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Abstract
Background While pure mesenchymal stem cell (MSC) treat-
ment for spinal cord injury (SCI) is known to be safe, its
efficacy is insufficient. Therefore, gene-modified stem cells
are being developed to enhance the effect of pure MSCs. We
investigated the effect of stem cell therapy through the trans-
fection of a Wnt3a-producing gene that stimulates axonal
regeneration.
Method MSCs obtained from the human umbilical cord blood
(hMSCs) were multiplied, cultivated, and transfected with the
pLenti-Wnt3a-GFP viral vector to produce Wnt3a-secreting
hMSCs. A total of 50 rats were injured with an Infinite
Horizon impactor at the level of the T7-8 vertebrae. Rats were
divided into five groups according to the transplanted materi-
al: (1) phosphate-buffered saline injection group (sham group,
n = 10); (Pertz et al. Proc Natl Acad Sci USA 105:1931–1936,
39) Wnt3a protein injection group (Wnt3a protein group,
n = 10); (3) hMSC transplantation group (MSC group, n = 10);
(4) hMSCs transfected with the pLenti vector transplantation
group (pLenti-MSC group, n = 10); (5) hMSCs transfected
with the pLenti+Wnt3a vector transplantation group (Wnt3a-
MSC group, n = 10). Behavioral tests were performed daily
for the first 3 days after injury and then weekly for 8 weeks.
The injured spinal cords were extracted, and axonal

regeneration markers including choline acetyltransferase
(ChAT), growth-associated protein 43 (GAP43), and
microtubule-associated protein 2 (MAP2) were investigated
by immunofluorescence, RT-PCR, and western blotting.
Results Seven weeks after the transplantation (8 weeks after
SCI), rats in the Wnt3a-MSC group achieved significantly
higher average scores in the motor behavior tests than those
in the other groups (p < 0.05). Immunofluorescent stains
showed greater immunoreactivity of ChAT, GAP43, and
MAP2 in the Wnt3a-MSC group than in the other groups.
RT-PCR and western blots revealed greater expression of
these proteins in the Wnt3a-MSC group than in the other
groups (p < 0.05).
Conclusions Wnt3a-secreting hMSC transplantation consid-
erably improved neurological recovery and axonal regenera-
tion in a rat SCI model.
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Introduction

Spinal cord injury (SCI) in humans is generally known to
produce irreversible neurological deficits due to the lack of
regeneration of injured axons and reorganization of the re-
maining circuitry in the adult central nervous system (CNS)
[7]. Therefore, promoting axonal regeneration is an important
prerequisite for effective recovery from SCI [12, 24, 27].

Trophic factors such as the nerve growth factor, vascular
endothelial growth factor, and brain-derived neurotrophic fac-
tor are thought to play a role in promoting axonal regeneration
after SCI in rats [9, 44]. In addition, Wnt proteins inhibit gly-
cogen synthase kinase 3 (GSK-3), which suppresses axonal
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elongation through a canonical signaling transduction pathway,
and facilitates axonal regeneration and activation of
neurotrophins [3, 40]. Wnt proteins are known as significant
regulators of cell proliferation, self-renewal, specification, and
neural precursor differentiation in the CNS [22]. They also play
important roles in axon development during the formation of
the nervous system, by acting as bi-functional axon-guidance
molecules [22]. Particularly, several Wnt proteins mediate
guidance of corticospinal tract axons along the spinal cord.

Of these, Wnt-1 and Wnt-3a control spinal cord dorsal
interneuron differentiation [21]. In addition, we have demon-
strated the axonal regenerative effects of Wnt3a-secreting fi-
broblasts in SCI rat models [37, 45].

Mesenchymal stem cells (MSCs) are multipotent cells that
can differentiate along several mesenchymal pathways into
multiple cell types, including chondrocytes, osteoblasts, and
adipocytes [5]. In addition, transplantedMSCs have therapeutic
effects in a rat SCI model through increased tissue preservation,
decreased cyst and injury size, and increased axonal regenera-
tion [1, 13, 20, 25, 34, 35, 41, 43]. Among the MSCs, human
bone marrow-derived MSCs are more widely studied because
of their high multipotency; we have shown evidence of MSC
transplantation efficacy in clinical trials of patients with SCI
[33, 36]. However, we acknowledged that the therapeutic effect
of pure MSCs is insufficient, despite its known safety.

Based on the evidence of the safety and therapeutic poten-
tial of MSCs, we investigated a more powerful method to
enhance their therapeutic effect on SCI. We developed
Wnt3a-secreting human mesenchymal stem cells (hMSCs)
by transfecting the Wnt3a gene into hMSCs, and evaluated
their therapeutic effectiveness using a rat model of SCI.

Materials and methods

Animal preparation

A total of 50 female Sprague–Dawley rats (Orient Bio,
Seongnam, Korea) weighing 250–300 g at the time of injury
were used. Before injury, all the rats were housed as groups of
three per cage under simulated daylight conditions with alter-
nating 12-h light–dark cycles, with food and water provided
ad libitum. The animal experiments were approved by the
Institutional Animal Care and Use Committee of the Asan
Institute for Life Sciences, Seoul, Republic of Korea.

Each rat was anesthetized with 2% isoflurane. Next, the
vertebral column was exposed between T7 and T8, and a total
laminectomy was performed at T7 without incision of the
dura. A moderate spinal cord injury was induced by a 250-
kdyn force using an Infinite Horizon (IH) impactor (Precision
System and Instrumentation, Fairfax, VA, USA). After the
procedure, the contusion site was washed with normal saline,
and the skin was closed. Each rat was administered a

subcutaneous injection of cefazolin (10 mg/kg) as a prophy-
lactic antibiotic. For pain management, each animal was ad-
ministered a subcutaneous injection of ketoprofen (5 mg/kg)
once daily for 3 days. After the injury, all the rats were housed
individually in the same pre-injury environment. Their blad-
ders were emptied manually thrice a day until spontaneous
control of urination returned.

The rats were divided into five groups: (1) 15μl phosphate-
buffered saline (PBS) injection only group (sham group,
n = 10); [39] Wnt3a protein injection group (Wnt3a protein
group, n = 10); (3) hMSC transplantation group (MSC group,
n = 10); (4) hMSC transfected with pLenti vector transplanta-
tion group (pLenti-MSC group, n = 10); (5) hMSC transfected
with pLenti+Wnt3a vector transplantation group (Wnt3a-
MSC group, n = 10).

Cell preparation

The cells were prepared as reported previously [23, 54]. In this
study, MSCs derived from human umbilical cord blood were
multiplied and cultivated in alpha modification Eagle medium
(a-MEM; HyClone, Logan, WY, USA) at 37°C and 5% CO2.

For the production of Wnt3a-secreting hMSCs, pLenti-
Wnt3a-GFP vector, made by combining the pLenti-viral vector
with the mouseWnt3a gene, was transfected intoMSCs at a rate
of 3:1 by colonizing for 36 h. The prepared cells were identified
by GFP expression observed using confocal microscopy (Carl
Zeiss Meditec, Jena, Germany) after cultivation in media mixed
with 2.5μl/ml puromycin for an additional 48 h. Enzyme-linked
immunosorbent assay (ELISA; Immunodiagnostic Systems
Holdings, Boldon, UK) was performed for the quantitative anal-
ysis ofWnt3a expression from 5 × 105 selectedWnt3a-secreting
hMSCs 24 h after culture selection.

The procedure for preparation of MSCs with the control
viral vector was similar to that of Wnt3a-secreting hMSCs,
except that pLenti vectors without the Wnt3a gene domain
were transfected. In the preparation of the Wnt3a protein,
300 pg of the recombinant mouse Wnt3a protein (R&D
Systems, Minneapolis, MN, USA) were dissolved in 15 μl
of PBS. Later, the Wnt3a protein solution was injected at the
rate of 1 μl/min.

Cell transplantation

One week after SCI, all rats were anesthetized using the same
method, and the injured site of the spinal cord was re-exposed.
The cells were delivered at a rate of 1 μl/min using a 25-μl
Hamilton syringe (Hamilton Company, Reno, NV, USA) with
a 33-gauge micro-needle, which was inserted into the center
of the contusion site at a rate of 1 mm/min at a 1-mm depth
from the dorsal dura without a dura opening. The injected
number of cells in each group for transplantation was 1 × 106

cells/15 μl. In the Wnt3a protein group, 300 pg/15 μl Wnt3a
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protein solution was delivered at the rate of 1 μl/min. After
injection, the needle was left for 3 min and was then withdrawn
at a rate of 1 mm/min to avoid regurgitation of the injected
materials. The surgical site was then re-closed.

Behavioral tests

After the preparation of the rat SCI models we assessed the
neurological functions of each rat according to the Basso–
Beattie–Bresnahan (BBB) locomotor rating scale and the lad-
der rung test [6, 30]. The behavioral tests were performed on
the 1st, 2nd, and 3rd day after injury, and then weekly for
8 weeks. Before the BBB test, each rat was allowed to adapt
to the open field (90 cm × 90 cm, 10 cmwall height). Once the
rat had demonstrated acclimatization by walking continuously
in the open field, the locomotor performance was recorded
with a video camera for 10 min. From the video, an examiner
blinded to the group-identification information used the video
to quantitatively assess the locomotor performance of each rat
according to the BBB scale.

The ladder rung test was performed on a 1.2-m runway.
A total of 80 rungs (bars) of 0.5-cm diameter were sepa-
rated by 1.5 cm. The number of adequate steps for every
ten steps on the bars was calculated, and the evaluation
was repeated three times. The behavioral test scores for all
the groups were analyzed by one-way ANOVA followed
by a post-hoc Tukey–Kramer multiple comparison test.
All statistical analyses were performed using SPSS
12.0.1 (SPSS, Chicago, IL, USA). Results with p values
< 0.05 were considered statistically significant.

Immunofluorescence

For the immunofluorescence analysis, the rats were
sacrificed and perfused with PBS and 4% paraformalde-
hyde (PFA; Sigma Aldrich, St. Louis, MO, USA) at
7 weeks after transplantation (8 weeks after SCI). A 20-
mm length of the spinal cord centered on the lesion site
was extracted and fixed with 4% PFA for 6 h, followed by
incubation with 30% sucrose in PBS overnight. Serial lon-
gitudinal spinal cord sections with 10-μm thickness were
obtained every 50 μm with a cryotome (Microm, Waldorf,
Germany) and mounted on poly-L-lysine-coated Superfrost
Plus slides (Matsunami, Osaka, Japan). The sections were
washed three times with Tris-buffered saline (TBS) and
then blocked with TBS containing 5% bovine serum albu-
min and 0.1% Triton X-100 for 1 h at room temperature.
The sections were incubated overnight with the primary
antibody at 4 °C, washed three times with TBS, and then
incubated with the fluorescent-conjugated secondary anti-
body (1:1,000; Invitrogen, Carlsbad, CA, USA). Primary
monoclonal antibodies against choline acetyltransferase
(ChAT, 1:200; Abcam, Cambridge, UK), growth-

associated protein 43 (GAP43, 1:200; Abcam), and
microtubule-associated protein 2 (MAP2, 1:200; Abcam)
were used. Sections were observed under a fluorescence
microscope (Carl Zeiss Meditec, Jena, Germany).

Reverse transcription polymerase chain reaction
(RT-PCR)

Injury epicenters (0.5 cm in size) harvested 8 weeks after SCI
were extracted. For RNA isolation, 1 ml TRIzol® reagent
(Invitrogen) was added per 100 mg of spinal cord specimen,
homogenized with a pestle and mortar in liquid nitrogen, and
washed with 1 ml diethylpyrocarbonate-treated water
(Invitrogen). The homogenized samples were incubated for
5 min at room temperature, and 200 μl of chloroform
(Sigma Aldrich) was added per 1 ml of TRIzol® reagent.
The samples were vigorously hand-shaken for 15 s, incubated
for 3 min, and divided, following centrifugation at 12,000 g
for 10 min at 4 °C. The aqueous phase was transferred to a
fresh tube (1.5 ml), and 500 μl of isopropyl alcohol (Sigma
Aldrich) was added per 1 ml of TRIzol® reagent. The samples
were incubated at room temperature for 10 min and centri-
fuged at 12,000 g for 10 min at 4 °C. The RNAwas washed
by centrifugation at 7,500 g for 5 min at 4 °C after supernatant
removal, and 1 ml of 75% ethanol was added per 1 ml of
TRIzol® reagent. The RNA pellet was briefly dried and dis-
solved in RNase-free water and incubated for 10 min at 60 °C.
The cDNA mixture was incubated at 65 °C for 5 min, placed
on ice for 1 min, and then incubated at 50 °C for 50 min in the
following cDNA synthesis mixture: 2 μl 10× reverse tran-
scriptase (RT) buffer, 4 μl 25 mM MgCl2, 2 μl 0.1 M DTT,
1 μl RNase OUT™ (40 U/μl; Invitrogen), and 1 μl
Superscript™ III RT (200 U/μl; Invitrogen). The mixture
was placed at 85 °C for 5 min, chilled on ice, and then briefly
centrifuged. Following the addition of 1 μl of RNase H, the
sample was incubated for 20 min at 37 °C. For the PCR mix-
ture, sense and antisense primers (Table 1), template DNA,
and distilled water were used. PCR was performed under the
following conditions: 10 min at 95 °C, followed by 30 cycles
of 50 s at 95 °C, 50s at 60 °C, and 50s at 75 °C. The products
were loaded and run on 1.5% agarose gels and bands were

Table 1 Primers used in this study

Primer Sequence (3’-5’) Size

β-actin sense GGTATGGGTCAGAAGGACTCC 801 bp
antisense CCTGTCAGCAATGCCTGGGTA

ChAT sense TACCTGAACAACCGCCTG 473 bp
antisense TCGCTCCTCCCGTCTGAC

GAP43 sense GATAAGGCTCATAAGGCTGC 401 bp
antisense CCTAAACAAGCCGATGTGCC

MAP2 sense TTCCCCACCACCATCGCCAGC 519 bp
antisense GGAGAGTCAAACTGCTTTCCT
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developed using a UV transilluminator, and then
photographed. A template dilution cDNA condition, which
showed the same density of the β-actin Bhousekeeping^ gene
as the internal control, was chosen per group. Subsequently,
the densitometric measurement of markers such as ChAT,
GAP43, and MAP2 in the selected condition of the template
cDNA dilution was analyzed. As the template condition of all
the groups had the same signal intensity as that of the internal
control, relative signal intensities in the markers of each group
could be quantified and plotted as relative density levels
(RDL) using the Image J program.

Western blotting

Injury epicenters 0.5-cm in size, harvested 8 weeks after SCI,
were lysed by homogenization in 300 μl lysis buffer contain-
ing 20 mM Tris pH 7.4, 50 mMNaCl2, 1% Triton X-100, and
protease inhibitor (Intron, Seoul, Korea). The debris was
cleared by centrifugation, and the supernatants were aliquoted
and stored at −80 °C. The samples were assayed for their
protein concentration using the bicinchoninic acid assay
(Thermo Scientific, Rockford, IL, USA). After heating at
100 °C for 5 min in 5× sample buffer, equal amounts of de-
natured protein (30 μg) were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on
10% gels and transferred onto polyvinylidene difluoridemem-
branes at 20 V for 7 min with an iBlot® gel transfer device
(Invitrogen). After incubating for 1 h at room temperature
with blocking solution (0.4% Tween-20 and 5% dry milk in
PBS), membranes were incubated overnight with primary an-
tibodies against ChAT (1:500; Abcam), GAP43 (1:500;
Abcam), or MAP2 (1:200; Abcam); an antibody against β-
actin (1:10,000; Sigma Aldrich) was used as a control for
equal loading. After washing with 0.1% Tween-20/TBS, the
blots were incubated with horseradish peroxidase-conjugated
secondary antibodies (Sigma Aldrich) and developed with
enhanced chemi lumine scence reagen t s (P i e r c e
Biotechnology, Rockford, IL, USA). The blots were then
scanned after exposure to X-rays. Subsequent analysis in-
volved the densitometric measurements of the mean black
levels and intensities of each band using the Image J program,
as with RT-PCR.

Results

Cell selection for transplantation and gene expression

Before the in vivo testing, we used fluorescent microscopy to
confirm the selection of cells to be transplanted after 48-h
cultivation; the expression of GFP distinguished the hMSCs
successfully transfected with the pLenti-Wnt3a-GFP vector
from the non-transfected hMSCs (Fig. 1). The cells selected

for transplantation were also quantitatively evaluated for the
expression of the Wnt3a gene by ELISA of expressed Wnt3a
proteins in cultivated media after additional 24-h cultivation.
The media of the Wnt3a-secreting hMSCs showed signifi-
cantly higher expression of Wnt3a proteins (3.66 pg/ml) than
other media such as the normal, hMSC, and hMSC with
pLenti vector media.

Behavioral tests—BBB test and ladder rung test

Seven weeks after the transplantation (8 weeks after SCI), rats
in the Wnt3a-MSC group obtained an average BBB score of
15.8 ± 1.72, which was significantly higher (p < 0.05) than that
in the sham (9.16 ± 0.4), Wnt3a protein (11.5 ± 0.84), MSC
(13.5 ± 0.55), and pLenti-MSC (13.3 ± 0.52) groups (Fig. 2).

Fig. 1 Confirmation of Wnt3a expression throughGFP gene expression
by confocal microscopy. The expression of GFP distinguished the
successful transfection of the pLenti-Wnt3a-GFP vector into hMSCs
from non-transfected hMSCs. Three types of cells in Wnt3a-
conditioned media could be observed through the microscope: a MSC
only group, bMSC with pLenti viral vector, cMSC with pLenti-Wnt3a-
GFP vector. The Wnt3a-positive cells were strongly detected by GFP
expression induced in the presence of the pLenti-Wnt3a-GFP viral
vector (magnification, 200×). GFP green fluorescent protein, hMSC
human mesenchymal stem cell
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In the ladder rung test, the average score of rats in the Wnt3a-
MSC group (76.7 ± 22.5) was significantly higher (p < 0.05)
than that of rats in the sham (5 ± 5.46), Wnt3a protein (45 ±
13.8), MSC (61.7 ± 7.52), and pLenti- MSC (51.7 ± 13.3)
groups (Fig. 3).

Immunofluorescence

The expression of markers was analyzed in just the prox-
imal part of the injury epicenter in which the cells were
injected. Immunofluorescent staining was performed
using three monoclonal antibodies. The expression of
ChAT, a motor neuronal marker, was higher in all groups
compared with that in the sham group, with the Wnt3a-
MSC group showing the highest expression of ChAT
(Fig. 4). The expression of GAP43, an axonal regenera-
tion marker, was higher in the Wnt3a protein, MSC,
pLenti-MSC, and Wnt3a-MSC groups than in the sham
group, with the Wnt3a-MSC group showing the highest
expression level (Fig. 5). The expression of MAP2, an-
other axonal regeneration marker, showed a similar

pattern of expression; its expression was lower in the
sham group compared with the other groups, and was
highest in the Wnt3a-MSC group (Fig. 6).

RT-PCR and Western blot

For RT-PCR, the relative detection levels were determined
by assessing and comparing the band densities between
groups. The relative expression levels of ChAT, GAP43,
and MAP2, the three markers of neural regeneration, were
higher in the MSC, pLenti-MSC, and Wnt3a-MSC groups
than in the other groups. However, the Wnt3a-MSC group
showed a significantly higher expression than other
groups (p < 0.05, Fig. 7).

Similarly, the results of the Western blot showed highest
relative density levels (RDLs) of all the markers (except
MAP2) in the Wnt3a-MSC group, compared with the other
groups (p < 0.05, Fig. 8). The RDL of MAP2 in the Wnt3a-
MSC group was not significantly different from the MSC and
pLenti-MSC group RDLs, but it was higher than that in the
sham and Wnt3a protein groups (Fig. 8d).

Fig. 2 BBB locomotor function
test. In the BBB test, locomotor
function in the Wnt3a-MSC
group improved significantly
more than it did in the sham,
Wnt3a protein, MSC, and pLenti-
MSC groups. The scores at
8 weeks after SCI (7 weeks after
cell transplantation) showed
statistically significant
improvements in theWnt3a-MSC
group (*p < 0.05). BBB Basso-
Beattie-Bresnahan,MSC
mesenchymal stem cell, SCI
spinal cord injury

Fig. 3 Ladder rung test. The
scores of the ladder rung test were
significantly higher in the Wnt3a-
MSC group than in the sham,
Wnt3a protein, and pLenti-MSC
groups at 8 weeks after SCI
(7 weeks after cell
transplantation) (*p < 0.05). MSC
mesenchymal stem cell, SCI
spinal cord injury
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Discussion

There are two strategic approaches of stem cell therapy for
SCI. One of them is neural stem/progenitor cell transplan-
tation, which is expected to promote functional recovery
by playing a role in anti-inflammatory mechanisms, re-
placement of damaged neurons, secretion of neurotrophic
molecules such as neurotrophin, and improvement of the
spinal conductivity [10, 17, 46]. Another is transplantation
of MSCs, which is considered to improve axonal regener-
ation through several mechanisms, such as secreting bio-
active molecules like growth factors and cytokines, provid-
ing structural support, suppressing inflammation, decreas-
ing glial scar, and reducing apoptosis [14, 26, 50].

Although some animal studies have established neural
stem/progenitor cell transplantation as a technique, its ap-
plication in a clinical trial has still not been investigated.
Clinical trials of pure MSCs, by comparison, have demon-
strated neurological functional recovery in SCI patients
[12, 33, 36]. However, the insufficient therapeutic effects
of pure MSCs present a challenging problem at present.

Unlike the inhibitory effects of endogenously induced
Wnt1 and Wnt5a signaling in axonal regeneration leading to
limited functional recovery after SCI [28, 31], the canonical
Wnt3a signaling pathway, which was described in our previ-
ous study, promotes spinal cord neural precursor development
and stimulates axonal regeneration [38, 45]. Moreover, im-
proved functional recovery has been shown in animal SCI

Fig. 4 Immunofluorescent
staining of ChAT showed greater
staining in theWnt3a-MSC group
than in sham, Wnt3a protein,
MSC, and pLenti-MSC groups
(magnification, 200×). The
extracted spinal cord section of
the Wnt3a-MSC showed the
region used for
immunofluorescent staining,
which were located just above the
injured lesion (yellow box). R
rostral, C caudal, ChAT choline
acetyltransferase, MSC
mesenchymal stem cell

Fig. 5 Immunofluorescent
staining of GAP43 showed
greater staining in the Wnt3a-
MSC group than in sham, Wnt3a
protein, MSC, and pLenti-MSC
groups (magnification, 200×).
The extracted spinal cord section
of the Wnt3a-MSC showed the
region used for
immunofluorescent staining,
which were located just above the
injured lesion (yellow box). R
rostral, C caudal, ChAT choline
acetyltransferase, MSC
mesenchymal stem cell
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Fig. 6 Immunofluorescent
staining of MAP2 showed greater
staining in theWnt3a-MSC group
than in sham, Wnt3a protein,
MSC, and pLenti-MSC groups
(magnification, 200×). The
extracted spinal cord section of
the Wnt3a-MSC showed the
region used for
immunofluorescent staining,
which were located just above the
injured lesion (yellow box). R
rostral, C caudal, ChAT choline
acetyltransferase, MSC
mesenchymal stem cell

Fig. 7 RT-PCR analysis. RT-PCR analysis was evaluated after extraction
of the spinal cord 0.5-cm in size including the injury epicenter 8 weeks
after SCI (a). The band densities were converted into RDL values, and the
Wnt3a-MSC group showed significantly higher values for ChAT (b),

GAP43 (c), and MAP2 (d) (*p < 0.05). RDL relative density level, SCI
spinal cord injury, RT-PCR reverse transcriptase polymerase chain
reaction, MSC mesenchymal stem cell
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models after injection of Wnt3a molecules alone, Wnt3a-
secreting fibroblasts, or Wnt3a-secreting fibroblasts with algi-
nate scaffolds [37, 45, 53]. Based on the safety and positive
findings of improved neurological recovery by hMSC trans-
plantation in clinical trials, on the effect of exogenous Wnt3a-
secreting fibroblasts in a rat SCI model [33, 36, 45], we de-
signed Wnt3a-secreting hMSCs to investigate their enhanced
therapeutic effect in SCI animal model. The results of this
study show that this combination of therapeutic agents might
be applicable in SCI treatment.

Locomotor functional improvement following cell trans-
plantation was confirmed by the BBB and ladder rung tests.
In both the behavioral tests, the Wnt3a-MSC group showed
significantly greater improvements than other groups 7 weeks
after transplantation. Eight weeks after injury (7 weeks after
transplantation), the scores appeared to plateau, and the eval-
uation at this time may be representative of the final motor
recovery and appropriate for assessing therapeutic effects.
Interestingly, the Wnt3a-MSC group showed a steep increase

over 7 weeks in the ladder rung test scores, whereas the BBB
scores showed similar patterns as observed in our previous
study on the transplantation of Wnt3a-secreting fibroblasts
in SCI rats, in that the scores increased continuously for
6 weeks and then appeared to plateau [37].

Immunofluorescence was used for the visual analysis of
axonal regeneration, and RT-PCR was used for the quantita-
tive analysis of proteins expressed through the RNA from the
extracted spinal cord tissue. Similarly, Western blotting was
used for the quantitative analysis of expressed proteins from
the tissue using electrophoresis. Among the markers studied,
ChAT, a motor neuronal marker, is located at the
neurotransmitter-secreting axon terminal, and GAP43 and
MAP2 are known as representative markers of axonal regen-
eration. Therefore, these markers were used to determine
whether increased behavioral test scores were affected by ax-
onal regeneration rather than neuroprotective effects. In this
study, the Wnt3a-MSC group had significantly higher quanti-
tative expression of all markers compared with other groups in

Fig. 8 Western blotting analysis in the extracted spinal cord 0.5-cm in
size including the injury epicenter 8 weeks after SCI (a). Band densities
were converted into RDL values, and the Wnt3a-MSC group showed
significantly higher values for ChAT (b) and GAP43 (c) (*p < 0.05).

However, the statistical significance of MAP2 levels in the Wnt3a-MSC
group appeared only when compared to the sham or Wnt3a protein
groups (d) (*p < 0.05). SCI spinal cord injury, RDL relative density
level,MSC mesenchymal stem cell
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the biomolecular study (p < 0.05, Figs. 7 and 8) as well as
higher qualitative expression in the immunofluorescence
study (Figs. 4, 5, and 6). However, in the western blot, the
three hMSC transplantation groups (i.e., MSC, pLenti-MSC,
and Wnt3a-MSC) were distinguished by high ChAT and
GAP43 expression levels, but not MAP2 expression. We as-
sumed these results were due to the nature of each marker. For
instance, MAP2 is a microtubule-associated protein in the
cytoskeleton and is located mainly at dendrites and dendritic
spines [32], while GAP43 is mainly located at the growth cone
membrane of regenerative axons [19, 39]. As the Wnt3a pro-
tein helps to strengthen axonal growth cones [11], GAP43
expression in the Wnt3a-MSC group might be more promi-
nent than in the MSC and pLenti-MSC groups. It may be the
case that the expression of MAP2 was influenced not only by
the presence of Wnt3a but also by the effects of MSCs. The
overall findings of this study suggest that the axonal regener-
ative effects of Wnt3a-secreting hMSCs, evident from behav-
ioral and biomolecular tests, were enhanced compared with
those following Wnt3a protein injection or pure hMSC trans-
plantation. In this respect, Wnt3a-secreting hMSC transplan-
tation could provide synergistic effects. In the present study,
we did not evaluate the survival of grafted cells, which is a
limitation of this study. However, grafted cells are not likely to
survive for longer than 1month, as per our previous study [51]
and based on the knowledge that theWnt3a molecule does not
function in increasing cell survival. In this regard, the images,
which represent the cells harvested and stained at 7 weeks
after transplantation, might not include the grafted cells.
Although the survival of grafted cells was temporary, they
could provide sufficient stimuli to enhance axonal regenera-
tion through the injured cord [20].

In this study, the lentiviral vector was a useful tool for gene
transfer in the transfection of the mouseWnt3a gene, as reported
elsewhere [18, 52]. The lentivirus is a single-strandedRNAvirus
that can be infected into both dividing and non-dividing cells,
and can integrate stably into the host genome to provide
sustained expression in the target cell [4, 55]. The virus is also
widely used for various applications such as gene overexpres-
sion, gene knockdown, gene modification of stem cells, and rat
genetic transformation [4, 16, 42, 48, 49]. Moreover, various
clinical trials using lentivirus-mediated gene therapy have been
introduced [8, 15, 29, 47]. Therefore, Wnt3a-secreting hMSCs
could be applicable to clinical trials for SCI patients, though it
would be essential to determine the optimal cell dosage for
clinical trials. In the author’s previous experiences of human
studies [33, 36], 8 × 106 autologous MSCs were injected into
the intramedullary space and 4 × 107 cells in the subdural space
for each injection of a multiple application protocol, while
1.6 × 107 autologous MSCs were injected into the
intramedullary area and 3.2 × 107 cells in the subdural space in
a single application protocol. Thus, this evidence can be used to
guide the determination of cell dosage. However, the potential

amount ofWnt3a protein secreted from the cells should be eval-
uated with respect to safety issues including oncogenesis.

Conclusions

We created Wnt3a-secreting hMSCs to enhance the efficacy
of axonal regeneration based on the safety of pure MSCs
confirmed through clinical trials of SCI treatment. This study
suggests that these cells can increase axonal regeneration and
promote recovery of motor function in a rat SCI model.

BBB, Basso-Beattie-Bresnahan; ChAT, choline acetyl-
transferase; CNS, central nervous system; GAP43, growth
associated protein 43; GSK-3, glycogen synthase kinase 3;
hMSC, human mesenchymal stem cell; MAP2, microtubule-
associated protein 2; PBS, Phosphate-buffered Saline; PFA,
paraformaldehyde; RDL, relative density levels; RT, reverse
transcriptase; RT-PCR, reverse transcription polymerase chain
reaction; SCI, spinal cord injury; TBS, Tris-buffered saline.
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Comments

This is an interesting study, providing robust evidence that transplantation
of Wnt3a-secreting human mesenchymal stem cells (hMSCs) improves
functional recovery after spinal cord injury (SCI) in an experimental
rodent model. To proceed to the application of Wnt3a-secreting hMSCs
in clinical trials, fundamental data, not yet available, will be necessary,
however. Among others, the safety profile should be verified through
long-term follow-up of injected animals. The optimal cell number for
injection and the efficiency in terms of number of injections should also
be determined. Nonetheless, the strategy is promising and further studies
are warranted on the basis of the results presented in this article.

Alfredo Conti,

Messina, Italy

Clinical trials have proven some axonal regenerative effect of human
mesenchymal stem cells in patients with spinal cord injury. However,
with rather insufficient therapeutic effects. Based on findings in a rat
spinal cord injury model of improved axonal regeneration by
transplantation of human mesenchymal stem cells transfected with
exogenous Wnt3a secreting fibroblasts, the authors designed a protocol
involving the combination of continuous Wnt3a secretion and human
mesenchymal stem cell transplantation. The results of this animal study
showed that combination of these therapeutic agents may serve as an
experimental basis for future SCI treatment. It has been confirmed
again that Wnt3a signaling promotes spinal cord neural precursor
development and stimulates axonal regeneration.

Tamas Peter Doczi

Pecs, Hungary
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