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ABSTRACT. Bone marrow stromal cell (BMSC) transplantation has been reported as treatments that promote functional recovery after spinal
cord injury (SCI) in humans and animals. Polyethylene glycol (PEG) has been also reported as treatments that promote functional recovery
after spinal cord injury (SCI) in humans and animals. Therefore, administration of PEG combined with BMSC transplantation may improve
outcomes compared with BMSC transplantation only in SCI model mice. SCI mice were divided into a control-group, BMSC-group,
PEG-group and BMSC+PEG-group. BMSC transplantation and PEG administration were performed immediately after surgery. Compared
to the control-group, PEG- and BMSC+PEG-groups showed significant locomotor functional recovery 4 weeks after therapy. We observed
no significant differences among the groups. In the BMSC- and BMSC+PEG-groups, immunohistochemistry showed that many neuronal
cells aggressively migrated toward the glial scar from the region rostral of the lesion site. In the control- and PEG-groups, the boundary of
the injured regions was covered with astrocytes, and a few neuronal cells were migrated toward the glial scar. We conclude that combined
BMSC transplantation with PEG treatment showed no synergistic effects on locomotor functional recovery or beneficial cellular events.

Further studies may improve the effect of the treatment, including modification of the timing of BMSC transplantation.
KEY WORDs: bone marrow stromal cell, polyethylene glycol, spinal cord injury, synergistic effects.
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Despite the progress in treating spinal cord injury (SCI),
recovery from severe paralysis remains difficult. Several
cell types, including embryonic spinal cord stem cells [13],
Schwann cells [21], olfactory ensheathing glia [19] and
bone marrow stromal cells (BMSCs) [25], have been used in
transplants aimed at spinal cord regeneration.

Among the various cell types used in treating SCI, em-
bryonic neural stem cells have been very actively studied
[22]. However, several difficulties, including ethical issues
and clinical complications such as immune reactions and
teratoma formation, make it impossible to use human fetal
tissue as a practical and immediate cell source for therapeu-
tic treatment [4, 25].

BMSCs are adherent, non-hematopoietic cells obtained
from culturing bone marrow aspirates [25]. Canine BMSCs
are easy to isolate and expand [16]. The most important
practical advantages of using BMSCs are the capability of
autologous transplantation, low cost of culturing and very
low risk of teratoma formation [25]. Moreover, BMSCs can
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differentiate into bone [3, 16], cartilage [18], fat [3], muscle
[29] and neurons [14]. Recently, spinal cord regenerative
therapy using BMSCs has begun to be clinically applied,
leading to positive results in human and veterinary medicine
[1, 23, 26]. Transplanted BMSCs are believed to exert their
effects by producing neurotrophins or by contacting host spi-
nal tissues [6]. Other researchers, however, have shown only
modest or inconsistent recovery [9], and transplantation does
not improve repair or recovery in rats with thoracic contu-
sion injuries [32]. These discrepancies among SCI studies
will likely require additional studies before the inconsisten-
cies can be resolved.

Administration of polyethylene glycol (PEG) is effective
treatment for neurological disorders in rodents [5, 8, 20].
PEG has been shown to mechanically repair damaged cellu-
lar membranes and reduce secondary axotomy in the earlier
stage of SCI [5, 8, 20]. Therefore, based on the findings in
studies of human and rodent BMSCs and PEG application,
we hypothesized that combined PEG treatment with BMSC
transplantation would yield better clinical recovery than use
of a single agent. No reports have been published describ-
ing the combined application both BMSCs and PEG in mice
with SCI.

In the present study, we tested combination therapy with
BMSC transplantation and PEG treatment during the acute
phase of SCI in mice. We evaluated motor function and per-
formed immunohistochemistry.
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MATERIALS AND METHODS

All surgeries and handling procedures were carried out
according to a protocol approved by the Animal Experimen-
tation Committee at Yamaguchi University.

Bone marrow collection and culture of BMSCs: Bone
marrow cells were harvested from a male ICR mouse (6
weeks old). An ICR mouse was anesthetized with pentobar-
bital (Somnopentyl, 50 mg/kg, i.p.), and bone marrow cells
were harvested aseptically from tibias and femurs. BMSCs
were cultured according to previously reported procedures
[10] with modifications. Briefly, the harvested bone marrow
cells were aseptically plated in a tissue culture flask in 10
m/ Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS), Pen/Strep
(penicillin 50 U/m/ and streptomycin 50 ug/ml) and 2.5 ug/
m/ amphotericin B. The BMSCs were grown at 37°C in a
water-jacketed incubator with 5% CO,. After incubation for
72 hr, nonadherent cells were removed by replacing the me-
dium, and the medium was replaced thereafter every 96 hr.
The adherent cells were grown until semiconfluent, detached
by incubation in a solution containing tryple Express (Gibco,
Carlsbad, CA, U.S.A.) at 37°C for 10 min and subcultured
twice in this manner. The surface antigens of cells cultured
for three passages were CD44-positive, CD90-positive and
CD45-negative. These cells that were cultured for three pas-
sages were considered BMSCs [7, 30].

Cell preparation and labeling: Before transplantation,
cells were labeled using a carboxyfluorescein diacetate-
succinimidyl ester (CFDA-SE) cell tracer kit (Invitrogen,
Carlsbad, CA, U.S.A.). The culture medium was removed
from BMSCs, the cells were washed with PBS, and cells
were detached from the culture flask with trypsin. The cells
were centrifuged, and the supernatant was removed. The
cells were re-suspended in prepared reagent solution (90 ul/
of DMSO added to one vial of CFDA-SE and diluted with
PBS is regarded as the prepared reagent solution: 1 M) and
incubated at 37°C for 15 min. The cells were centrifuged
again, the supernatant was removed, and the cells were re-
suspended in culture medium and maintained at 37°C for 30
min. This procedure was performed twice to label the cells.
For transplantation, the labeled cells were suspended in
phenol red-free culture medium at a density of 5 x 10* cells/
ul. Two weeks and four weeks after cell transplantation,
fluorescently labeled cells were observed using fluorescence
microscopy.

Surgical procedures: The SCI model was performed
using female ICR mice (n=36, body weight 30 g, 8 weeks
old). Mice were anesthetized with pentobarbital (50 mg/
kg, i.p.), and a dorsal laminectomy was performed at the
T10 level. Then, exposed spinal cord was transected with
a surgical knife. The animals were randomly divided into
four groups of eight mice each: Control-group (infusion with
10 u/ DMEM after SCI); BMSC-group (transplantation of
BMSCs after SCI); PEG-group (administration of PEG after
SCI); BMSC+PEG-group (BMSCs and PEG combined ad-
ministration after SCI). Cell transplantation was performed
immediately after SCI by infusing 1 x 10° cells/ul in 12 ul

DMEM using a Hamilton syringe (Hamilton Co., Reno,
NV, U.S.A)) into six points (2 ul per location for a total of
12 ul per animal) rostral and caudal to the injury site. PEG
(Polyethlene glycol 4000, 50% w/v in PBS, Sigma Aldrich
Co., St Louis, MO, U.S.A.) was instilled 10 x/ into six points
(10 ul was distributed among the six locations) rostral and
caudal to the injury site. In the BMSC+PEG-group, BMSCs
transplantation was performed by mentioned above, and
PEG was been dropping of 10 x!/ into lesion site.

PCR detection of male-derived BMSCs: Two weeks and
four weeks after transplantation, female ICR mice were anes-
thetized with pentobarbital (Somnopentyl, 50 mg/kg, i.p.).
Cervical, thoracic and lumbar spinal cord weighing more
than 25 mg was harvested on crushed ice, maintained at 4°C
and placed in a 1.5-m/ microcentrifuge tube at 4°C. Genomic
DNA was prepared from spinal cord tissue homogenates
from mice in each group using a QlAamp DNA Mini Kit
(Qiagen, Hilden, Germany). The presence or absence of the
sex determination region on the Y chromosome (Sry) gene
in recipient female mice was assessed with PCR. Primers for
Sry gene (sense primer; TGTCACAGAGGAGTGGCATT
and antisense primer; CAGGCTGCCAATAAAAGCTTTG)
were used to amplify a product of 162 bp. The PCR con-
ditions were as follows: incubation at 94°C for 2 min; 38
cycles of incubation at 94°C for 30 min, 57°C for 30 min and
72°C for 30 min; with a final incubation at 4°C for 99 min.
PCR products were separated using 2% agarose gel electro-
phoresis and stained with ethidium bromide. Positive (male
mouse genomic DNA) and negative (female mouse genomic
DNA) controls were included in each assay.

Immunofluorescent analysis: To evaluate resident and
regenerating neuronal cells, mice were deeply anesthetized
with pentobarbital (50 mg/kg, i.p.) and perfused transcardi-
ally with Zamboni solution (Wako, Osaka, Japan) 4 weeks
post surgery. The lesioned region, including adjacent intact
areas of spinal cord, was excised, immersed in Zamboni
solution overnight and cryoprotected by immersing in a
series of sucrose solutions (10%, 15% and 20% sucrose in
0.1 M PBS) at 4°C. The tissues were then frozen, embed-
ded in OCT compound (Sakura Finetek Co., Ltd., Tokyo,
Japan), cut longitudinally at a thickness of 8 um using a
cryostat and mounted on Amino Silane (APS)-coated slides
(Matsunami Glass Ind Ltd., Osaka, Japan) for use in im-
munohistochemical staining. To block nonspecific immune
reactions, the sections were treated with 3% skim milk at
room temperature for 30 min. The slides were incubated
with primary antibodies against glial fibrillary acidic pro-
tein (GFAP; 1:50, Monoclonal mouse anti-GFAP, Progen,
Heidelberg, Germany) and microtubule-associated protein-2
(MAP-2; 1:100, Polyclonal rabbit anti-MAP-2, Santa Cruz
Biotechnology, Santa Cruz, CA, U.S.A.) at 4°C overnight.
Thereafter, the slides were incubated at room temperature
for 1 hr with the appropriate secondary antibodies: goat
anti-rabbit IgG-FITC (1:100, Santa Cruz Biotechnology)
and donkey anti-rabbit IgG-Rhodamine (1:100, Santa Cruz
Biotechnology). Subsequently, the slides were treated with
Hoechst 33258 (1:1,000, Dojindo Molecular Technologies
Inc., Kumamoto, Japan) at room temperature for 15 min.
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Kinetics of transplanted fluorescently labeled cells 2 weeks after surgery. Spinal cord section demonstrated im-

munofluorescence of GFAP (red) and cell nuclei (blue). Control- and PEG-groups did not show fluorescently labeled
cells in the glial scar 2 weeks after surgery. BMSC- and BMSC+PEG-groups showed the transplanted fluorescently
labeled cells (arrows) in the glial scar 2 weeks after transplantation. Bar=500 gm.
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Fig.2. PCR analysis detected male-derived Sry gene in recipient
female mice 2 weeks and 4 weeks after BMSC transplantation. (m)
Marker, (F) Genomic DNA (female), (M) Genomic DNA (male),
(C) Genomic DNA extracted from cervical cord, (T) Genomic
DNA extracted from lesion site, (L) Genomic DNA extracted from
lumber cord.

Goat anti-rabbit IgG-FITC (1:100) and goat anti-mouse
IgG2a-Rhodamine (1:100) were used as secondary antibod-
ies for double-staining. The slides were washed three times
for 5 min with PBS-T (0.05% Tween20 in PBS) following
each incubation. Immunofluorescence was observed with
fluorescence microscopy (Eclipse TE2000-U, Nikon, Tokyo,
Japan) using filters appropriate to each fluorochrome. To
evaluate neuronal cells in lesion site, the positive cells were
counted on 5 non-overlapping randomed fields in glial scar.

Motor functional evaluation: Motor functional evaluation

was performed for each hindlimb at 1, 7, 14, 21 and 28 days
post SCI, using the Basso-Beattie-Bresnahan (BBB) Loco-
motor Rating Scale [2] in eight mice of each group.
Statistical analysis: All data are shown as means = SEM.
The Kruskal-Wallis test was used to compare the four groups.
Values of P<0.05 were considered statistically significant.

RESULTS

Kinetics of transplanted fluorescently labeled cells: Two
weeks after fluorescently labeled cells were transplanted, the
cells were detected around the lesion site of the injured spinal
cord. Cells positive for GFAP were not located close to the
fluorescently labeled transplanted cells (Fig. 1). Four weeks
after transplantation, the positive cells were not observed.

PCR detection of male-derived BMSCs: Two weeks after
BMSC transplantation, canine Sry gene was detected at the
lesion site of the thoracic cord and slightly observed in lum-
bar cord in recipient female mice. Four weeks after BMSC
transplantation, Sry gene was only detected at the lesion site
of the thoracic cord (Fig. 2).

Immunohistochemical analysis: In the thoracic cord of
normal mice, immunohistochemical analysis revealed that
GFAP-positive cells were scattered throughout both the gray
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Immunohistochemical study of the thoracic cord from the control group 4 weeks after surgical procedures. Spinal

cord section demonstrated double immunofluorescence of GFAP (green), MAP-2 (red) and cell nuclei (blue). In the
control-group, few neuronal cells were observed in the glial scar. In the BMSC-group, neuronal cells migrated toward
the glial scar from the region rostral of lesion site. MAP-2-positive cells (arrows). GFAP-positive cells (arrowheads).
In the PEG-group, a few neuronal cells were observed in the glial scar compared to control-group. MAP-2-positive
cell (arrow). In the BMSC+PEG-group, many neuronal cells had aggressively migrated toward the glial scar from
the region rostral of the lesion site, which was significantly different from the control-group. MAP-2-positive cells

(arrows). GFAP-positive cells (arrowheads). Bar=750 um
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Fig. 4. The ratio of neuronal MAP2-positive cells in glial scar 4

weeks post surgery in each group. Bars indicate means = SEM.
*=Significantly (P<0.05) different from control value.

and white matter and were especially prominent surrounding
the central canal. MAP-2-positive cells were not observed

in the white matter, but were distributed throughout the gray
matter.

In the control-group, GFAP-positive cells were scattered
throughout both the gray and white matter. The number of
GFAP-positive cells in the gray matter steadily increased
from the rostral region to the lesion site. MAP-2-positive
cells were not observed in the white matter, but were scat-
tered throughout the gray matter. Few neuronal cells were
observed in the glial scar. (Figs. 3 and 4). In the BMSC-
group, there was a tendency that many neuronal cells mi-
grated toward the glial scar from the region rostral of the
lesion site, which was different from the control-group (Figs.
3 and 4). In the PEG-group, GFAP- and MAP-2-positive
cells were similar in number and location to those of the
control-group. However, a few neuronal cells were observed
in the glial scar compared to the control-group (Figs. 3 and
4). In the BMSCH+PEG-group, GFAP- and MAP-2-positive
cells were also similar in number and location to those of
the BMSC-group. Many neuronal cells had aggressively
migrated toward the glial scar from the region rostral of



PEG AND BMSC TREATMENT IN SCI MICE 419

==&--control

- B BMSC

ke PEG

BBBscore

—>— BMSC +PEG

Days after surgery

Fig. 5. Comparison of BBB locomotor rating scores at 1 day, |
week, 2 weeks, 3 weeks and 4 weeks after surgery in the control-
group, BMSC-group, PEG-group and BMSC+PEG-group. Bars
indicate means + SEM. *=Significantly (P<0.05) different PEG
and BMSC+PEG value from control value.

the lesion site, which was significantly different from the
control-group (Figs. 3 and 4).

Motor functional evaluation: The BBB locomotor rat-
ing scores were evaluated over a 28-day period following
SCI. Hind limb function recovered significantly in the
PEG- and BMSC+PEG-groups at 28 days post-lesion com-
pared with the control-group. There was a tendency that
the BMSC-group recovered hind limb function compared
to the control-group, although it was not significant. No
significant differences in BBB scores were observed in the
BMSCH+PEG-group compared with the BMSC- and PEG-
groups (Fig. 5).

DISCUSSION

In this study, administration of BMSCs, PEG and
BMSCs+PEG was effective in functional recovery and
reconstruction during the acute phase of SCI in mice. How-
ever, combined PEG treatment with BMSC transplantation
showed no significant difference in locomotor functional
recovery or beneficial cellular events compared with the
BMSC-group.

The role of transplanted BMSCs remains to be elucidated.
Several studies have reported that BMSCs have indirect
neuroprotective effects due to secretion of neurotrophic
or growth factors, including basic fibroblast growth fac-
tor, nerve growth factor, brain-derived neurotrophic factor
(BDNF), glial cell line-derived neurotrophic factor (GDNF)
and insulin-like growth factor 1 [6, 11]. A recent study
reported that BDNF and GDNF induce extensive axonal
sprouting in the injured CNS [11]. On the other hand, other
studies have reported that transplanted BMSCs are integrat-
ed into the host spinal cord and contribute to rebuilding of
axons and axonal function [6]. Moreover, about 30% of the
BMSCs acquire a neuronal phenotype without evidence of
cell fusion, when co-cultured with neurons [11]. BMSCs can
also acquire electrophysiological functions similar to neu-
rons in vitro [17] and express receptors specific to neurons
[31]. Therefore, the transplanted BMSCs may promote func-
tional restoration through multiple mechanisms [11]. In the

BMSC- and BMSC+H+PEG-groups in our current study, many
neuronal cells aggressively migrated toward the glial scar
from the region rostral of the lesion site, indicating that neu-
ronal regeneration is an advantageous effect of transplanted
BMSC:s. Indeed, male-derived BMSCs were detected at le-
sion site of thoracic cord in recipient female mice at 4 weeks
after BMSC transplantation. These results are congruent with
those reported [15]. The engrafted BMSCs also degrade the
extracellular matrix in the glial scar by secreting several pro-
teases, such as matrix metalloproteases, to promote neurite
outgrowth from spinal cord neurons [28]. Thus, transplanted
BMSCs may play an indirect neuroprotective role [27] and
may not differentiate into cells with neural phenotypes as
suggested by the location of the fluorescently labeled trans-
planted cells, which were not close to neuronal cells.

PEG has been shown to mechanically repair damaged
cellular membranes by sealing the membranes and reducing
secondary axotomy after traumatic brain injury and SCI [5,
20]. These actions result in improved behavioral recovery
after SCI in rodents and in clinical cases of paraplegia in
dogs [5]. Moreover, immediate PEG treatment significantly
increases the volume of the intact spinal parenchyma and
reduces the volume of cystic cavitation [5, 8]. In this study,
although motor functional recovery was observed, recovery
may be related to membrane repair. In other words, motor
functional recovery may be related to reducing secondary
axotomy in spinal cord. Because a few neuronal cells mi-
grate toward the glial scar, suggesting that neuronal cells
may be sealed by PEG in the PEG-group.

The reason we did not observe significant differences in
locomotor functional recovery between the BMSC+PEG-
and BMSC-groups may be related to nerve regeneration
and neuroprotective mechanisms of BMSCs and PEG.
Transplanted BMSCs may play an indirect neuroprotective
role, such as secret of neurotrophic or growth factors and
nerve regeneration [6, 11, 28]. PEG has been shown to be
immediately mechanically repair damaged cellular mem-
branes by sealing the membranes and reducing secondary
axotomy after SCI [5, 20]. After all, transplanted BMSCs
may not play an indirect neuroprotective role, such as secret
of neurotrophic or growth factors and nerve regeneration,
because the cell membranes of transplanted BMSCs were
sealed by PEG. Our result suggests that PEG treatment in the
early stage of SCI does not exert sufficient effects on BMSC
transplantation. Moreover, previous studies have shown that
BMSC transplantation is effective in the acute, subacute and
chronic stages of SCI in rats [12, 25, 33]. Therefore, use of
PEG in the earlier stage of SCI and delayed transplantation
of BMSCs after the sealing by PEG is broken may lead to
additional effects in the functional recovery of SCI mice.
Delaying cell transplantation for 7-14 days after SCI pro-
motes functional recovery of the SCI mice and rat, whereas
little recovery is observed with transplantation acute and
chronic phases of SCI [12, 24].

In conclusion, this study demonstrates that BMSCs, PEG
and combined application of both BMSCs and PEG provide
significant effects on the locomotor functional recovery dur-
ing the acute phase of the SCI mice, but synergistic effects
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were not observed. These effects of BMSCs do not preclude
the use of PEG in the acute stage of SCI. To our knowledge,
this is the first report to evaluate the effects of PEG and
BMSC transplantation therapy during the acute phase of SCI
in mice. Further investigation into the timing of the effect of
BMSC transplantation and long-term examination are neces-
sary. The present findings may help establish scientifically
verified strategies of cell transplantation therapy for SCI in
the clinical situation.
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