studies, numerous anti-
genic markers have been reported to be expressed in BMSCs 
rather than a single specific antigenic marker (24). According 
to previous studies (24), CD29 and CD44 are regarded as the 
common positive antigen markers that may be used to identify 
mouse BMSCs. In the present study, even more CD markers 
were analyzed, in order to identify fourth passage BMSCs. 
The results of the flow cytometric analysis on fourth passage 
BMSCs using CD29, CD44, CD90, CD105, CD34, CD45, 
and CD106 monoclonal cell surface antibodies are shown in 
Fig. 2A. Fig. 2B presents the percentage of positively‑stained 
cells for each antigen marker: CD29 (99.25±0.82%), CD34 
(1.00±0.20%), CD44 (83.73±4.95%), CD45 (0.98±0.19%), 
CD71 (89.86±2.39%), CD90 (99.21±0.79%) and CD106 
(86.42±5.67%). These results suggested that the extracted 
BMSCs were high‑purity, easily harvested, and stable.

Figure 1. Morphological characteristics of the bone marrow mesenchymal stem cells (BMSCs) isolated from the Sprague‑Dawley (SD) rats at various passages. 
(A) Representative BMSCs of the initial passage with small‑round, flat and fibroblast‑like morphology. (B) Representative cells with small rounded morphology, 
large flattened morphology, and fibroblast‑like morphology are observed in the 3rd and 4th passages, respectively. (C) BMSC morphology had gradually shifted to 
a bipolar, spindle‑like shape at the third passage. (D) Fourth passage BMSCs exhibited a uniform fibroblast‑like, long‑spindle shape, and continuously proliferated. 
Phase contrast microscopy; scale bars represent 100 µm. (E) The number of cells at each passage was counted from BMSCs isolated from six SD rats.

  E
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Transduction eff iciency of NGF and bFGF lentiviral 
vectors into BMSCs. A total of 72 h post‑transduction, the 
transduction efficiency of bFGF and NGF into BMSCs was 
determined. Western blotting was used to detect the protein 
expression levels of the two genes in the BMSCs. As shown 
in Fig. 3, untransfected BMSCs express little NGF and bFGF, 
thus suggesting that BMSCs rarely secrete the two proteins. 
Conversely, the two proteins were significantly overexpressed 
in the BMSCs transfected with the lentiviral vectors. These 

results indicated that the expression levels of NGF and bFGF 
may be increased in BMSCs transfected with specific lenti-
viral vectors.

Dif ferent iat ion of co‑ t ransfected BMSCs. BMSC 
morphology was observed 72  h post‑transduction. The 
cells were retracted towards their flat cell nucleus forming 
a compressed multipolar spherical cell body, producing 
membranous, process‑like extension peripherally. These 

Figure 2. Identification and immunophenotypic characterization of bone marrow mesenchymal stem cells (BMSCs) isolated from Sprague Dawley rats, as 
determined by flow cytometric analysis of surface antigens. (A) The cells were harvested and stained with fluorescein isothiocyanate‑conjugated anti‑rat CD29, 
CD34, CD44, CD45, CD71, CD90, CD106. The BMSCs were negative for CD34, CD45, but positive for mesenchymal markers CD29, CD44, CD71, CD90 and 
CD106. (B) Statistical analysis of numerous samples. Fourth passage BMSCs CD marker expression was as follows: CD29 (99.25±0.82%), CD34 (1.00±0.20%), 
CD44 (83.73±4.95%), CD45 (0.98±0.19%), CD71 (89.86±2.39%), CD90 (99.21±0.79%), CD106 (86.42±5.67%).

  A

  B
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cells have a significantly higher refractive index difference 
than the neuronal cell bodies involved in the process, similar 
to the termination structure of the growth cone. The expan-
sion of putative filopodia demonstrated that the transfected 
BMSCs have the potential to differentiate into neural‑like 
cells. The number of cells and the neuronal morphology 
were both increased, and the cell synapse gradually formed 
over the 72  h. Conversely, the untransfected BMSCs 
remained spindle‑shaped. Subsequently, nestin (a neural 
stem cell marker), NSE (a neuronal marker), and GFAP 
(an astrocyte marker) were used to identify differentiated 
neural cells (Fig. 4A). Green immunofluorescence intensity 
was used to detect the various neuron markers. NGF and 
bFGF co‑transfected BMSCs exhibited higher intensities 
of green fluorescence. Western blotting detected the protein 
expression levels of NSE, nestin and GFAP in the various 
groups (Fig. 4B). Notably, relative protein expression levels 
were higher in the bFGF and NGF co‑transfected group, as 
compared with the NGF‑transfected group or the bFGF‑trans-
fected group (Fig. 4C). Positive staining rates were 8.1±1.7%, 
28.57±6.29% and 54.29±5.71% for nestin; 11±2.66%, 
40.14±5.81% and 69.29±5.82% for NSE; and 6.43±2.15% 
and 15.29±2.81%, for GFAP. In addition, the co‑transfected 
BMSCs and NGF‑transfected BMSCs possessed increased 
numbers of differentiating neuron‑like cells, as compared 
with the bFGF‑transfected group (Fig. 4D).

Expression levels of β‑tubulin III in differentiated neuron‑like 
cells at various passages. β‑tubulin III, which is a component 
of the cytoskeleton, is a neuronal specific tubulin considered to 
be an indicator of early neuronal development (23-26). Under 

laser scanning confocal microscopy, early neuronal-like cells 
were identified in the initial passage of the transfected cells, as 
they began to differentiate. When the cells had differentiated 
to the second passage, weak green fluorescence, indicating 
β‑tubulin III expression, gathered in the perinuclear area and 
extended to form a network structure. When the cells had 
differentiated to the fourth passage, the presence of green 
fluorescent reactants was significantly increased, indicating 
a higher expression of β‑tubulin III. In addition, strong peri-
nuclear expression of β‑tubulin III was also detected. After 
6 passages, the cell structure was clearer, and the fluorescence 
intensity surrounding the nucleus at the synapse was stronger. 
At the eighth passage, nuclear green fluorescence was 
decreased, and extrusion was detected (Fig. 5A). In the various 
transfected BMSC groups, from  passage 2‑8, the protein 
expression of β‑tubulin III was initially increased, and was 
then decreased. In the control BMSCs and plv‑blank‑trans-
fected BMSCs the protein expression of β‑tubulin  III was 
absent, whereas in the bFGF‑transfected group, the protein 
expression of β‑tubulin III was detected, but at small levels. 
The protein expression levels of β‑tubulin III were higher in 
the fourth and sixth passages, as compared with in the second 
and fourth passages,respectively, of BMSCs. Although in the 
NGF‑ and bFGF‑ transfected BMSCs, the protein expression 
levels increased from passage 2‑6, at passage 8, the protein 
expression levels were markedly lower. The differences 
between the two groups were statistically significant (Fig. 5B).

At the second passage, in the NGF and bFGF co‑trans-
fected BMSCs group, the reaction rate with β‑tubulin  III 
was 61.40±1.89%; in the NGF‑transfected BMSCs group 
the reaction rate was 45±1.2%; and in the bFGF‑transfected 

Figure 3. Characterization of nerve growth factor (NGF) and basic fibroblast growth factor (bFGF) lentiviral transfection of bone marrow mesenchymal stem 
cells (BMSCs). The expression levels of NGF and bFGF proteins in the various transfected cells was determined by western blotting 72 h post‑transfection. 
(A) The plv‑NGF‑transfected BMSCs and the plv‑NGF‑bFGF co‑transfected BMSCs expressed NGF protein, whereas the remaining groups secreted little 
NGF protein. The plv‑bFGF‑transfected BMSCs and the plv‑NGF‑bFGF co‑transfected BMSCs expressed bFGF protein, whereas the remaining groups 
secreted little bFGF protein. (B) The data are presented as the mean ± standard deviation (SD) from five independent groups (n=3). **P<0.01, as compared 
with the untransfected BMSCs, the plv‑blank‑transfected BMSCs, and the plv‑bFGF‑transfected BMSCs. (C) The data are presented as the mean ± SD (n=3). 
**P<0.01, as compared with the untransfected BMSCs, the plv‑blank‑transfected BMSCs, and the plv‑NGF‑transfected BMSCs. 

  A

  B   C
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BMSCs group the reaction rate was 16.10±0.5%. At the 
fourth passage, the reaction rate with β‑tubulin  III was 
68±7.20%, 50±2.10%, and 13±0.50% in the co‑transfected, 
NGF‑transfected, and bFGF‑transfected cells, respectively. 

At the sixth passage, the reaction rate with β‑tubulin  III 
was 70.40±9.24%, 55±3.60% and 17±3.80% in the co‑trans-
fected, NGF‑transfected, and bFGF‑transfected cells, 
respectively. In addition, at the eighth passage, the reaction 

Figure 4. Protein expression levels of nestin, neuron‑specific enolase (NSE) and glial fibrillary acidic protein (GFAP) neuron‑markers in nerve growth factor 
(NGF)‑ and basic fibroblast factor (bFGF)‑transfected bone marrow mesenchymal stem cells (BMSCs) 72 h post‑transfection. (A) Differentiated cells were 
stained with nestin, NSE and GFAP antibodies and counterstained with DAPI (blue). Scale bar=20 µm. The NGF and bFGF co‑transfected BMSCs exhibited 
increased protein expression of nestin, NSE and GFAP, as demonstrated by a marked increase in green fluorescence after 72 h, detected by fluorescence 
microscopy. (B) Western blotting detected the protein expression levels of neuron markers in the transfected BMSCs after 72 h. The expression levels of the 
neuron markers were higher in the co‑transfected BMSCs group, as compared with the other groups. The untransfected BMSCs and plv‑blank‑transfected cells 
exhibited a slight expression of neuron markers. (C) Western blot analysis of the protein expression levels of nestin, NSE and GFAP in the untransfected BMSCs 
group, plv‑blank‑transfected BMSCs group, bFGF‑transfected BMSCs group, NGF‑transfected BMSCs group, and NGF and bFGF co‑transfected BMSCs 
group. Data show the protein levels normalized to GAPDH, and are presented as the mean ± standard deviation (SD) (n=5). *P<0.05, co‑transfected group 
vs. NGF‑transfected group, and NGF‑transfected group vs. bFGF‑transfected group; **P<0.01, co‑transfected group vs bFGF‑transfected group.(D) Percentage 
of neural cells positive for nestin, NSE and GFAP in the bFGF‑transfected BMSCs group, NGF‑transfected BMSCs group, and co‑transfected BMSCs group. 
Data are presented as the mean ± SD (n=5). **P<0.01, each group was significantly different, as compared with the other groups.
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rate with β‑tubulin III was 54.57±5.15%, 37.18±1.27% and 
11.28±0.26% in the co‑transfected, NGF‑transfected, and 
bFGF‑transfected cells, respectively (Fig. 5C). These results 
suggested that β‑tubulin III expression was highest in the 
co‑transfected BMSCs, as compared with the other groups. 
Furthermore, co‑transfected BMSCs may differentiate into 
more sophisticated neuron‑like cells, as compared with the 
remaining groups.

AKT and ERK signaling pathways are involved in the neural 
differentiation of transfected BMSCs. MAPK has a significant 
role in the growth and differentiation of BMSCs. In the present 
study, western blotting was used to examine the protein 
expression levels of ERK in the various groups. As shown in 
Fig. 6, the expression levels of p‑ERK differed between the 
groups. The expression levels of p‑ERK were increased in the 
NGF‑transfected and co‑transfected groups, and no significant 
changes were detected between the expression of p‑ERK in the 

Figure 6. Western blotting was conducted to determine whether extracellular 
signal‑regulated kinases (ERK) and AKT pathways were associated with the 
differentiation of bone marrow mesenchymal stem cells (BMSCs). The expres-
sion of endogenous phosphorylated (p)‑AKT and p‑ERK was also detected in 
BMSCs. T, total; bFGF, basic fibroblast growth factor; NGF, nerver growth factor.

Figure 5. (A) Nerve growth factor (NGF) and basic fibroblast growth factor (bFGF) co‑transfected bone marrow mesenchymal stem cells (BMSCs) at passages 
2, 4, 6, and 8 express β‑tubulin Ⅲ, as detected by the presence of green fluorescent dye. Scale bar=50 mm. Neuron‑like extensions and inter‑connections of 
NGF and bFGF were depicted. Nerve fibers scale bar=25 mm. All images were obtained with a laser scanning confocal microscope (Zeiss LSM 510). (B) The 
expression of β‑tubulin Ⅲ in the various groups of differentiated cells at passages 2, 4, 6, and 8. (C) Flow cytometric analysis of β‑tubulin Ⅲ expression in the 
three groups at passages 2, 4, 6, and 8. Data are presented as the mean ± standard deviation (n=3). *P<0.05, **P<0.01.
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  B   C
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BMSCs and plv‑blank‑transfected BMSCs. These results indi-
cated that the MAPK pathway may manipulate the neuronal 
cell differentiation of BMSCs. Transduction of BMSCs with 
bFGF and NGF enhanced the phosphorylation of ERK (Fig. 6). 
In addition, the western blot analysis demonstrated that NGF‑ 
and bFGF‑transfected BMSCs exhibited increased expression 
levels of AKT phosphorylation. However, no significant differ-
ences in the expression levels of AKT were detected between 
the control BMSCs and blank‑vector‑transfected BMSCs. 
These results suggested that AKT may also be involved in 
BMSCs neural differentiation.

Discussion

BMSCs have the potential of multi‑directional differen-
tiation  (22). BMSCs have been reported to exert beneficial 
effects for use in clinical treatment and cell regeneration, and 
may be regarded as an advanced and promising therapeutic 
tool  (23,27,28). Neurotrophins have a predominant role in 
development and differentiation, and stimulate the tightly 
regulated process of BMSC neural differentiation. In order to 
take advantage of BMSCs and neurotrophins for nerve cell 
regeneration, it is necessary to research the specific mechanisms 
underlying neural differentiation. Delcroix et al (27) demon-
strated that pre‑treatment with bFGF was able to enhance neural 
specification, and Fan et al (28) reported that NGF and vascular 
endothelial growth factor enhance angiogenic effects in vivo.

It is convenient to use BMSCs for the treatment of injured 
tissue. Conversely, neurotrophic factors secreted by transfected 
BMSCs are beneficial for the restoration of injured tissue. 
BMSCs are able to promote survival of grafted cells, and also 
secrete a sufficient amount of mature neurotrophic factors.

bFGF is expressed in the embryonic and adult central 
and peripheral nervous systems, and maintains the survival 
of neuronal and glial cells, promotes sympathetic and para-
sympathetic nervous axon growth, and promotes the repair of 
damaged nerves and neurite outgrowth (19). In addition, bFGF 
is able to induce differentiation of adrenal pheochromocytoma 
cells‑12 (29), and extend human neural progenitor cell nerve 
regeneration and neural differentiation (7). Therefore, bFGF 
is considered an important growth factor. NGF is a significant 
neuropeptide signal, which can induce BMSC neural differentia-
tion, and regulate cell proliferation and cell survival growth (7). 
Lentiviral vectors may be used to stably transfect cells, and 
genes integrated into the genome of target cells using lentiviral 
vectors exhibit long‑term expression and immune response. 

The present study constructed NGF and bFGF co‑trans-
fected SD rat BMSCs, in order to determine the effects of 
overexpression of these two genes on differentiation into 
neuron‑like cells. The results of the present study demon-
strated that NGF and bFGF co‑transfection was able to induce 
the differentiation of BMSCs into neuron‑like cells; the 
co‑transfected group had the highest proportion of neuron‑like 
cell differentiation, as compared with the other groups.

In the present study, BMSCs of stable growth were selected 
as cells to be transfected. Once the NGF and bFGF genes were 
successfully recombined with the lentiviral vector in vitro, 
western blotting was used to detect the expression levels 
of each of the proteins. In addition to spindle‑shaped and 
polygonal cell morphology, a series of positive CD‑antigenic 

markers was used for identification of successfully transfected 
BMSCs through flow cytometry. In the control BMSCs and 
blank vector‑transfected cells a low expression of NGF was 
detected. This finding indicated that, the lentivirus‑vector 
transfection and bFGF may enhance the BMSCs, while 
BMSCs can themselves secrete a small quantity of NGF. 
These results indicated that transfection with the two genes 
effectively increased the bFGF and NGF protein expression 
levels in BMSCs.

The results of the present study also demonstrated that the 
NGF and bFGF co‑transfected cells exhibited much higher 
neuron‑marker expression, as compared with the other groups. 
In the fourth and sixth passages, β‑tubulin III protein expres-
sion was detected, as mature neuronal microtubule structures 
were formed and migration increased, due to the maturation 
of the cytoskeleton. Intracellular microtubules of β‑tubulin Ⅲ 
consist of a long line of aligned fibrils formed by a hollow 
tubular structure. The results of the present study indicated 
that transfected BMSCs were able to differentiate from the 
polar cells of spindle‑shaped and polygonal morphology into 
neuron‑like cells. This process occurred alongside increasing 
β-tubulin III expression.

β‑tubulin III, which is a neuron‑specific tubulin, is a 
component of the cytoskeleton, and has been considered 
a sign of early neuronal development. β‑tubulin III has an 
important role in the development of the neuron cytoskeleton 
during neural differentiation and maturation (26,30). In the 
present study, in the second passage BMSCs, β‑tubulin III 
expression was weak, and was mainly distributed in the 
nucleus, during the continual development of neurons. When 
the cells reached passages 4 and 6, β‑tubulin III expression 
increased and extended outwards. It is possible that the 
synthesized intracellular rough endoplasmic reticulum gradu-
ally begins to participate in the formation of microtubules, 
thus extending the projections of the nucleus. However, as the 
neuron cell matured to the eighth generation, β‑tubulin III 
expression was reduced, and extension out of the cells was 
decreased. Western blotting also demonstrated that in early 
neural differentiation, β‑tubulin  III expression gradually 
increased, and then decreased at the eighth passage. Due to 
the intracellular distribution and content of β‑tubulin III, it is 
believed that β‑tubulin III has an important role in the neural 
differentiation of axonal growth. These results suggest that 
neuronal development may be associated with microtubule 
polymerization. In the early stages of neural differentiation, it 
may be hypothesized that β‑tubulin III promotes the formation 
of microtubules, thereby affecting neural differentiation and 
neuron outgrowth. In addition, NGF and bFGF may enhance 
the expression of β‑tubulin III.

The results of the present study provide compelling evidence 
that NGF and bFGF have a critical role in the high‑efficiency 
differentiation of BMSCs into neuron‑like cells. It has been 
previously reported exogenous factor‑induced differentiation 
of MSCs, suggesting that the ERK pathway is involved in the 
neural differentiation of BMSCs (27,31). The present study 
demonstrates that NGF and BFGF co‑transfected BMSCs 
exhibited an increased expression of ERK phosphorylation in 
BMSCs, as well as increased proliferation and differentiation. 
These results indicated that MAPKs may regulate BMSCs, 
thus enhancing phosphorylation in NGF and bFGF‑transfected 
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cells. Concurrently, the AKT pathway may also be involved, 
which is able to inhibit cell apoptosis. The results of the 
present study demonstrated that NGF‑ and bFGF‑transfected 
BMSCs exhibited increased expression levels of p‑AKT, 
whereas the control BMSCs and blank‑vector‑transfected 
BMSCs exhibited lower expression of AKT phosphorylation, 
thus suggesting that that AKT pathway is involved in regula-
tion of BMSC neural differentiation.

In conclusion, bFGF and NGF co‑transfected BMSCs 
exhibited enhanced neural specification and response to 
neuronal commitment of stem cells, resulting in the induction 
of differentiation and maturation of neuron cells. Furthermore, 
ERK and AKT signaling pathways were shown to be involved 
in the neural differentiation of NGF and bFGF co‑transfected 
BMSCs. The present study may influence the use of cell therapy 
to treat adult nervous system diseases in the future.
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