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Abstract. The use of mesenchymal stem cells (MSCs) has 
been reported to improve outcomes in various types of 
nervous system diseases, primarily based on their neural 
regenerative differentiation ability and paracrine effect on 
different neuroprotective cytokines. Genetically modified 
MSCs may enhance the paracrine effect and may further 
improve the cell‑based therapeutic outcome of nervous 
system diseases. Magnetic resonance imaging has been used 
to monitor distribution and migration of cells labeled with 
superparamagnetic iron oxide (SPIO) nanoparticles. However, 
few studies have described the neural differentiation ability 
of genetically modified and SPIO‑labeled MSCs, which is 
the foundation for cell tracking and cell therapy in vivo. In 
this study, canine bone marrow‑derived MSCs (BMSCs) were 
initially labeled with SPIO, by culturing with 20 µg/ml SPIO 
for 24 h, and transfected with the brain‑derived neurotrophic 
factor (BDNF) gene using lentivirus transfection at different 
multiplicities of infection (MOI) values. The optimized MOI 
value was demonstrated by cellular viability and enhanced 
green fluorescent protein (eGFP) rate. Subsequently, the 
BMSCs were induced to differentiate into neuron‑like 
cells by chemical induction. The results demonstrated that 
BDNF‑overexpressing BMSCs labeled with SPIO can be 
induced into neuron‑like cells with high efficiency and 
minimal effects on cell viability. Additionally, following 

neural differentiation, the cells transfected with BDNF and 
labeled with SPIO expressed significantly higher levels of 
BDNF and neural markers. The overexpression of BDNF 
may contribute to neural differentiation of BDNFs, and 
may have potential benefits for further BMSC‑based therapy 
in vivo.

Introduction

Mesenchymal stem cells (MSCs) have been used as a powerful 
stem cell source for cellular transplantation therapy, as they 
exhibit numerous advantages  (1‑4). MSCs may be easily 
obtained from various types of tissues, and differentiate 
into different cell and tissue types with immunomodulatory 
properties (5) and homing capacity (6). MSCs produce cyto-
kines and chemokines that may promote cell proliferative, 
anti‑apoptotic, anti‑inflammatory and cell homing effects 
in wounded areas  (7,8). Brain‑derived neurotrophic factor 
(BDNF) is a cytokine secreted by MSCs and has neuropro-
tective, neurogenic and angiogenic effects, thus promoting 
recovery after central nervous system (CNS) insult  (9,10). 
Modified MSCs overexpressing BDNF may theoretically 
improve their therapeutic effect.

Although certain studies using genetically modified tech-
niques have exhibited promising results in cell culture and 
small‑animal CNS insult models, further preclinical research 
is required in large animals due to numerous discordances 
between laboratory and clinical research (11). Additionally, 
the labeling of superparamagnetic iron oxide (SPIO) 
nanoparticles of cells is a way of tracing the distribution and 
migration of transplanted cells in large animals by magnetic 
resonance imaging (MRI) in vivo with minor effects on cell 
viability (12,13). However, few studies have reported the effi-
ciency of genetically modified MSCs after labeling with SPIO, 
especially for large animals such as canines, which may be 
used as a suitable model of human neurological disease and is 
evaluated by MRI (12,14).

Therefore, in this study, SPIO‑labeled canine BMSCs 
were used to evaluate the feasibility of BDNF gene lentiviral 
transfection and the neural differentiation efficiency after gene 
modification.
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Materials and methods

Cell culture and identification. Bone marrow was extracted 
from the humerus of 20 healthy adult beagle dogs of either sex 
(sex ratio, males to females 3:1) and 14.62±1.1 kg body weight 
(Laboratory Animal Centre, Anhui, China) as previously 
described (12). All dogs were housed in a single cages separately 
at well‑ventilated facility with purified air and 12 h light/dark 
cycle at 24‑28˚C and fed twice a day with commercial dry 
food and sterile water ad libitum. The National Institutes of 
Health (Bethesda, MD, USA) and Institutional Animal Care 
and Use Committee (IACUC) guidelines for use of animals in 
research were followed, under an approved IACUC protocol 
of Nanjing Medical University (Nanjing, China). MSCs 
were isolated and purified from the bone marrow by density 
gradient centrifugation and plastic wall adherence. Briefly, 
the bone marrow was layered onto a density gradient solution 
at 1:1 volume ratio with equal volume (Ficoll‑Paque; Tianjin 
Haoyang Biological Products Technology Co., Ltd., Tianjin, 
China), and centrifuged for 20 min at 400 x g at 4˚C. Enriched 
cells were obtained from the solution interphase and washed 
twice with PBS, then cultivated in normal culture medium: 
Low‑glucose Dulbecco's modified Eagle medium (DMEM; 
Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) 
supplemented with 10%  fetal bovine serum (FBS; Gibco; 
Thermo Fisher Scientific, Inc.), 100  IU/ml penicillin and 
100 µg/ml streptomycin at 37˚C and 5% CO2. Primary isolated 
MSCs were defined as passage (P)0. When 80‑90% confluence 
was reached, the cells were passaged (1:2 or 1:3 dilutions) with 
fresh medium.

To determine the expression of MSC markers [cluster of 
differentiation (CD)34‑, CD45‑, CD44+ and CD90+], P2 
BSMCs were used for flow cytometry (BD FACSCalibur; BD 
Biosciences, Franklin Lakes, NJ, USA). In brief, BMSCs were 
collected in FACS tubes (BD Biosciences) at 1x106 cells/tube 
and washed with PBS. Cells were incubated with antibodies at 
room temperature for 1 h. The antibodies included: anti‑CD34 
(cat. no.  ab81289), CD45 (cat. no.  ab123522), CD44 (cat. 
no. ab157107), CD90 (cat. no. ab123511; all Abcam, Cambridge, 
UK) all at 1:200. Labeled cells were washed twice with PBS 
and re‑suspender in 500 µl FACS buffer. Subsequently, the cells 
were incubated with rabbit anti‑mouse immunoglobulin G 
secondary antibody labeled with phycoerythrin (1:1,000; 
cat. no. ab7000; Abcam) of for 1 h. The expression of these 
markers was evaluated using FlowJo software (version 7.6.3; 
FlowJo LLC, Ashland, OR, USA) for data analysis.

To determine the multiple differentiation capacity, P3 
BMSCs were induced to osteoblastic and adipose differentia-
tion as previously reported (1). For osteogenic differentiation, 
cells were seeded at a density of 4.5x104 cells/cm2 and cultured 
with induction medium containing DMEM supplemented 
with 10% FBS (both Gibco; Thermo Fisher Scientific, Inc.), 
100 nM dexamethasone, 10 mM β‑glycerol‑phosphate, and 
100 µg/ml ascorbic acid (all purchased from Sigma‑Aldrich; 
Merck KGaA, Darmstadt, Germany) at 37˚C and 5% CO2. The 
induction medium was changed every 3 days. After 14 days 
of induction, cells were fixed in 70% ethanol and stained 
with 2% Alizarin Red at room temperature for 10 min. For 
adipogenic differentiation, cells were plated at a density 
of 1.0x104  cells/cm2. Similarly, adipogenesis was induced 

by culturing with induction medium containing DMEM 
supplemented with 5% rabbit serum (Gibco; Thermo Fisher 
Scientific, Inc.), 5 µg/ml insulin, 1 µM dexamethasone and 
5  µg/ml rosiglitazone (all obtained from Sigma‑Aldrich; 
Merck KGaA) at 37˚C and 5% CO2. The induction medium 
was changed every 3 days. After 21 days of induction, cells 
were fixed in 70% ethanol and stained with 0.3% Oil Red O at 
room temperature for 60 min.

SPIO labeling. BMSCs were cultured in 10 cm dish at 2x106 
with fresh medium containing SPIO‑ poly‑L‑lysine (Nanjing 
Nanoeast Biotech, Co., Ltd., Nanjing, China) at 20 µg/ml for 
24 h and then were washed three times in PBS to eliminate 
extracellular SPIO. Efficiency of SPIO labeling was confirmed 
by Prussian blue (PB) staining (12). In brief, the cells were incu-
bated with PB (2% potassium ferrocyanide in 6% hydrogen 
chloride) for 15 min at room temperature and then counter-
stained with nuclear fast red for 1 min at room temperature. The 
percentage of iron‑containing cells was calculated according 
to the positively‑stained cell numbers with light microscope 
(IX71; Olympus Corp., Tokyo, Japan).

Lentivirus transfection. SPIO‑BMSCs were seeded in 96‑well 
plates at 1x104 cells per well (100 µl), cultured overnight and 
transfected with enhanced green fluorescent protein (eGFP)
(+)‑BDNF(‑)‑lentivirus (Shanghai GeneChem, Co., Ltd., 
Shanghai, China) at a multiplicity of infection (MOI) of 0, 1, 5, 
10, 20, 50 and 100. After 12 h, transfection medium was changed 
to normal culture medium without lentiviral particles, and cells 
were cultured as routine. MSCs were used for analysis at day 3, 
7 and 14. The percentage eGFP‑positive cells was detected by 
Guava Express analysis on a GuavaEasyCyteTM flow cytometer 
(Guava Technologies; EMD Millipore, Billerica, MA, USA). At 
each time point, the cellular viability was evaluated by using a 
Cell Counting kit‑8 (CCK‑8; Dojindo Molecular Technologies, 
Inc., Kumamoto, Japan). In brief, 10 µl CCK‑8 was added into 
each well and after 4 h incubation, and the optical density value 
was measured at a wavelength of 450 nm using a microplate 
reader (Thermo Fisher Scientific, Inc.). The optimal MOI was 
calculated by multiplication of the percentage eGFP positive 
cells by the average cellular survival rate.

BMSC neural dif ferentiation. After determination of 
the optimal MOI, SPIO labeled MSCs were divided 
into 4 groups: Transfection at optimized MOI with 
eGFP(‑)‑BDNF(+)‑lentivirus (BDNF+ group), transfection at 
optimized MOI with eGFP(‑)‑BDNF(‑)‑lentivirus (BDNF‑ 
group) and non‑transfected group (mock group), for neural 
differentiation and subsequent analysis. The non‑transfected 
group without neural differentiation was used as control 
group (control group). Neural differentiation was induced as 
previously reported (15,16) in BDNF+, BDNF‑ and mock group 
cells. Briefly, BMSCs were cultured with DMEM + 10% FBS 
until sub‑confluence. BMSCs were pre‑induced for 24 h with 
DMEM + 20% FBS + 1 mM β‑mercaptoethanol, then were 
induced for 8 h with DMEM + 100 mM butylated hydroxyanisole 
(BHA)  +  2% dimethylsulfoxide (DMSO). Finally, of the 
media of the cells was replaced with maintenance media 
containing DMEM + 100 mM BHA + 2% DMSO + 25 mM 
KCl + 2 mM valproic acid + 10 µM forskolin + N2 supplement 
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for 1‑3 days. BMSCs in the control group were cultured with 
DMEM + 10% FBS.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Expression of cytokines [(BDNF, vascular endo-
thelial growth factor (VEGF) and chemokine receptor type 4 
(CXCR‑4)] and neural precursor cells (indicated by nestin 
expression), neurons [indicated by class 3 β tubulin (TUJ1) 
expression], neurogliocytes [indicated by glial fibrillary acidic 
protein (GFAP) expression] and oligodendrocytes (oligo1) 
were analyzed by RT‑qPCR. Total RNA was extracted from 
cultured cells using TRIzol reagent (Thermo Fisher Scientific, 
Inc.) according to the manufacturer's protocol. RNA was 
used for cDNA synthesis using a Prime Script RT Reagent kit 
according to the manufacture's protocol and oligo dT primers 
(Takara Biotechnology, Co., Ltd., Dalian, China). Briefly, 
the first‑strand cDNA was obtained by reverse transcription 
using 3 µl of total RNA at 37˚C for 15 min and 85˚C for 5 sec. 
RT‑qPCR was performed at 95˚C for 5 sec and 60˚C for 34 sec 
in 20 µl buffer containing SYBR premix ExTaq II and ROX 
Reference dye (Takara Biotechnology, Co., Ltd.) and 0.2 µM 
each of the primers and SYBR Premix DimerEraser (Takara 
Biotechnology, Co., Ltd.) on a 7900HT system (ABI Prism® 
7900HT; Thermo Fisher Scientific, Inc). Glucuronidase β was 
used as an internal control. The relative level of gene expression 
for each sample was calculated using the 2‑ΔΔCq method (17). 
Primer sequences are listed in Table I.

Immunofluorescence. To confirm the differentiation of the 
BMSCs, neuron‑like cells were analyzed by immunofluores-
cence using antibodies against nestin, GFAP and TUJ1. The 
primary antibodies included mouse anti‑nestin (1:200; cat. 
no. ab22035), mouse anti‑GFAP (1:200; cat. no. ab53554), 
rabbit anti‑nestin (1:200; cat. no.  ab105389) and rabbit 

anti‑class 3 β tubulin (1:500; cat. no. ab7751; all Abcam). Cells 
were fixed with 4% paraformaldehyde at room temperature for 
20 min. Cells were washed three times with PBS and blocked 
with 0.4% Triton X‑100 (Sigma‑Aldrich; Merck KGaA) at 4˚C 
for 10 min. Then cells were washed three times with PBS and 
immersed with 5% bovine serum albumin at 37˚C for 30 min. 
Following incubation with the primary antibodies overnight at 
4˚C, the cells were washed three times with PBS, followed by 
incubation with fluorescent goat anti‑mouse immunoglobulin 
G (IgG) antibody (cat no. ab150113), goat anti‑mouse IgG anti-
body (cat no. ab97035), goat anti‑rabbit IgG (cat no. ab150079) 
and goat anti‑rabbit IgG (cat no. ab6787; all Abcam) at room 
temperature for 60 min, all at 1:200. Following washing, the 
cells were stained with 100 ng/ml DAPI for 10 min at room 
temperature and mounted with anti‑fade mounting medium 
(both Sigma‑Aldrich; Merck KGaA), and observed under a 
fluorescent microscope. BMSCs that expressed neural (neuron 
or glia) markers were considered to be immunopositive cells.

Statistical analysis. All analyses were performed in a 
double‑blinded manner. All values are expressed as the 
mean  ±  standard deviation. Student's t‑test and one‑way 
analysis of variance followed by Bonferroni's post hoc analysis 
were used for single and multiple comparisons, respectively. 
Data was calculated using SPSS software version 17.0 (SPSS, 
Inc., Chicago, IL, USA). P<0.05 was considered to indicate a 
statistically significant difference.

Results

Morphology and phenotypes of cultured BMSCs. Following 
isolation by density gradient centrifugation from canine 
bone marrow, BMSCs were cultured in growth medium. 
After 14 days of culturing, the cell morphology was altered 

Table I. Primers of canine specific markers.

Gene	 Primer sequence	 Marker

Nestin	 F: TGTAGGAGGTCCCTAAGCCC	 Neural progenitor cell
	 R: CACATCCCTACACCACACCC	
TUJ1	 F: GCACACTGCTCATCAACAAG	 Neuron
	 R: TCTTGCTCTCCTTCATGGAC	
GFAP	 F: TGAGATCGCCACCTACAGGA	 Astrocyte
	 R: ATCCAACACCTTGCCCACAA	
BDNF	 F: CGCGGACTTGTATACCTCCC	 Neurotrophin
	 R: GGGACTTTTTCGAGGACGGT	
VEGF	 F: CCCGGTATAAACCCTGGAGC	 Angiogenesis
	 R: ACGCGAGTCTGTGTTTTTGC	
CXCR‑4	 F: CAGTTGAGGCTGTGGCAAAC	 Chemokine
	 R: GAGAGCAGGTATCCAGACGC	
GUSB	 F: ACATCGACGACATCACCGTCA	 Housekeeping gene
	 R: GGAAGTGTTCACTGCCCTGGA	

Housekeeping gene GUSB was used as internal control gene. TUJ1, class 3 β tubulin; GFAP, glial fibrillary acidic protein; BDNF, brain‑derived 
neurotrophic factor; VEGF, vascular endothelial growth factor; CXCR‑4, chemokine receptor type 4; GUSB, glucuronidase β.

https://www.spandidos-publications.com/10.3892/mmr.2018.8847
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from various shapes including discoidal flat, triangular 
and elongated, to a spindle shape under a light microscope 
(Fig. 1a). After 14 days of osteogenic differentiation, the cells 
differentiated into the osteogenic lineage, as demonstrated 
by slizarin red staining (Fig. 1b). Additionally, after 21 days 
of adipogenic differentiation, these cells differentiate into 
adipocytes with lipid droplets stained with Oil red O (Fig. 1c). 
Flow cytometry analysis (Fig.  2) revealed that passage  2 
BMSCs (7‑day culture) were positive for CD44 and CD90 and 
negative for CD34 and CD45.

SPIO labeling. The uptake mechanism of SPIO particles 
by BMSCs is mediated by endocytosis. In a previous study, 
20 µg/ml was chosen as the optimal concentration for high 
uptake efficiency and minimal cytotoxicity (12). After incuba-
tion with SPIO for 24 h, SPIO particles (blue staining; Fig. 3a) 

were visible following PB staining, and the labeling percentage 
of SPIO was ~100% (Fig. 3a).

Optimized MOI of lentivirus transfection. After incubation 
with eGFP(+)‑BDNF(‑)‑lentivirus for 12  h, SPIO‑labeled 
BMSCs (Fig. 3a) exhibited positive eGFP expression on day 3 
(Fig. 3b), and proliferated with positive eGFP expression on 
day 7 (Fig. 3c). As demonstrated in Fig. 4, the eGFP expression 
rate was MOI dose‑dependent at day 3 and exhibited a 
≥80%  positive rate when MOI ≥5 was used at day  14. 
However, with the increasing of MOI, the cellular survival rate 
decreased (MOI 50 and 100). Following combining the eGFP 
positive rate and the average cellular survival rate at different 
MOIs, it was revealed that at MOI 10, BMSCs exhibited higher 
eGFP expression and proliferation capacity at day 7 and this 
was maintained at day 14, (% eGFP x% survival cells x104 

Figure 2. Flow cytometry analysis of BMSC surface markers. Flow cytometry analysis presents the MSC‑positive surface markers CD44 and CD90 expressed 
in 99.8% of cells, whereas the MSC‑negative surface markers CD34 and CD45 are expressed in 0.7% of cells. BMSCs, bone marrow‑derived mesenchymal 
stem cells; CD, cluster of differentiation.

Figure 1. Osteogenic and adipogenic differentiation of BMSCs. (A) Passage 3 BMSCs prior to differentiation (magnification, x40). (B) Red osteal nodules were 
observed by slizarin red staining after 14 days of osteogenic differentiation (magnification, x100). (C) Red lipid droplets were observed by Oil red O staining 
after 21 days of adipogenic differentiation (magnification, x200). BMSCs, bone marrow‑derived mesenchymal stem cells.
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were 8752.37±242.11 and 8464.76±273.40 at day 7 and 14, 
respectively; P<0.0001).

Expression of BDNF and neural markers. To determine 
the expression of cytokines and neural markers following 
SPIO‑BMSCs neural differentiation, the expression levels 
of cytokines (BDNF, VEGF and CXCR‑4), and neural 
precursor cells (nestin), neurons (TUJ1) and neurogliocytes 
(GFAP) were detected. As exhibited in Fig.  5, following 
neural differentiation, the neural markers (nestin, TUJ1 and 
GFAP) were significantly increased in the differentiation 

groups compared with the control group. Additionally, 
VEGF and CXCR‑4 were also increased markedly in the 
differentiation groups compared with the control, which are 
important for vascular formation and cell homing, respec-
tively. The expression of BDNF was not increased following 
neural differentiation in the BDNF‑ and the mock groups; 
however, in the BDNF+ group, the expression of BDNF 
was significantly increased compared with the mock group, 
which suggested that there was positive gene expression 
during neural differentiation. Although not significant, the 
expression of VEGF and CXCR‑4 in the BDNF+ group was 

Figure 3. Photomicrography of BMSCs following incubation with SPIO‑PLL and transfection with eGFP + lentivirus. (a) SPIO particles were observed under 
a light microscope. The left bottom panel presents Prussian blue staining, which represents the SPIO particles inside BMSCs. (b) Fluorescence microscopy 
revealed the expression of eGFP at day 3. (c) Proliferation of SPIO labeled and lentivirus transfected BMSCs at day 7. Scale bar, 50 µm. eGFP, enhanced green 
fluorescent protein; BMSCs, bone marrow‑derived mesenchymal stem cells; SPIO‑PLL, superparamagnetic iron oxide‑poly‑L‑lysine.

Figure 4. Flow cytometry and Cell Counting kit‑8 analysis of BMSCs following incubation with SPIO‑PLL and transfection with eGFP + lentivirus. The upper 
left panel presents the dose‑dependent effect on eGFP positive cells at day 3, and at MOI 100, the majority of BMSCs were eGFP positive, whereas at MOI 0, 
eGFP was rarely expressed. The eGFP expression rate increased to ≥80% from day 7 to 14 at MOI ≥5. The upper middle graph presents the cellular survival 
rate. MOI ≤10 maintained ≥80% survival rate at day 3‑14, whereas at MOI ≥50, the survival rate decreased from day 3‑14. The upper right graph shows the 
product of the eGFP positive rate and the average cellular survival rate. The lower graphs represent the significance of day 7 and day 14, respectively, which 
indicated the optimal MOI was MOI 10. BMSCs, bone marrow‑derived mesenchymal stem cells; SPIO‑PLL, superparamagnetic iron oxide‑poly‑L‑lysine; 
eGFP, enhanced green fluorescent protein; MOI, multiplicity of infection; ***P<0.0001.

https://www.spandidos-publications.com/10.3892/mmr.2018.8847
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also higher than the other differentiated groups. The relative 
percentages of expression of neural markers and cytokines in 
the BDNF+, BDNF‑ and mock groups were evaluated (Fig. 6). 
The percentage of expression was calculated as follows: 
Expression in differentiation groups ‑ the expression in the 
control group)/the expression in control group x100. When 
comparing the BDNF+ group with the other two groups, the 
percentage BDNF expression was ~10 fold higher. Expression 
of neural markers of nestin, TUJ1 and GFAP also increased 
markedly in the BDNF+ group compared with BDNF‑ and 
mock groups (approximately 3‑6 fold). Furthermore, expres-
sion of VEGF and CXCR‑4 also increased in the BDNF+ 
group but the difference was not significant compared with 
BDNF‑ and mock groups.

Immunofluorescence of neural‑like cells. As is presented 
in Fig. 7, following neural differentiation, the morphology 
of BMSCs changed to neuron‑like cells with compre-
hensive axon‑like connection with surrounding cells 
(Fig.  7). Additionally, the BDNF+ group presented with 
much more neuron‑like cells than the other groups. 
Immunofluorescence revealed positive co‑staining of 
nestin + TUJ1, nestin + GFAP and TUJ1 + GFAP (Fig. 8), and 
double‑positive cells in the BDNF+ group was higher than 
the other groups, which is in accordance with the result of 
RT‑qPCR analysis.

Discussion

The present study revealed that canine‑derived SPIO‑labeled 
and BDNF gene‑modified BMSCs differentiated into 
neuron‑like cells in  vitro. In addition, following neural 
differentiation, the BDNF+ BMSCs had significantly 

increased expression levels of nestin, TUJ1 and GFAP, which 
represent neural precursor cells, neuron and neurogliocytes, 
respectively. These results suggested that overexpression of 
BDNF promotes neural differentiation, which may provide 

Figure 6. Percentage increases of expression neural markers and cytokines 
in neural differentiation groups. The neural markers and cytokines were 
expressed at similar levels in the BDNF‑ group and mock group; however, 
the percentage of cells expressing neural markers and BDNF was ≥300% 
(especially for BDNF, which was ~1,000%) in the BDNF+ group, which were 
significantly higher than BDNF‑ group and mock group (P<0.0001). BDNF, 
brain‑derived neurotrophic factor; TUJ1, class 3 β tubulin; GFAP, glial fibril-
lary acidic protein; VEGF, vascular endothelial growth factor; CXCR‑4, 
chemokine receptor type 4. ***P<0.0001.

Figure 5. Reverse transcription‑quantitative polymerase chain reaction analysis of BMSCs following neural differentiation. Following neural differentiation, 
the BDNF+ group exhibited significantly higher expression of neural markers, nestin, TUJ1 and GFAP compared with the other groups, and the expression of 
BDNF was also markedly higher in the BDNF+ group than the other three groups. Compared with the control group, the neural markers, VEGF and CXCR‑4 
expression were significantly higher in the neural differentiation groups compared with the control group. BMSCs, bone marrow‑derived mesenchymal stem 
cells; BDNF, brain‑derived neurotrophic factor; TUJ1, class 3 β tubulin; GFAP, glial fibrillary acidic protein; VEGF, vascular endothelial growth factor; 
CXCR‑4, chemokine receptor type 4. *P<0.05.
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the foundation for cell regenerative therapy and cell paracrine 
effect‑based therapy.

Previous studies have utilized genetically engineered 
MSCs modified using various gene therapy methods, 
including delivery using adenoviral transfer  (18,19), 
Lipofectamine  (20), physical cell puncture  (21), electro-
poration (22), soundwaves (23) and lentiviruses (4,24). The 
primary advantage of lentivirus transfection is the capacity 
of gene integration with high efficiency, which establishes a 
new cell line that expresses the target gene (25). Initial vector 
transfection efficiency and optimization studies may provide 
the foundation of future in vivo experiments, and therefore 
the efficiency of vector transfection of MSCs may provide a 
pre‑ in vivo evaluation (4,24,25). In canine MSCs, lentivirus 
mediated gene overexpression has been rarely reported (24). 
Previously, Ahn et al (26) used a lentivirus to overexpress 
interferon‑β in MSCs to treat canine melanoma, however the 
process of optimizing the MOI was not reported. Lentiviruses 
can infect proliferating and non‑proliferating cells, which 

means that BMSCs can be eGFP positive but not viable. 
Therefore, cellular viability analysis is required to assess 
viral cytotoxicity and to optimize the MOI. In this study, time 
points for transfection were set at day 3, 7 and 14, which is the 
duration usually required for expression of eGFP (12). The 
results of the present study demonstrated that, at day 7, lenti-
virus transfection at MOI 10 resulted in a marked increase 
in eGFP expression and proliferation capacity, and this was 
maintained at day 14.

BDNF is an essential molecule for cerebral nerve 
regeneration (27,28). However, the underlying mechanism is 
not fully understood. A previous in vitro study demonstrated 
that a BDNF overexpression plasmid promoted neural growth 
through crosstalk with the Wnt/β‑catenin signaling pathway 
via glycogen synthase kinase‑3β (29). Oh et al (30) reported 
that, following co‑culture with MSCs, neuronal progenitor 
cells expressed significantly higher levels of neural markers, 
including GFAP and nestin, via activation of the Wnt signaling 
pathway. In this study, the expression of neural markers GFAP 

Figure 7. Photomicrography of BMSCs following neural differentiation. Following neural differentiation, the morphology of BMSCs changed to neuron‑like 
cells with a comprehensive axon‑like connection with surrounding cells in (a) BDNF+ group (b) BDNF+, group and (c) BDNF‑ and group. BDNF+ group 
presented an increased number of neuron‑like cells than the other groups. (d) Mock group. Scale bar, 100 µm. BMSCs, bone marrow‑derived mesenchymal 
stem cells; BDNF, brain‑derived neurotrophic factor.

Figure 8. Immunofluorescence of BMSCs following neural differentiation in BDNF+ group. Immunofluorescence demonstrated positive counterstaining of 
nestin + TUJ1, nestin + GFAP and TUJ1 + GFAP in the BDNF+ group. Scale bar=50 µm. BMSCs, bone marrow‑derived mesenchymal stem cells; BDNF, 
brain‑derived neurotrophic factor; TUJ1, class 3 β tubulin; GFAP, glial fibrillary acidic protein.

https://www.spandidos-publications.com/10.3892/mmr.2018.8847
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and nestin were also associated with neural differentiation, and 
BDNF‑transfected MSCs exhibited higher expression of these 
markers. Additionally, the results also demonstrated increased 
expression of TUJ1 in cells overexpressing BDNF, which 
may be associated phosphorylation of protein kinase B (31). 
However, further studies focusing on the quantification 
of specific proteins that affect the signaling pathways are 
required.

Although not significant, the expression level of VEGF, 
which is an essential molecule involved in angiogenesis, 
was also increased by overexpression of BDNF. In addi-
tion, except for the increased expression of neurotropic 
genes (Nestin, TUJ1, GFAP and BDNF), the results demon-
strated an increased gene expression of CXCR‑4. CXCR‑4 
and its ligand, chemokine stromal cell‑derived factor‑1, 
have a critical role in MSC homing and recruitment at 
injury sites (32). This upregulation of CXCR‑4 suggested 
that MSCs may actively migrate following neural differentia-
tion in vivo.

The main limitation of this study is that only in  vitro 
experiments were performed, and the neural differen-
tiation efficiency and therapeutic effects of BDNF‑modified 
BMSCs in vivo may be different due to the altered micro-
environment. However, the present study demonstrated that 
lentivirus transfection is feasible for SPIO‑labeled canine 
BMSCs, and overexpression of BDNF may contribute to 
the neural differentiation after successful transfection. This 
preliminary data may be important for further in vivo studies 
in large animals.
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