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ABSTRACT. We investigated the in vitro differentiation of canine bone marrow stromal cells (BMSCs) into voltage- and glutamate-responsive 
neuron-like cells. BMSCs were obtained from the bone marrow of healthy beagle dogs. Canine BMSCs were incubated with the basal 
medium for neurons containing recombinant human basic fibroblast growth factor (bFGF; 100 ng/ml). The viability of the bFGF-treated 
cells was assessed by a trypan blue exclusion assay, and the morphology was monitored. Real-time RT-PCR was performed to evaluate 
mRNA expression of neuronal, neural stem cell and glial markers. Western blotting and immunocytochemical analysis for the neuronal 
markers were performed to evaluate the protein expression and localization. The Ca2+ mobilization of the cells was evaluated using the Ca2+ 
indicator Fluo3 to monitor Ca2+ influx. To investigate the mechanism of bFGF-induced neuronal differentiation, the fibroblast growth factor 
receptor inhibitor, the phosphoinositide 3-kinase inhibitor or the Akt inhibitor was tested. The bFGF treatment resulted in the maintenance 
of the viability of canine BMSCs for 10 days, in the expression of neuronal marker mRNAs and proteins and in the manifestation of 
neuron-like morphology. Furthermore, in the bFGF-treated BMSCs, a high concentration of KCl and L-glutamate induced an increase in 
intracellular Ca2+ levels. Each inhibitor significantly attenuated the bFGF-induced increase in neuronal marker mRNA expression. These 
results suggest that bFGF contributes to the differentiation of canine BMSCs into voltage- and glutamate-responsive neuron-like cells and 
may lead to the development of new cell-based treatments for neuronal diseases.
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Spinal cord injury is a disease that involves a loss of 
motor and sensory function and often results in disability, 
including paresis, paralysis, or urinary and/or fecal inconti-
nence. When spinal cord injury occurs, the regeneration of 
spinal cord neurons is a difficult task [19]. Several therapies 
for spinal cord injury have been examined that promote 
conduction of electrical signals, replace lost tissue, induce 
neural regeneration and rescue tissue from secondary injury. 
Among the therapies, stem cell therapy has been expected 
to overcome incurable diseases, such as severe spinal cord 
injury. To date, induced pluriopotent stem cells, embryonic 
stem cells, neural progenitor cells, adipose-derived stem 
cells and bone marrow stromal cells (BMSCs) are expected 
to be potential stem cell sources for spinal cord regenerative 
therapy [8, 34, 38]. Among these stem cells, BMSCs have 
been the focus of research and clinical application for spinal 

cord regenerative therapy in dogs [8].
BMSCs are fibroblastic adherent cells and include a small 

number of mesenchymal stem cells that are capable of dif-
ferentiation into several tissue-forming cell types, such as 
bone, cartilage, fat, muscle, heart and brain cells [27, 28, 34]. 
BMSCs are easily accessible through aspiration of the bone 
marrow, which allows researchers to avoid some ethical 
issues associated with embryonic stem cells. Therefore, 
transplantation of BMSCs is considered a clinically useful 
therapeutic approach for the treatment of spinal cord injury 
[35]. Transplantation of autologous and allogeneic BMSCs 
in dogs with spinal cord injury has been performed, and 
administration of BMSCs has been shown to significantly 
improve functional recovery of dogs with spinal cord in-
jury compared with untreated spinal cord injury dogs [11]. 
However, the mechanism of spinal regeneration by canine 
BMSCs has been unclear. Two main aims of cell-based treat-
ment for spinal cord injury are providing the cells with a 
microenvironment that supports or enhances the neuropro-
tective and regenerative ability of cells within the lesion, 
or replacing lost or injured cells, such as neurons. Many 
previous studies have shown that the trophic factors from 
transplanted BMSCs may play an important role for spinal 
regeneration [5, 9, 11, 22, 23, 25, 36]. In order to fully repair 
spinal injury with central necrosis, it is also necessary that 
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transplanted BMSCs differentiate into functional neurons 
and replace the injured neurons. Another strategy to repair 
the lesion with central necrosis is transplantation of func-
tional neurons derived from BMSCs.

In the previous studies on neuronal differentiation of 
canine BMSCs, it has been shown that canine BMSCs can 
form neurosphere-like clumps and differentiate into neuron-
like cells expressing neuronal markers [6, 8, 12, 13, 20, 24]. 
However, to the best of our knowledge, the differentiation 
of canine BMSCs into functional neurons has not yet been 
proven.

In humans and mice, it has been reported that sev-
eral growth factors, such as basic fibroblast growth factor 
(bFGF), nerve growth factor and neurotrophin-3, induced 
the differentiation of various types of stem cells into func-
tional neurons [10, 14, 21, 26, 32, 33, 37]. To investigate the 
differentiation of canine BMSCs into functional neurons, we 
focused on bFGF among these growth factors in the pres-
ent study. Basic fibroblast growth factor has a wide range 
of biological effects on cell growth, differentiation and sur-
vival [1]. It has been shown that bFGF is highly expressed 
in neuronal tissues and it performs an important function 
in neuronal regeneration and in recovery from spinal cord 
injury [4, 7, 15, 29]. Basic fibroblast growth factor has been 
demonstrated to induce differentiation of BMSCs into func-
tional neurons in mice [33, 37].

To achieve further improve functional recovery and elu-
cidate the mechanism that underlies the beneficial effects 
of BMSCs transplantation on dogs with spinal cord injury, 
the basic research on the differentiation of canine BMSCs 
into functional neurons is worthwhile. Thus, the purpose of 
the present study is to investigate differentiation of canine 
BMSCs into functional neurons.

MATERIALS AND METHODS

Isolation and culture of canine BMSCs: Three healthy 
beagle dogs (male, 3 years old) were used in the present 
study. This study was conducted under Nihon University 
Animal Care and Use Committee approval (AP12B015). All 
dogs were premedicated intravenously with midazolam hy-
drochloride (0.2 mg/kg; Astellas Pharma Inc., Tokyo, Japan) 
and butorphanol tartrate (0.2 mg/kg; Meiji Seika Pharma Co., 
Ltd., Tokyo, Japan). Anesthesia was induced with an intrave-
nous injection of propofol (4.0 mg/kg; Intervet K.K., Osaka, 
Japan) and maintained with 1.5 to 2.0% isoflurane (Intervet 
K.K.) in 100% oxygen given in an endotracheal tube. Bu-
torphanol tartrate (0.2 mg/kg) was again administered intra-
venously for pain relief before awakening. Canine BMSCs 
were isolated as described previously [8, 20]. Briefly, canine 
bone marrow was aspirated from the humerus, and mononu-
clear cells were separated by density gradient centrifugation 
using Histopaque-1077 (Sigma-Aldrich Inc., St. Louis, MO, 
U.S.A.). Following collection, the mononuclear cells were 
then transferred to a 75-cm2 plastic culture flask (Corning 
Inc. Life Sciences, Lowell, MA, U.S.A.) and static-cultured 
in an incubator at 5% CO2 and 37°C using α-modified Eagle 
minimum essential medium (Life Technologies Co., Carls-

bad, CA, U.S.A.) with 10% fetal bovine serum (FBS; Life 
Technologies Co.). On the fourth day of culture, nonadherent 
cells were removed when the culture medium was replaced, 
thus isolating canine BMSCs. Canine BMSCs were har-
vested using 0.25% trypsin-ethylenediaminetetraacetic acid 
(Life Technologies Co.) once they reached approximately 
90% confluence. Then, the collected cells were seeded at 
a density of 14,000 cells/cm2. The second-passage canine 
BMSCs were used for the following all experiments.

Flow cytometry: Cultured canine BMSCs were character-
ized by flow cytometry analysis based on the previous report 
[31]. The cells were placed in 5 ml round-bottom tubes (BD 
Biosciences, Tokyo, Japan) at 1 × 105 cells/tube with phos-
phate buffered saline (PBS; Sigma-Aldrich Inc.) containing 
0.5% FBS and incubated with antibodies, including the 
anti-human CD29 mouse monoclonal antibody (eBioscience 
Inc., San Diego, CA, U.S.A.), the PE-conjugated anti-canine 
CD34 mouse monoclonal antibody (eBioscience Inc.), the 
anti-human/mouse CD44 rat monoclonal antibody (eBiosci-
ence Inc.) and the FITC-conjugated anti-canine CD45 rat 
monoclonal antibody (eBioscience Inc.) at 4°C for 45 min. 
Alexa fluor® 488-conjugated goat anti-mouse or rat IgG an-
tibody (Life Technologies Co.) was used to label anti-CD29 
and anti-CD44 antibodies, respectively, in darkness at 4°C 
for 30 min. To exclude dying cells, propidium iodide (Life 
Technologies Co.) was added at a final concentration of 
2.5 µg/ml. An equal number of cells incubated with respec-
tive isotype control antibodies or only secondary antibodies 
were used as a control sample. The data were analyzed by 
recording 10,000 events on BD FACS Canto™ (BD Biosci-
ences) by means of BD FACS Diva™ software (BD Biosci-
ences) and FLOWJO software (Tree star Inc., Ashland, OR, 
U.S.A.).

Neuronal induction using bFGF: Canine BMSCs were 
placed in a 25-cm2 plastic culture flask (Corning Inc. Life 
Sciences) at a density of 4,000 cells/cm2. The neuronal in-
duction using bFGF was conducted as described previously 
[10, 37]. Briefly, the medium was changed to Neurobasal-A 
medium (Life Technologies Co.) supplemented with 2% 
B-27 supplement (Life Technologies Co.) and 100 ng/ml re-
combinant human bFGF (Immunostep, Salamanca, Spain) at 
24 hr of passage. Neurobasal-A medium supplemented with 
2% B-27 supplement without bFGF was used as the me-
dium in the control group. The neuronal induction medium 
was changed every 3 days. The cells were harvested using 
0.25% trypsin-ethylenediaminetetraacetic acid at 0, 3, 5 and 
10 days after the treatment, and their viability was assessed 
by means of a trypan blue exclusion assay (Wako Pure 
Chemical Industries Ltd., Osaka, Japan). The morphology 
of these cells was evaluated under an inverted microscope at 
indicated time points.

Real-time RT-PCR: Total RNAs were extracted from ca-
nine BMSCs before and after 3, 5, 10 days of the incubation 
with bFGF by using TRIzol® reagent (Life Technologies 
Co.). Canine BMSCs incubated in Neurobasal-A medium 
supplemented with 2% B-27 supplement without bFGF were 
used as a control group. The first-strand cDNA synthesis was 
carried out with 500 ng of total RNA using PrimeScript® 
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RT Master Mix (TaKaRa Bio Inc., Otsu, Japan). Real-time 
RT-PCRs were performed with 2 µl of the first-strand cDNA 
in 25 µl (total reaction volume) with primers specific for 
canine neuronal (microtubule-associated protein 2 [MAP2], 
neurofilament light chain [NF-L] and neuron-specific 
enolase [NSE]), neural stem cells (nestin [NES]) and glial 
(glial fibrillary acidic protein [GFAP]) markers (Table 1) and 
SYBR® Premix Ex Taq™ II (TaKaRa Bio Inc.). The real-
time RT-PCRs of no template controls were performed with 
2 µl of RNase- and DNA-free water. In addition, real-time 
PCRs of no-reverse transcription controls were performed 
with 2 µl of each RNA sample. The PCRs were conducted 
using Thermal Cycler Dice® Real Time System II (TaKaRa 
Bio Inc.). The PCR reactions consisted of 1 cycle of denatur-
ing at 95°C for 30 sec, 40 cycles of denaturing at 95°C for 
5 sec and annealing and extension at 60°C for 30 sec. The 
specificity of each primer was verified using dissociation 
curve analysis and direct sequencing of each PCR product. 
The results were analyzed by means of the second deriva-
tive method and the comparative cycle threshold (ΔΔCt) 
method using TP900 DiceRealTime v4.02B (TaKaRa Bio 
Inc.). Amplification of β-glucuronidase [GUSB] from the 
same amount of cDNA was used as an endogenous control, 
and the amplification of the cDNA from non-treated canine 
BMSCs (0 day) was used as a calibrator standard.

Western blotting: Canine BMSCs before and after 3, 5 and 
10 days of the induction with or without bFGF were lysed 
with lysis buffer containing 100 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid, 1 mM phenylmethanesul-
fonyl fluoride and complete mini EDTA-free protease inhibi-
tor cocktail (Roche, Mannheim, Germany) at pH 7.4. Protein 
concentrations were adjusted using Bradford’s method [2]. 
Extracted proteins were boiled at 95°C for 5 min in sodium 
dodecyl sulfate buffer. Samples containing 10 µg of protein 
were loaded in each lane of 7.5% Mini-PROTEAN TGX gel 
(Bio-Rad, Hercules, CA, U.S.A.) and electrophoretically 
separated. Separated proteins were transferred to Immobi-
lon-P Transfer Membranes (Merck Millipore, Billerica, MA, 
U.S.A.), treated with Block Ace (DS Pharma Biomedical, 
Osaka, Japan) for 50 min at room temperature and incubated 
for 120 min at room temperature with the primary antibodies: 
anti-human neurofilament light chain (NF-L) protein mouse 

monoclonal antibody (1:100; Thermo Fisher Scientific Inc., 
Rockford, IL, U.S.A.), anti-human neuron-specific enolase 
(NSE) mouse monoclonal antibody (1:200; DAKO North 
America Inc., Carpinteria, CA, U.S.A.) and anti-β-actin 
mouse monoclonal antibody (1:5,000; Sigma-Aldrich Inc.). 
After washing, the membranes were incubated with horse-
radish peroxidase-conjugated anti-mouse IgG (1:10,000; 
GE Healthcare, Piscataway, NJ, U.S.A.) for 90 min at room 
temperature. Immunoreactivity was detected using ECL 
Western blotting Analysis System (GE Healthcare). The 
chemiluminescent signals of the membranes were measured 
using ImageQuant LAS 4000 mini (GE Healthcare).

Immunocytochemistry: Canine BMSCs were seeded on 
35-mm glass base dish (Iwaki, Tokyo, Japan) and cultured 
for 24 hr. Before and after 10 days of the neuronal induc-
tion with or without bFGF, these cells were fixed in 4% 
paraformaldehyde (Nacalai Tesque Inc., Kyoto, Japan) for 
15 min and processed for immunocytochemistry to examine 
the protein expression and the cellular localization of neuro-
nal markers. The fixed cells were permeabilized by means 
of incubation in 0.2% Triton™ X-100 (Sigma-Aldrich Inc.) 
for 15 min at room temperature. Non-specific antibody reac-
tions were blocked for 30 min with a serum-free blocking 
solution (DAKO North America Inc.). These cells were 
then incubated for 90 min at room temperature with primary 
antibodies: an anti-human NF-L protein mouse monoclonal 
antibody (Thermo Fisher Scientific Inc.) and an anti-human 
NSE mouse monoclonal antibody (DAKO North America 
Inc.). After a wash with PBS, these cells were incubated 
and visualized with Alexa fluor® 594-conjugated F (abʹ)2 
fragments of goat anti-mouse IgG (H+L) (Life Technologies 
Co.), Alexa fluor® 488-conjugated phalloidin (Life Technol-
ogies Co.) and TO-PRO®-3-iodide (Life Technologies Co.) 
for 60 min in darkness at room temperature. The cells were 
also incubated with only secondary antibodies to control for 
nonspecific binding of the antibodies. Canine spinal cords 
were used as a positive control. These samples were washed 
3 times with PBS, dried, mounted with ProLong® Gold An-
tifade Reagent (Life Technologies Co.) and observed with a 
confocal laser scanning microscope (LSM-510; Carl Zeiss 
AG, Oberkochen, Germany).

Ca2+ imaging: Canine BMSCs were seeded on 35-mm 

Table 1. Primers for Real-time RT-PCR

Gene Name Gene bank ID Primer sequences
Microtubule-associated protein 2 (MAP2) XM_845165.1 F: 5′-AAGCATCAACCTGCTCGAATCC-3′

R: 5′-GCTTAGCGAGTGCAGCAGTGAC-3′
Neurofilament light chain (NF-L) XM_534572.2 F: 5′-TGAATATCATGGGCAGAAGTGGAA-3′

R: 5′-GGTCAGGATTGCAGGCAACA-3′
Neuron-specific enolase (NSE) XM_534902.2 F: 5′-GCATCCAGGCAGAGCAATCA-3′

R: 5′-AATGGGTGGATGCAGCACAA-3′
Nestin (NES) XM_547531.2 F: 5′-GGACGGGCTTGGTGTCAATAG-3′

R: 5′-AGACTGCTGCAGCCCATTCA-3′
Glial fibrillary acidic protein (GFAP) XM_537614.2 F: 5′-GCAGAAGTTCCAGGATGAAACCA-3′

R: 5′-TCTCCAGATCCAGACGGGCTA-3′
Glucuronidase β (GUSB) NM_001003191.1 F: 5′-ACATCGACGACATCACCGTCA-3′

R: 5′-GGAAGTGTTCACTGCCCTGGA-3′
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glass base dishes at a density of 4,000 cells/cm2. After 
10 days of the neuronal induction with or without bFGF, 
the cells were incubated in 1 ml of Neurobasal-A medium 
containing 2% B-27 supplement and 4.0 µM Fluo3-AM 
(Dojindo Lab., Kumamoto, Japan) with or without 100 ng/ml 
bFGF for 30 min at 37°C in the dark. Following incuba-
tion, the cells were washed twice in PBS. After washing, 
the culture medium was changed to a Ca2+ imaging buffer 
(containing 120 mM NaCl, 5 mM KCl, 0.96 mM NaH2PO4, 
1 mM MgCl2, 11.1 mM glucose, 1 mM CaCl2, 1 mg/ml 
bovine serum albumin and 10 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid; pH 7.4). The glass base 
dishes with the fluorescent dye-loaded cells were placed 
at room temperature on the stage of a confocal laser scan-
ning microscope (LSM510). Fluorescence of the dye was 
produced using excitation from a 75-W xenon arc lamp 
with appropriate filter sets (excitation 488 nm and emission 
527 nm). Frames in a time lapse sequence were captured 
every 2 sec. After baseline images were acquired, the cells 
were stimulated with 50 mM KCl (Wako Pure Chemical In-
dustries Ltd.) or 100 µM L-glutamate (Wako Pure Chemical 
Industries Ltd.). The relative changes in intracellular Ca2+ 
concentrations over time were expressed as relative change 
in baseline fluorescence.

Inhibitor treatments: Canine BMSCs were placed in 
a 25-cm2 plastic culture flask at a density of 4,000 cells/
cm2. The cells were pretreated with Neurobasal-A medium 
supplemented with 2% B-27 supplement containing the 
fibroblast growth factor receptor (FGFR) inhibitor SU5402 
(25 µM; Sigma-Aldrich Inc.), the phosphoinositide 3-kinase 
(PI3K) inhibitor LY294002 (50 µM; Cell Signaling Technol-
ogy Japan K.K., Tokyo, Japan) or the Akt inhibitor MK2206 
(1 µM; Selleck chemicals Llc., Houston, TX, U.S.A.) for 1 
hr as previously reported methods with slight modifications 
[37], and then, neuronal induction using bFGF (100 ng/
ml) was performed. After 3 days of the neuronal induction 
using bFGF, total RNAs were extracted from each sample, 
and then, real-time RT-PCRs were performed to evaluate the 
mRNA expression of MAP2 as described above.

Data analysis: The data for these experiments were cal-
culated as mean ± standard error. Statistical analyses were 
performed using StatMate IV (ATMS, Tokyo, Japan). The 
comparison of the data between the bFGF group and the con-
trol group was analyzed by means of the unpaired t test. The 
data from the time course study by real-time RT-PCR were 
analyzed using two-way analysis of variance, and Tukey’s 
test was used as post hoc analysis. The data from the inhibi-
tor study were analyzed using one-way analysis of variance, 
and Tukey’s test was used as post hoc analysis. The values of 
P less than 0.05 were considered significant.

RESULTS

Characterization of canine BMSCs using flow cytometry: 
As shown in Fig. 1, the cells were strongly positive for the 
mesenchymal stem cell markers, CD29 (99.86 ± 0.14%) and 
CD44 (99.40 ± 0.05%). In contrast, the majority of the cells 
were negative for hematopoietic cell markers, CD34 (0.55 ± 

0.01%) and CD45 (0.23 ± 0.05%).
Effect of bFGF on cell viability: The viability of the cells 

incubated with bFGF (100 ng/ml) was maintained for at 
least 10 days, whereas without bFGF viability significantly 
decreased (Fig. 2A).

Differentiation of canine BMSCs into cells with a neuron-
like shape after bFGF treatment: Morphologically, canine 
BMSCs were mostly of a flattened and fibroblast-like shape 
(Fig. 2B and 2F). The morphology of the cells remained fi-
broblast-like shape in the control group (Fig. 2C–2E). When 
the cells were incubated with bFGF, the cell shape started to 
change to neuron-like morphology, which was characterized 
by a small cell body and several long and sharp processes 
within 3 days and could be maintained for at least 10 days 
(Fig. 2G–2I). The percentage of canine BMSCs that changed 
to neuron-like morphology was 75.7 ± 4.3% at 10 days of 
neuronal induction using bFGF, whereas the percentage of 
the control group was 0.6 ± 0.7%.

Quantitative analysis of bFGF-induced mRNA expression 
of neuronal, neural stem and glial markers in canine BMSCs: 
The mRNA expressions of neuronal markers were almost no 
change in the control group (Fig. 3A–3C). In bFGF-treated 
cells, expressions of mRNAs of neuronal markers signifi-
cantly increased in a time-dependent manner (Fig. 3A–3C), 
whereas those of neural stem cell and glial markers clearly 
decreased (Fig. 3D and 3E).

Protein expression and localization of neuronal markers 
in the neuron-like cells: The protein expressions of NF-L and 
NSE were almost no change in the control group (Fig. 4A). 
When canine BMSCs were stimulated by bFGF, the protein 
expressions of NF-L and NSE increased in a time dependent 
manner (Fig. 4A). In untreated canine BMSCs, NF-L expres-

Fig. 1. Characterization of canine BMSCs by cell surface proteins. 
Solid and open histograms show non-specific and specific staining 
for the indicated marker, respectively.
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sion was undetectable, but bFGF treatment resulted in the 
appearance of NF-L, which was localized in cell bodies and 
dendrites after 10 days (Fig. 4B–4E). Although NSE expres-
sion was less pronounced around the nucleus of untreated 
canine BMSCs, the expression was strongly enhanced by 
bFGF after 10 days of treatment (Fig. 4F–4I).

K+ and L-glutamate-induced Ca2+ mobilization in the 
neuron-like cells: As shown in Fig. 5A, 50 mM KCl induced 
an increase in intracellular Ca2+ concentrations of the bFGF-
treated cells. We further examined the effect of the neu-
rotransmitter L-glutamate on Ca2+ mobilization in the cells. 

L-glutamate (100 µM) also evoked a sharp rise in intracellu-
lar Ca2+ concentrations of the bFGF-treated cells (Fig. 5B). 
The increase in intracellular Ca2+ concentrations induced by 
KCl and L-glutamate was observed in 66.25 ± 0.08% and 
54.14 ± 0.14% of the bFGF-treated cells, respectively. On 
the other hand, KCl and L-glutamate had almost no effect 
on the intracellular Ca2+ concentration of the control group.

Involvement of FGFR, PI3K and Akt to the bFGF-induced 
neuronal differentiation of canine BMSCs: The bFGF-
induced increase in MAP2 mRNA expression was signifi-
cantly attenuated by the inhibitor of SU5402, LY294002 or 
MK2206 (Fig. 6). These inhibitors at experimental dose 
have no influence to the viability of the cells by means of 
trypan blue exclusion assay.

DISCUSSION

Canine BMSCs were well characterized by the expression 
profile of cell surface markers. We observed that the cells 
isolated from bone marrow were positive for the mesenchy-
mal stem cell markers and negative for the hematopoietic 
cell markers. These results are consistent with previous re-
ports [12, 23, 31], indicating that the cells were BMSCs.

In the previous study, dibutyryl cyclic AMP and methyl-
isobutylxanthine have been reported to induce neuron-like 
morphology in canine BMSCs, but the cell viability was 
uncertain [12]. We reported that β-mercaptoethanol and 
butylated hydroxyanisole induced the expression of the 
neuronal markers and neuronal morphology in canine BM-
SCs, however, a large number of the cells detached from 
the culture flask during the neuronal induction [8, 20]. We 
previously suggested that longer durations of cell viability 

Fig. 2. Effects of bFGF on cell viability (A) and morphology 
(B–I). The viability of canine BMSCs after incubation with (closed 
circles) and without (open circles) bFGF (100 ng/ml). Results are 
presented as mean ± SE from 3 independent experiments. *P<0.05, 
compared with no bFGF. The morphology of canine BMSCs be-
fore (B and F) and after 3 (C and G), 5 (D and H) and 10 days (E 
and I) of incubation with (F–I) or without (B–E) bFGF. The scale 
bar is 60 µm.

Fig. 3. Quantitative analysis of bFGF-induced mRNA expression 
of neuronal, neural stem cell and glial markers in canine BMSCs 
after incubation with (closed circles) or without (open circles) 
bFGF (100 ng/ml). Relative expression of MAP2 (A), NF-L (B), 
NSE (C), NES (D) and GFAP (E) mRNAs normalized to GUSB 
levels. The results are presented as mean ± SE from 3 independent 
experiments. *P<0.05, compared with day 0.
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Fig. 4. Expression and localization of neuronal markers in neuron-like cells differ-
entiated from canine BMSCs. The protein expressions of NF-L (A; first row), NSE 
(A; second row) and β-actin (A; third row) were measured by Western blotting. 
The canine BMSCs were labeled with the fluorescent dye for nuclear staining (blue, 
nuclei), phalloidin (green, F-actin) and antibodies to NF-L (red, B–E) or NSE (red, 
F–I). The scale bar is 50 µm.

Fig. 5. K+- and L-glutamate-induced mobilization of Ca2+ in neuron-like cells de-
rived from canine BMSCs after incubation with (closed circles) and without (open 
circles) bFGF (100 ng/ml). The cells were stimulated with either 50 mM KCl (A) 
or 100 µM L-glutamate (B). Images of Ca2+ response to KCl or L-glutamate in the 
fluorescent dye-loaded cells treated with bFGF were displayed in the upper panel. 
Green fluorescence shows the changes in intracellular Ca2+ concentration, indicating 
neuronal activation. Changes in intracellular Ca2+ concentration are displayed in the 
bottom panel. The scale bar is 200 µm.
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would be necessary to confirm whether canine BMSCs could 
differentiate into functional neurons [20]. In our present 
study, incubation with bFGF resulted in the maintenance of 

the viability of canine BMSCs for significant periods in the 
expression of neuronal markers. Previously, it was reported 
that many types of mouse, human and canine cells were cul-
tured for long time in the media containing bFGF, indicating 
that bFGF was involved in the maintenance of viability of 
the mouse, human and canine cells [1, 13, 24, 33]. Therefore, 
bFGF might contribute to maintenance of the cell viability 
during the neuronal differentiation of canine BMSCs. On the 
basis of the previous and our preliminary studies, we em-
ployed 100 ng/ml bFGF in the present study. These results 
suggest that 100 ng/ml bFGF is possibly appropriate for the 
neuronal differentiation of canine BMSCs [10].

To investigate whether bFGF induced canine BMSCs 
into neuronal lineage, we observed the mRNA and protein 
expression of neuronal markers. In this study, bFGF induced 
the expression of neuronal marker mRNAs (MAP2, NF-L 
and NSE) and proteins (NF-L and NSE) and the manifes-
tation of neuron-like morphology. On the other hand, the 
results of real-time RT-PCR amplification demonstrated 
that mRNA expressions of neural stem cell (NES) and glial 
(GFAP) markers clearly decreased. These findings suggested 
that bFGF induced differentiation of canine BMSCs into 
neuron-like cells expressing neuronal markers and astrocytic 
differentiation of these cells was definitively ruled out.

In the bFGF-treated BMSCs, a high concentration of KCl 
and L-glutamate induced an increase in intracellular Ca2+ 
concentration. Because it is well known that a high concen-
tration of KCl and neurotransmitters, such as L-glutamate, 
stimulate Ca2+ influx via activation of voltage-dependent 
Ca2+ channels in neurons [32, 33], it is likely that the in-
crease in intracellular Ca2+ concentration in bFGF-treated 
cells is caused by Ca2+ influx. Taken together, these results 
suggest that bFGF induced differentiation of canine BMSCs 
into voltage- and glutamate-responsive neuron-like cells. To 
confirm whether the bFGF-induced cells have fully neuronal 
function, detailed investigation about the electrophysiologi-
cal function using patch clamp technique and the function of 
neurotransmitter release will be necessary.

It has been reported that bFGF stimulates FGFRs and 
subsequently activates the downstream molecules, such as 
mitogen-activated protein kinases, phospholipase C-γ and 
PI3K [16, 30, 37]. Basic fibroblast growth factor has been 
reported to activate the mitogen-activated protein kinase/
extracellular signal-regulated kinase signaling pathway 
and consequently induces neuronal differentiation in rat 
pheochromocytoma cells, mouse neural stem cells, and 
mouse and human BMSCs [3, 14, 17, 18, 37]. However, to 
the best of our knowledge, no study has reported that the 
mitogen-activated protein kinase/extracellular signal-regu-
lated kinase signaling pathway is involved in the neuronal 
differentiation in dogs. In the recent study, in dogs, the PI3K/
Akt signaling pathway was shown to be involved in neuronal 
differentiation of adipose tissue-derived stem cells, although 
neuronal function of the cells was obscure [26]. In our study, 
in the presence of an inhibitor of FGFR, of PI3K or of Akt, 
bFGF failed to induce neuronal differentiation of BMSCs. 
Therefore, in dogs, it seems probable that the FGFR and the 
PI3K/Akt signaling pathway is involved in bFGF-induced 

Fig. 6. Contribution of FGFR, PI3K and Akt to 
bFGF-induced MAP2 mRNA expression. Cells 
were incubated with or without bFGF (100 ng/
ml) in the absence or presence of the FGFR 
inhibitor SU5402 (A; 25 µM), the PI3K inhibi-
tor LY294002 (B; 50 µM) or the Akt inhibitor 
MK2206 (C; 1 µM) for 1 hr. *P<0.05, compared 
with the other groups.
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neuronal differentiation of BMSCs.
In conclusion, bFGF contributes to maintenance of vi-

ability of canine BMSCs for long time and induces the dif-
ferentiation of canine BMSCs into voltage- and glutamate-
responsive neuron-like cells. Our results may lead to the 
development of new cell-based treatments for neuronal 
diseases, especially severe spinal cord injury.
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