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a b s t r a c t

Introduction: Basic fibroblast growth factor (bFGF) is a promising cytokine in regenerative therapy for
spinal cord injury. In this study, recombinant canine bFGF (rc-bFGF) was synthesized for clinical use in
dogs, and the ability of rc-bFGF to differentiate canine bone marrow mesenchymal stem cells (BMSCs)
into functional neurons was investigated.
Methods: The rc-bFGF was synthesized using a wheat germ cell-free protein synthesis system. The
expression of rc-bFGF mRNA in the purification process was confirmed using a reverse transcription-
polymerase chain reaction (RT-PCR). Western blotting was performed to confirm the antigenic prop-
erty of the purified protein. To verify function of the purified protein, phosphorylation of extracellular
signal-regulated kinase (ERK) was examined by in vitro assay using HEK293 cells. To compare the
neuronal differentiation capacity of canine BMSCs in response to treatment with rc-bFGF, the cells were
divided into the following four groups: control, undifferentiated, rh-bFGF, and rc-bFGF groups. After
neuronal induction, the percentage of cells that had changed to a neuron-like morphology and the mRNA
expression of neuronal markers were evaluated. Furthermore, to assess the function of the canine BMSCs
after neuronal induction, changes in the intracellular Ca2þ concentrations after stimulation with KCl and
L-glutamate were examined.
Results: The protein synthesized in this study was rc-bFGF and functioned as bFGF, from the results of
RT-PCR, western blotting, and the expression of pERK in HEK293 cells. Canine BMSCs acquired a neuron-
like morphology and expressed mRNAs of neuronal markers after neuronal induction in the rh-bFGF and
the rc-bFGF groups. These results were more marked in the rc-bFGF group than in the other groups.
Furthermore, an increase in intracellular Ca2þ concentrations was observed after the stimulation of KCl
and L-glutamate in the rc-bFGF group, same as in the rh-bFGF group.
Conclusions: A functional rc-bFGF was successfully synthesized, and rc-bFGF induced the differentiation
of canine BMSCs into voltage- and glutamate-responsive neuron-like cells. Our purified rc-bFGF may
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contribute, on its own, or in combination with canine BMSCs, to regenerative therapy for spinal cord
injury in dogs.
© 2020, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Bone marrow mesenchymal stem cells (BMSCs) are plastic-
adherent cells, in cultures of bone marrow aspirates, and are a
non-hematopoietic cell population with multiple differentiation
potential [1e3]. BMSCs can differentiate into bone, cartilage and fat
[2,3], as well as into neuronal cells lineage [4e6]. From this back-
ground, BMSCs have been investigated as one possible stem cell
source for regenerative therapy of the central nervous system
[7e11]. In veterinary medicine, there have been many basic re-
searches on cell therapy using BMSCs, focusing on spinal cord
injury [6,12e16]. To date, intramedullary, intradural or intravenous
administration of mesenchymal stem cells has been performed in
dogs with spinal cord injury, and a certain of therapeutic effects
have been reported [17e21].

Although the mechanism of repair of the injured spinal cord by
mesenchymal stem cells is not fully understood, three mechanisms
have been proposed: tissue repair via humoral factors (the para-
crine effect), cell replacement by stem cells, and axon elongation
and recanalization from engrafted stem cells [9,10,22]. Currently,
the prevailing mechanism is the repair of the injured spinal cord by
the paracrine effect [10,23].

Traumatic spinal cord injury is often accompanied by necrosis of
the center of the spinal cord [24]. Cell therapy using only undif-
ferentiated mesenchymal stem cells is limited to complete repair of
the injured spinal cord. If mesenchymal stem cells can be induced
to differentiate into functional neurons, they can become a cell
source to replace damaged neurons, and further improve thera-
peutic outcomes. Therefore, we think that one of the key issues is to
investigate the neuronal differentiation potential of mesenchymal
stem cells.

In our laboratory, the neuronal differentiation potential of
canine BMSCs has already been thoroughly investigated using
previously reported neural induction media. When canine BMSCs
were cultured using Neurobasal-A medium supplemented with
recombinant human basic fibroblast growth factor (rh-bFGF), they
changed to a neuron-like morphology which they maintained for a
long time [14]. The neuron-like cells expressed messenger ribo-
nucleic acid (mRNAs) and proteins associated with neurons, and
also were positive against neuronal markers by immunocyto-
chemistry [14]. In addition, when the neuron-like cells were
stimulated by KCl or L-glutamate, an increase in intracellular Ca2þ

concentrationwas observed by Ca2þ imaging, suggesting that these
cells have a physiological function [14]. Furthermore, it was
revealed that the FGFR-2/PI3K/Akt signaling pathway was involved
in the bFGF-induced neuronal differentiation of canine BMSCs [15].
These results suggested that bFGF may have potential in differen-
tiation canine BMSCs into functional neuron-like cells, and also in
the differentiation of endogenous neural stem cells in the spinal
cord into functional neurons. The results give us reason to believe
that cytokine therapy using bFGF may become an effective method
in regenerative therapy for spinal cord injury.

In canine medicine, the clinical application of bFGF for neuronal
regenerative therapy ideally involves the use of recombinant
canine bFGF (rc-bFGF) rather than rh-bFGF, because the base
sequence of rc-bFGF is not the same as that of rh-bFGF. To the best
of our knowledge, there have been no reports of the synthesis of
functional rc-bFGF and its effect on neuronal differentiation of
canine BMSCs. Therefore, in the present study, rc-bFGF for clinical
use was synthesized using a cell-free protein synthesis technique,
which did not use E. coli during synthesis and was less affected by
endotoxin. Furthermore, the ability of rc-bFGF to differentiate
canine BMSCs into functional neurons was also investigated.

2. Materials and methods

2.1. Plasmid and sequence for rc-bFGF

The open reading frame of canine bFGF was amplified by PCR
with the primers 50-EcoRV-canine-bFGF (50-GGAAGA-
TATCATGGCAGCCGGGAGCATCAC-30) and 30-Spe I-canine-bFGF (50-
CCTTACTAGTTCAGCTCTTAGCAGACATTG-30) using a full-length
complementary DNA (cDNA) clone from the canine epithelial cell
line (XM_003432481.2), as a template. The amplified PCR product
was digested with EcoRV and Spe I, and then subcloned into EcoRV
and Spe I digested pEU-E01-His-TEV-MCS vector (Cellfree Sciences,
Matsuyama, Ehime, Japan) including His-tag at the N-terminus. The
insertion of the canine bFGF gene into the protein expression vector
was confirmed by sequence analysis.

2.2. Synthesis and purification of rc-bFGF

In this study, the His-tag fusion recombinant canine bFGF (rc-
bFGF) was synthesized in awheat germ cell-free protein expression
system using the WEPRO7240H Expression Kit (CellFree Sciences).
The synthesized rc-bFGF was purified using Ni Sepharose™ High
Performance (GE Healthcare, Bio-Sciences, Tokyo, Japan) and
concentrated with a centrifugal filter (Amicon Ultra-0.5, Merck
KgaA, Darmstadt, Germany). All processes for protein synthesis and
affinity purification were carried out by an automated protein
synthesizer (Protemist DT II, CellFree Sciences) according to the
manufacturer's instructions.

2.3. Confirmation of purified protein as bFGF

The expression of rc-bFGF mRNA in the purification process was
confirmed using a reverse transcription-polymerase chain reaction
(RT-PCR). Briefly: total RNA was extracted from the reaction solu-
tion after protein synthesis. The first-strand cDNA synthesis was
performed with 100 ng of total RNA using the AccessQuick™ RT-
PCR system (Promega, Madison, WI, U.S.A.). Then, PCR was per-
formed with PrimeSTAR HS DNA polymerase (TaKaRa Bio Inc.,
Ohtsu, Shiga, Japan) and primers (forward primer: 50-ATA-
GAATTCatggcagccgggagcatcaccac-30; reverse primer: 50-ATACTC-
GAGtcagctcttagcagacattggaaga-30). The PCR was conducted using a
Biometra T3000 Thermal cycler (Biometra GmbH, G€ottingen, Ger-
many). The PCR conditions were as follows: 1 cycle of denaturing at
98 �C for 10 s, annealing at 70 �C for 10 s, extension at 72 �C for 60 s,
and indicated cycles of denaturing at 98 �C for 10 s, annealing and
extension at 72 �C for 60 s.

Western blotting was then performed to confirm that the pu-
rified proteinwas bFGF, as described previously [25,26]. Briefly: our
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Table 1
Canine specific primer sets used to investigate the mRNA expression of neuronal
makers.

Gene name Primer sequences

NEFL F:50-TGAATATCATGGGCAGAAGTGGAA-30

R:50-GGTCAGGATTGCAGGCAACA-30

NEFH F:50-GGAGGTTCCTGCCAAGGTGA-30

R:50-CTCTGCTGCTTTGCTGGGTTC-30

MAP2 F:50-AAGCATCAACCTGCTCGAATCC-30

R:50-GCTTAGCGAGTGCAGCAGTGAC-30

TUBB3 F:50-TACAACGCCACGCTGTCCA-30

R:50-CTTGAGAGTGCGGAAGCAGATG-30

GUSB F:50-ACATCGACGACATCACCGTCA-30

R:50-GGAAGTGTTCACTGCCCTGGA-30
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purified protein that synthesized using a wheat germ cell-free
protein synthesis system, rc-bFGF that was previously synthe-
sized using E. coli, and commercially available rh-bFGF (FUJIFILM
Wako Pure Chemical Co., Tokyo, Japan) were subjected to SDS-
PAGE. These separated proteins in the gels were transferred to
Immobilon-P transfer membranes (Merck KGaA) using the transfer
system (Trans-Blot Turbo, Bio-Rad Laboratories, Inc. Hercules, CA,
U.S.A.). The membrane was blocked with 5% skim milk (FUJIFILM
Wako Pure Chemical Co.). The membranes were incubated with the
anti-rabbit monoclonal bFGF antibody (Cell Signaling Technology
Inc., Danvers, MA, U.S.A.). This monoclonal antibody has been
confirmed to cross rc-bFGF synthesized using E. coli in our pre-
liminary study. After washing, themembranes were incubatedwith
HRP-linked secondary antibody and the proteins were detected
using a Chemi-Lumi One assay kit (Nacalai Tesque Inc., Kyoto,
Japan).

To verify that the purified protein functioned as bFGF, the pro-
tein was added to HEK293 cells and phosphorylation of extracel-
lular signal-regulated kinase (ERK) was detected by western
blotting assay [26]. Briefly: HEK293 cells were cultured in a 6-well
cell culture plate with DMEM (Wako Pure Chemical, Osaka, Japan)
supplemented with 10% FBS (Biowest, Nuaille

́

, France) and 1%
penicillin and streptomycin solution (Nacarai Tesque Inc.) at 37 �C
under 5% CO2 and 95% air for 48 h. In this study, HEK293 cells were
stimulated by 5 ng/mL and 15 ng/mL of our purified protein, and
5 ng/mL of commercially available rh-bFGF (FUJIFILM Wako Pure
Chemical Co.) for 15 min. A sample that was not stimulated by rh-
bFGF was used as control. After the stimulation, HEK293 cells were
detached from the culture plate and the proteins were extracted
after treatment with phosphatase inhibitor cocktail (PhosSTOP;
Roche, Indianapolis, IN, U.S.A.). Western blotting was carried out
using anti-mouse monoclonal ERK antibody (Santa Cruz Biotech-
nology Inc., Dallas, TX, U.S.A.), and anti-mouse monoclonal pERK
antibody (Santa Cruz Biotechnology Inc.), as mentioned above.

2.4. Culture of canine BMSCs

Canine BMSCs were isolated as described previously [6,13,14].
Briefly: canine bone marrow was aspirated from the humerus un-
der general anesthesia. This study protocols was approved by
Nihon University Animal Care and Use Committee (AP12B015).
Mononuclear cells were then separated by density gradient
centrifugation using Histopaque-1077 (SigmaeAldrich Inc., St.
Louis, MO, U.S.A.). Following collection, the mononuclear cells were
transferred to a 25-cm2 plastic culture flask (Corning Incorporated
Life Sciences, Lowell, MA, U.S.A.), and static-cultured in an incu-
bator at 5% CO2 and 37 �C using a-MEM (Life Technologies Co.,
Carlsbad, CA, U.S.A.) with 10% FBS (Life Technologies Co.). On the
fourth day of culture, nonadherent cells were removed when the
culture mediumwas replaced, thus isolating canine BMSCs. Canine
BMSCs were harvested using 0.25% trypsineEDTA (Life Technolo-
gies Co.), once they reached approximately 90% confluence. The
second-passage canine BMSCs were used for all the following
experiments.

2.5. Neuronal induction of canine BMSCs

The second-passage canine BMSCs were placed in a 25-cm2

plastic culture flask (Corning Inc. Life Sciences) at a density of
4000 cells/cm2 and were cultured with aMEM containing 10% FBS
for 24 h. Neuronal induction of the canine BMSCs was conducted
according to our previously reported method [14,15]. Briefly: the
medium was changed to Neurobasal-A medium (Life Technologies
Co.) containing 2% B-27 supplement (Life Technologies Co.) and
100 ng/mL rh-bFGF (rh-bFGF group; n ¼ 6) or 100 ng/mL rc-bFGF
(rc-bFGF group; n ¼ 6). Canine BMSCs were also cultured with
aMEM containing 10% FBS (control group; n ¼ 6), and with
Neurobasal-A medium containing 2% B27 supplement only (un-
differentiated group; n ¼ 6). These culture media were changed
every 3 days. The morphology of these cells was monitored under
an inverted microscope at 1, 3, 5, 7, 9, and 10 days of neuronal in-
duction. At 10 days of neuronal induction, the percentage of canine
BMSCs that had changed to a neuron-like morphology was calcu-
lated for each group.

2.6. Real-time RT-PCR

Total RNAwas extracted from the canine BMSCs before and at 10
days of neuronal induction by using TRIzol® reagent (Life Tech-
nologies Co.) in each group. The first-strand cDNA synthesis was
carried out with 500 ng of total RNA using PrimeScript® RT Master
Mix (TaKaRa Bio Inc.). Real-time RT-PCRs were performed with 2 ml
of the first-strand cDNA using canine-specific primer sets for
neuronal markers (Table 1) and SYBR® Premix Ex Taq™ II (TaKaRa
Bio Inc.). The PCR was conducted using Thermal Cycler Dice® Real
Time System II (TaKaRa Bio Inc.). The PCR reactions consisted of 1
cycle of denaturing at 95 �C for 30 s, 40 cycles of denaturing at 95 �C
for 5 s and annealing and extension at 60 �C for 30 s. The results
were analyzed by the second derivative method and the compar-
ative cycle threshold (DDCt) method using TP900 DiceRealTime
v4.02B (TaKaRa Bio Inc.). Amplification of GUSB from the same
amount of cDNA was used as an endogenous control, and the
amplification of the cDNA from non-treated canine BMSCs was
used as a calibration standard.

2.7. Ca2þ imaging

Ca2þ imaging of canine BMSCs after neuronal induction was
performed according to our previously reported method [14].
Briefly: canine BMSCs from each group were seeded on 35-mm
glass base dishes at a density of 4000 cells/cm2. At 10 days of the
neuronal induction, the cells were incubated with Neurobasal-A
medium containing 2% B-27 supplement and 4.0 mM Fluo 3-AM
(Dojindo Lab., Kumamoto, Japan) for 30 min at 37 �C in the dark.
Following incubation, the cells were washed twice in PBS. After
washing, the culture mediumwas changed to a Ca2þ imaging buffer
(containing 120 mM NaCl, 5 mM KCl, 0.96 mM NaH2PO4, 1 mM
MgCl2, 11.1 mM glucose, 1 mMCaCl2, 1 mg/mL BSA and 10mM 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 scanning mi-
croscope (LSM510; Carl Zeiss, Oberkochen, Germany). Images were
captured every 2 s, in a time lapse sequence. After baseline images
were acquired, the cells were stimulated with 50 mM KCl (FUJIFILM
Wako Pure Chemical Co.) or 100 mM L-glutamate (FUJIFILM Wako
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Pure Chemical Co.). The relative change in intracellular Ca2þ con-
centration over time was expressed as the change in fluorescence
relative to baseline.
Fig. 2. Western blotting of purified protein. Band formation was observed at almost
same position as rc-bFGF synthesized using E. coli (arrows). Lane 1: reaction solution
after synthesis of canine bFGF. Lane 2: reaction solution without synthesis of canine
2.8. Statistical analysis

The data for these experiments were calculated as
mean ± standard error. Statistical analyses were performed using
GraphPad Prism version 6.0 for Macintosh (GraphPad Software Inc.,
San Diego, CA, U.S.A.). The data from the groups were analyzed
using one-way analysis of variance, and Tukey's test was used as
post hoc analysis. Data before and after neuronal induction were
analyzed using an un-paired student t-test. Values of p less than
0.05 were considered significant.
bFGF (negative control). Lane 3: rc-bFGF synthesized using E. coli, Lane 4: commercially
available rh-bFGF (positive control).

Fig. 3. Phosphorylation of ERK in HEK293 cells after stimulation by purified protein.
pERK expression was observed after stimulation of HEK293 cells by our purified pro-
tein, as it was after stimulation by commercially available rh-bFGF. Lane 1: extract from
HEK293 cells after no stimulation of rc-bFGF or rh-bFGF (negative control). Lane 2:
extract from HEK293 cells after stimulation by 5 ng/mL of rc-bFGF. Lane 3: extract from
HEK293 cells after stimulation by 15 ng/mL of rc-bFGF. Lane 4: rc-bFGF synthesized
3. Results

3.1. Synthesis and confirmation of rc-bFGF

Sequence analysis confirmed that the vector for the wheat germ
cell-free protein synthesis system inserted the canine bFGF gene at
the target site. When RT-PCR was performed using mRNA in the
purification process of rc-bFGF by the cell-free protein synthesis
system, bands formed in the same position as a positive control
using the pET28a plasmid for synthesis by E. coli (Fig. 1). Thus, it
was confirmed that canine bFGFmRNA had been synthesized in the
protein synthesis process using this system. SDS-PAGE revealed
that the purified protein had expected molecular weight. Western
blotting of purified protein showed the formation of band stained
by anti-bFGF monoclonal antibody at positions similar to that of rc-
bFGF synthesised using E. coli (Fig. 2). When the purified protein
was added to HEK293 cells, the expression of pERK was confirmed
in the same way as was observed following the stimulation by
commercially available rh-bFGF (Fig. 3). These results suggested
that the purified protein was rc-bFGF and functioned as bFGF.
solution only. Lane 5: extract from HEK293 cells after stimulation by 5 ng/mL of
commercially available rh-bFGF (positive control). Lane 6: blotting buffer.
3.2. Neuronal induction of canine BMSCs

Canine BMSCs in the rh-bFGF and rc-bFGF groups were mark-
edly changed to a neuron-like morphology after neuronal induction
(Fig. 4). However, therewas no change inmorphology in the control
group, and little in the undifferentiated group. Among the groups,
neuron-like cells were found the earliest in the rc-bFGF group and
could be clearly observed at 3 days of neuronal induction. The
percentage of canine BMSCs that changed to a neuron-like
morphology at 10 days of neuronal induction in the control, un-
differentiated, rh-bFGF and rc-bFGF groups was 0 ± 0%, 12.2 ± 1.9%,
52.1 ± 1.7% and 91.2 ± 1.9%, respectively (Fig. 5). In the rc-bFGF
Fig. 1. The expression of rc-bFGF mRNA in the purification process of rc-bFGF by the cell-fr
synthesis of canine bFGF. Lane 7-12: the results of RT-PCR in reaction solution without syn
plasmid for synthesis by E. coli (positive control).
group, the percentage was significantly higher than that in the
other groups (Fig. 5).
3.3. The mRNA expressions of neuronal markers

In the rc-bFGF and rh-bFGF groups, mRNA expression of NEFL
and NEFH was significantly increased after neuronal induction
(Fig. 6A and B). A significant increase in mRNA expression of MAP2
and TUBB3 was observed after neuronal induction only in the rc-
ee protein synthesis system. Lane 1e6: the results of RT-PCR in reaction solution after
thesis of canine bFGF (negative control). Lane 13e18: the results of PCR in the pET28a



Fig. 4. The morphologies of canine BMSCs at 10 days of neuronal induction. Canine BMSCs were changed to a neuron-like morphology after neuronal induction in the rh-bFGF and
the rc-bFGF groups (arrows). A: control group, B: undifferentiated group, C: rh-bFGF group, and D: rc-bFGF group.

Fig. 5. The percentage of canine BMSCs that had changed to a neuron-like morphology
at 10 days of neuronal induction. Error bars showmean ± standard error (n ¼ 6 in each
group). Asterisks indicate statistical difference among the groups (P < 0.05). Control;
control group, Undifferent; undifferentiated group, rh-bFGF; rh-bFGF group, rc-bFGF;
rc-bFGF group.
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bFGF group (Fig. 6C and D). Conversely, there was almost no in-
crease in mRNA expression for neuronal markers after neuronal
induction in the control and undifferentiated groups (Fig. 6).

3.4. Ca2þ imaging of neuron-like cells differentiated from canine
BMSCs

In the rh-bFGF and rc-bFGF groups, depolarization stimulation
of canine BMSCs using 50 mM KCl at 10 days of neuronal induction
resulted in an increase in intracellular Ca2þ concentration (Fig. 7).
In addition,100 mMof L-glutamate also evoked a rise in intracellular
Ca2þ concentrations in the rh-bFGF and rc-bFGF groups (Fig. 7).
Conversely, KCl and L-glutamate had almost no effect on the
intracellular Ca2þ concentration in the control and the undiffer-
entiated groups (Fig. 7).

4. Discussion

The synthesis of rc-FGF has been tried in some veterinary
medicine institutions, but, to the best of our knowledge, there have
been no reports on the synthesis of rc-bFGF and detailed in-
vestigations of its function. In our experience, the purification of rc-
bFGF synthesized by E. coli has been relatively inefficient, and the
elimination of endotoxin has presented difficulties. Therefore, to
synthesize rc-bFGF for clinical applications, it is desirable to avoid
using pathogens such as E coli. and that contains only a minimal
amount of endotoxin in the final purified solution. For these rea-
sons, in the present study, a wheat germ cell-free protein synthesis
system was employed to synthesize rc-bFGF.

In the present study, the recombinant protein of full-length rc-
bFGF was synthesized with reference to canine genetic information
(XM_003432481.2). The amino acid sequence of bFGF used in this
studywas 98% homologous to that of human bFGF. In 1986, the DNA



Fig. 6. The mRNA expression of neuronal markers pre- and post-neuronal induction. A: NEFL, B: NEFH, C:MAP2, and D: TUBB3. Error bars showmean ± standard error (n ¼ 6 in each
group). Asterisks indicate statistical difference between pre- and post-neuronal induction (P < 0.05). Control; control group, Undifferent; undifferentiated group, rh-bFGF; rh-bFGF
group, rc-bFGF; rc-bFGF group.
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of the human bFGF gene was sequenced and bFGF was identified as
a protein with a molecular weight of 18 kDa [27]. Then, the mo-
lecular weight of most commercially available rh-FGF is 16e18 kDa.
Subsequently, additional forms of bFGF of 22, 22.5, and 24 kDa in
humans, and 20.5 and 21 kDa in rodents, were discovered and are
referred to as high molecular weight bFGF [28]. In this study, the
molecular weight of our purified protein was consistent with pre-
vious bFGF results. In addition, when western blotting was per-
formed using a monoclonal antibody that has been proven to
confirm rc-bFGF synthesized by E. coli, the band of our purified
protein was observed in the almost same position as that of rc-
bFGF. These results suggested that our purified protein was rc-
bFGF and that molecular weight was slightly larger than that of
commercially available rh-bFGF.
It has been reported that bFGF strongly stimulates ERK (MAPK)
signaling and phosphorylates ERK [29]. Therefore, to confirm that
our purified protein functions as bFGF, the expression of pERK after
stimulation by our purified protein was examined. The results of
this study indicated that our purified protein functioned as bFGF,
and functional rc-bFGF was successfully synthesized. It is known
that bFGF promotes angiogenesis, vascular remodeling, wound
healing, bone development and remodeling, and neuronal differ-
entiation [30,31]. In addition, rh-bFGF is already approved in Japan
for wound healing and for periodontitis in humans [32,33].
Therefore, we suggest that our purified rc-bFGF also has the po-
tential to contribute to the treatment of related conditions in dogs.

Several studies have reported the usefulness of bFGF in the
differentiation of BMSCs into neurons [34e37]. In mouse BMSCs



Fig. 7. Relative fluorescence intensity of intracellular Ca2þ concentration after the stimulation by 50 mM KCl (A, B, C, D) or 100 mM L-glutamate (E, F, G, H). A and E: Control group, B
and F: Undifferentiated group, C and G: rh-bFGF group, D and H: rc-bFGF group.
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treated with bFGF, neuron-specific proteins and voltage-dependent
channels were expressed, and neuron-like Kþ outward currents
were detected [34]. This led us to investigate the differentiation of
functional neurons from canine BMSCs for its potential as a possible
treatment for spinal cord injury. When canine BMSCs were induced
to differentiate into neurons using a neural induction medium
containing rh-bFGF, they changed to a neuron-like morphology and
expressed mRNA and proteins related to neuronal markers [14]. In
addition, Ca2þ imaging demonstrated that canine BMSCs differen-
tiated into voltage- and glutamate-responsive neuron-like cells
[14]. Thus, our previous study was the first successfully to differ-
entiate canine BMSCs into functional neuron-like cells. Further-
more, the results of this study suggested that rc-bFGF was also
effective in differentiating canine BMSCs into functional neuron-
like cells, and that it was more effective than rh-bFGF.

The therapeutic effect of BMSCs on spinal cord injury is thought
to be predominantly due to anti-inflammatory effects and to tissue
repair by trophic effects [10,23]. However, there is doubt whether
transplanted undifferentiated BMSCs can differentiate into func-
tional neurons or can survive for long at the site of injury [9].
Studies on the transplantation of neurally induced mesenchymal
stem cells into spinal cord injury animal models have been per-
formed and have been shown to produce a better outcome than
with undifferentiated cells [38,39]. Therefore, neuron-like cells
differentiated using the methods in this study may help to improve
treatment outcomes in spinal cord injury in dogs.

It has been reported that some neuron-like cells after grafting
into injury site appeared to lose the neural phenotypes and instead
transdifferentiated into myelin-forming cells [40]. Therefore,
further investigation will be required, into the timing of trans-
plantation, the behavior of the transplanted neuron-like cells, and
whether they are used in combination with undifferentiated
BMSCs, to refine the clinical applications of these cells in the
treatment of spinal cord injury.

Our purified rc-bFGF may be promising as a treatment for spinal
cord injury in canine medicine. Many studies have demonstrated
that bFGF has biological functions such as angiogenesis, tissue
healing and regeneration of injured nerves [30,31,41]. In addition,
bFGF has been shown to inhibit apoptosis of neurons and to exhibit
a neuroprotective effect [41,42]. The administration of bFGF
increased both the survival of neurons and neurogenesis in spinal
cord injury models [43,44]. In the present study, rc-bFGF was able
to differentiate mesenchymal stem cells into functional neuron-like
cells, suggesting that it may also have the ability to differentiate
endogenous neural stem cells in spinal cord into functional neu-
rons. Furthermore, it is reported that bFGF treatment improved
locomotor function in spinal cord injury model, via axonal regen-
eration [45]. Our purified rc-bFGF may be effective in repairing
injured spinal cord in dogs, by a similar mechanism.

Recently, the efficacy of transplantation with a combination of
bFGF and BMSCs has been demonstrated in spinal cord injury
models [46]. Therefore, a combination of rc-bFGF and canine BMSCs
would be a candidate as a treatment strategy for spinal cord injury
in dogs. Clinical applications of rc-bFGF in dogs will require
consideration of the route of administration, the need for carriers,
and the possible combination of rc-bFGF and canine BMSCs.
5. Conclusions

In our study, a functional rc-bFGF was successfully synthesized
using a wheat germ cell-free protein synthesis system. The rc-bFGF
induced the differentiation of canine BMSCs into voltage- and
glutamate-responsive neuron-like cells. Administration of rc-bFGF
alone or in combination with canine BMSCs may contribute to
regenerative therapy of spinal cord injury in dogs.
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