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Abstract: The aims of this study was to assessed the ability of a combination treatment of bone marrow stromal
cell (BMSC) and atorvastatin in a rat model of spinal cord injury (SCI) as an appropriate substitute for current SCI
treatments. In the present study, the female Wistar rats were divided into five groups (n = 20) after SCI by New
York University Device: SCI, sham, atorvastatin, graft BMSC and graft BMSC plus atorvastatin. Locomotion was
assessed using Basso, Beattie and Bresnahan (BBB) test and walking test after SCI. In addition, microvessel den-
sity (MVD) was calculated by immunohistochemistry after SCI. We also investigate the vascular endothelial growth
factor (VEGF) and brain-derived neurotrophic factor (BDNF) expression level by western blot after drug treatment.
The results showed that BBB scores and walking test were increased in atorvastatin plus BMSC group compared
to single atorvastatin and BMSC groups (P < 0.05). In addition, MVD also significantly increased in combination
group compared to single treatment group. Compared to sole drug, VEGF and BDNF expression were significantly
up-regulated in atorvastatin combination with BMSC group (P < 0.05). These results imply that the combined use
of atorvastatin and BMSC treatment may represent a promising strategy for clinically applicable pharmacological

therapy for initiation of neuroprotection after SCI.
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Introduction

Spinal cord injury (SCI) is one of the most dis-
abling diseases, which cause death of neural
cells, severance and demyelination of descend-
ing and ascending axons, consequently, loss of
motor and sensory function [1]. A larger num-
ber of endogenous repair efforts fail to repair
the spinal cord and, as a result, the functional
improvements are permanent [2, 3]. Although
potential treatments for SCI are being tested in
the clinic, none of these have emerged as one
that reverses the devastating functional conse-
quences of SCI. Yet, several studied demon-
strated that transplantation of stem cells like
bone marrow stromal cells (BMSCs) [4],
Schwann cells (SCs) [5], neural stem cells
(NSCs) [6], or Olfactory bulb ensheathing cells
(OEC) [7] into the injured spinal cord improves
locomotor recovery.

Recently studies have shown that transplanta-
tion of NSCs improves functional recovery but
induces neuropathic pain (mechanical Allo-
dynia) [8]. However, several studied demon-
strated that bone marrow stromal cells (BMSCs)
may have therapeutic promise for SCI [9, 10].
Survival, migration and differentiation of
BMSCs after transplantation have been widely
researched in recent years [9-11]. Thus, BMSCs
are widely used in cell therapy studies [12].
Although results of clinical studies based on
cell transplantation have been successful,
these cells have a decreased survival rate and
are mostly affected by apoptosis [14]. Studies
have shown that the production of free radicals,
lack of trophic factor support and apoptosis
leads to poor survival of grafted cells [14]. To
promote survival of transplanted stem cells,
anti-apoptotic agents [15], trophic factor sup-
port [16] and antioxidants [17] were used.
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Statins, a cholesterol-lowering drug, have been
widely used in anti-inflammatory, antioxidant,
and neuroprotective effects for many years
[18]. Many studies have reported that following
a stroke, traumatic brain injury (TBI), statin
therapy has a synergetic effect with BMSCs,
and can mobilize the engrafted BMSCs to the
lesion area and promote its repair [16, 19, 20].
However, BMSC combination with statins treat-
ment spinal cord injury had little been reported,
thus, in this study we assessed the effective-
ness of BMSC transplantation combined with
administration atorvastatin of in a rat model of
SCl as an acceptable substitute for current SCI
treatments.

Materials and methods
Animals and atorvastatin administration

In this study, adult female Wistar rats (n = 100)
weighting (250-300 g) were purchased from
the Center for Experimental Animals of Jilin
University (Changchun, China). All animal exper-
iments were carried out in accordance with the
National Institute of Health Guide for the Care
and Use of Laboratory Animals. All procedures
in this study, including the use of animals, were
approved by the Research Council of lJilin
University (Changchun, China) Ethics Committee
on Animal Experiments. Atorvastatin was dis-
solved in methanol (20 mg atorvastatin dis-
solved in 20 ml saline with 10 pL methanol)
and injected subcutaneously (s.c.) at 24 hours
after SCI. An atorvastatin dose of 10 mg/kg
was selected based on pretreatment studies of
in mice [21].

Culture and identification of BMSCs

Bone marrow was isolated in sterile conditions
from 8 weeks-old male Sprague Dawley rats
weighting (250-300 g) as described in detail by
Azizi et al. [13]. BMSCs were isolated from rat
bone marrow and cultured as described by pre-
vious literature [14]. Briefly, rats were killed
with an overdose of pentobarbital and the tibia
and femur were dissected out, both ends of the
bones were cut off and marrow was flushed out
with 5 ml o-MEM (Sigma, Germany) with a
25-gauge needle. The suspension was centri-
fuged at 800 rpm for 5 minutes and the super-
natant was removed. The cells were placed in a
25 cm? plastic flask for cell culture with 5 ml
DMEM-low glucose medium containing 10%
fetal bovine serum (FBS). The cells were incu-
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bated at 37°C in 95% humidity and 5% CO,, for
24 h. At this time, non-adherent cells were
removed by replacing the medium. After 48
hours, the non-adherent cells were removed by
replacing the medium, when the adherent cells
had grown to 80%-90% confluency they were
removed by incubation in a solution containing
0.25% trypsinand 1 mM EDTA (Sigma, Germany)
at 37°C for 5 minutes and passaged. BMSCs
were sub-cultured 4 times in this way.

The cells were labeled with bromodeoxyuridine
(Brdu) at a concentration of 3 ug/ml which was
added to the incubation medium 3 days prior to
transplantation. Cultured BMSCs were identi-
fied with antibodies against CD44 according to
previous literature [14].

Spinal cord injury model preparation

The animals were anesthetized using intraperi-
toneal ketamine (80 mg/ kg) and xylazine (10
mg/kg). Rats were placed prone on an operat-
ing table covered with a warming blanket.
Laminectomies were performed at the T8-T10
level. Spinal cords were injured using the weight
drop technique according to Allen’'s method
[15] with a minor modification. A plastic iatorv-
astatinounder (2-mm diameter) was placed
gently on the exposed dura and a 10-giron
weight was dropped from a height of a 10 cm
onto the iatorvastatinounder. The weight and
iatorvastatinounder were immediately removed
after iatorvastatinact and paravertebral mus-
cle and skin were closed.

Transplantation procedure

The rats were randomly divided into five groups:
1. Sham group (n = 20) in which only a laminec-
tomy was performed; 2. SCI group (n = 20) in
which serum was administered by intraspinal
injection; 3. BMSC group (n = 20) which
received (3 x 10% BMSCs) by in the same way.
BMSCs were transplanted by intraspinal injec-
tion using Hamilton syringe described as
Bagher’'s method [16]. 4. Atorvastatin group (n
= 20) which received atorvastatin (10 mg/kg)
daily for 28 days. 5. Atorvastatin plus BMSC
group (n = 50) received BMSC and atorvastatin
according to BMSC group and atorvastatin
group method, respectively.

Myeloperoxidase (MPO) activity
Myeloperoxidase activity, an indicator of poly-

morphonuclear leukocyte (PMN) accumulation,
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Figure 1. Bone marrow stromal cells culture and detection. A: Third passage of bone marrow mesenchymal stem
cells (BMSCs) were observed using inverted phase contrast microscope. B: The expression of CD44 in BMSCs was
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Figure 2. Effects of BMSC combination with atorvas-
tatin on MPO activity. Following the injury, MPO ac-
tivity in spinal cord from SCI mice was significantly
increased at 24 h after the damage in comparison to
sham mice. Treatment with BMSC and atorvastatin
significantly reduced the SCl-induced increase in
MPO activity. A single treatment did not reduce the
neutrophil infiltration in the injured spinal cord. *P
< 0.05 versus SCI group, #P < 0.05 versus BMSC

group.

was determined in the spinal cord tissues
according to previous study [21]. MPO activity
was defined as the quantity of enzyme degrad-
ing 1 umol of peroxide mint at 37°C and was
expressed in unit g* of wet tissue.

Behavioral assessments

Locomotor activity was evaluated over a period
of 5 minutes by an open-field walking test. One
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animal at a time was allowed to move freely
inside a circular plastic tray (90 cm diameter x
24 cm wall height). Two independent examiners
observed the hind limb movements of the rat
and scored the locomotor function according to
the Basso Beattie and Bresnahan scale (BBB
scale) that ranges from O (paralysis) to 21
points (normal gait). The final score for each
animal was the mean value of both examiners.
During the open field activity the animals were
also video monitored with a digital camera.
Functional tests were performed before the
injury and transplantation and weekly for 5
weeks after transplantation.

To assess all group locomotion, the ability of
rats to walk on an irregularly horizontal wire grid
was determined as described by previous study
[22]. Rats were allowed to walk on the grid
weekly and tested at 5 week after the contu-
sive SCI. Each rat was allowed to walk freely
around for 4 min. If the hind paw of one side
protruded entirely through the grid, with all toes
and heel extended below the wire surface, it
was counted as a misstep. Moreover, the total
number of steps taken with the hindlimb of the
same side was also counted. The result was
showed as the percentage of missteps.

Immunohistochemistry and microvessel den-
sity (MVD)

Specific immunochemical staining of endothe-
lial cells was performed using a monoclonal
antibody to CD34. Mouse-anti-rabbit-CD34
monoclonal antibody was purchased from
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Santa Cruz Biotechnology (USA). In each spinal
(T9-T10), the total number of CD34 positive
blood vessels was counted in ten randomly
chosen high power fields, which were distrib-
uted evenly inside the spinal. The blinded oper-
ator performed the quantification of angiogen-
esis using Image J software on 10 high power
fields (200x%) from each sample acquired.

Western blot

In order to detect protein expression level of
VEGF, BDNF, western blot was performed as
described in the online supplement. The spinal
cord tissues were obtained from the peri-lesion
region at days 28 post-surgery. Protein homog-
enates of spinal cord samples were prepared
by rapid homogenization in 10 volumes of lysis
buffer (2 mM EDTA, 10 mM EGTA, 0.4% NaF, 20
mM Tris-HCI, pH7.5). Tissue homogenate were
centrifuged at 17,000 g for 1 h at 4°C and the
protein concentration in the supernatant was
determined by the Coomassie (G250) binding
method. Equal amounts of protein (20 pg) from
each sample were loaded for separated into a
8% gradient SDS-PAGE under denaturing condi-
tions. Electroblotting proteins were transferred
onto nitrocellulose membranes (Santa Cruz
Biotechnology, Inc). After blocking with 5% non-
fat dry milk overnight at 4°C, membranes were
incubated for 2 h at room temperature in agita-
tion with the following antibodies: rabbit poly-
clonal anti-VEGF (dilution 1:500; Santa Cruz
Biotechnology, Inc), rabbit polyclonal anti-BDNF
(dilution 1:1000; Santa Cruz Biotechnology,
Inc), and rabbit polyclonal anti-B-actin (dilution
1:800; Santa Cruz Biotechnology, Inc). Secon-
dary horseradish peroxidase conjugated rabbit
anti-goat/goat anti-rabbit antibodies (Santa
Cruz Biotechnology, Inc) were used at 1:3000
dilution for 2 h at room temperature in agita-
tion. Immunoreactive bands were visualized
using the enhanced chemiluminescence (ECL
kit, Santa Cruz Biotechnology, Inc) and scanned
using Chemi Imager 5500 V2.03 software. The
integrated densities value (IDV) was analyzed
with computerized image analysis system
(Fluor Chen 2.0) and normalized with that of
B-actin.

Statistics analysis

The statistical package SPSS13.0 (SPSS
Incorporated, Chicago) was used for all analy-
sis. One-way ANOVA followed by Bonferroni's
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post hoc test were utilized to determine the sig-
nificant difference among multiple groups. All
values were expressed as mean = SD. In gen-
eral, p values less than 0.05 were considered
statistically significant.

Results
BMSC cell culture and detection

Morphology of the primary cultured BMSCs
were multiplicity. Most cells suspended in cul-
ture medium, non-adherent cells were removed
by replacing the medium. Adherent cells began
to proliferate and form cell colony at about 72 h
latter. Cell surrounded the cell colony center to
distribute toward circumference. Cell morphol-
ogy was homogeneous, which appeared spin-
dle-shaped with serial sub-cultivation (Figure
1A). Most of cultured adherent passage 3 cells
expressed CD44 (Figure 1B).

Effect of combination therapy on neutrophil
infiltration

We investigated the effect of combination ther-
apy with BMSC and atorvastatin on the neutro-
phil infiltration by measuring tissue MPO activi-
ty. MPO activity was significantly elevated in the
spinal cord after injury in rats subjected to SCI
when compared with sham-operated group
(Figure 2). The MPO activity was significantly
reduced by the combination therapy with BMSC
and atorvastatin (Figure 2, P < 0.05). However,
atorvastatin group or BMSC group as a single
treatment group did not reduce the neutrophil
infiltration in the injured spinal cord (Figure 2).

Combination treatment of atorvastatin and
BMSC improve functional recovery after SCI

To determine whether and atorvastatin combi-
nation treatment mediated tissue protection
and repair also had an effect on functional
recovery, the BBB locomotor test was per-
formed at 1 d, 3 d and weekly up to 5 weeks
after SCI (Figure 3A). One day after SCI, the
contused rats demonstrated considerable loss
of hind limb locomotor function with no move-
ment and BBB scores of 0-1 points. In the fol-
lowing days, the locomotor performance sub-
stantially improved and reached a relative pla-
teau at the 3rd week. A minus but not statisti-
cally significant increase of BBB scores can be
found in BMSC and atorvastatin group from 5%
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BMSC and atorvastatin in spinal cord injury

A - SCI B
-
20- BMSC | 40-
-+ Atorvastatin -
-*- BMSC+Atorvastatin # ﬁ -
2 15+ # §- T —e .
5 7 -
8 0
0 104 £ 201
a s
o g =2 104
0- 0 T T T T
N\ ) )
& ,3\"90 & &
i < & &
Days post-injury .@"‘ \o"‘
ox
=)
Q,\\*

Figure 3. Combination treatment of BMSC and atorvastatin improved functional recovery after SCI. A: BBB tests
were performed in different groups at different time after treatment; B: Grid walking test was evaluated in different
groups 35 days after treatment; showed that the percentages of missteps in combining treated group were signifi-
cantly lower than the control group.**P < 0.05 as compared to SCI group, #P < 0.05 as compared to BMSC group.
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Figure 4. The microvessel density (MVD) level was
measured in different groups 35 days after treat-
ment using single BMSC and atorvastatin or both,
*P < 0.05 as compared to SCI group, #P < 0.05 as
compared to BMSC group.

week after SCI. The scores in BMSC and atorv-
astatin combination treatment group were con-
sistently higher than those in the other groups
and the differences between the combination
group and the other three groups were statisti-
cally significant starting from the 3 days and
continued until the 5™ week. The sham rats in
BBB test all achieved maximal 21 scores (Data
not show).

Results from the grid walking test also showed
that the percent of missteps of hind paws were
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Figure 5. Effect of BMSC combination with atorvas-
tatin on the expression of VEGF and BDNF in the in-
jured spinal cord. The expression of BDNF and VEGF
in the treatment group was significantly higher than
SCI group; the expression of BDNF and VEGF in the
BMSC combination with atorvastatin group was sig-
nificantly higher than those of single BMSC group
and atorvastatin group. *P < 0.05 as compared to
SCI group, #P < 0.05 as compared to BMSC group.

dramatically reduced in BMSC combination
with atorvastatin treated rats compared to
other group (Figure 3B).

Microvessel density (MVD) assay

MVD within spinal samples was measured by
specific immunochemical staining of endotheli-
al cells (CD34+). In each spinal (T9-T10), the
total number of CD34 positive blood vessels
was counted in ten randomly chosen high
power fields, which were distributed evenly
inside the spinal. The counts from the five fields
(200x%) were averaged and used for compari-
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sons. The MVD in the BMSC combination with
atorvastatin group (53.96 + 4.88) was much
higher than that of BMSC group (37.34 + 3.04)
and atorvastatin group (34.18 + 3.15) 2 weeks
after treatment (Figure 4) (P < 0.05). In addi-
tion, the MVD in single drug group was higher
than that of SCI group (21.01 + 2.03) (Figure 4)
(P <0.05).

Combination treatment of BMSC and atorv-
astatin increased VEGF and BDNF expression
level after SCI

In order to detect the VEGF and BDNF in rat
with SCI after BMSC combination with atorvas-
tatin treatment, western blot was performed.
As shown in Figure 5, VEGF and BDNF expres-
sion levels in treatment group were significantly
increased after compared to SCI group (P <
0.05), moreover, BMSC combination with atorv-
astatin group were significantly higher than
those of BMSC group and atorvastatin group (P
< 0.05). These results showed that BMSC com-
bination with atorvastatin could induce VEGF
and BDNF expression.

Discussion

Bone marrow stromal cells (BMSCs) are non-
hematopoietic multipotent stem cells capable
of trans-differentiating into neurons, astrocytes
or oligodendrocytes [23]. In addition, BMSCs
have potential to differentiate into other kinds
of cells such as osteoblasts, adipocytes, and
chondrocytes, and produce a variety of neuro-
trophic factors, cytokines, cell adhesion mole-
cules, and growth factor thereby providing the
pathway for regenerating axons [23-25].
Extensive studies have shown that transplanta-
tion of BMSCs significantly improves hind limb
function after SCI [23, 26], which was agree-
ment with our results. Our data demonstrates
that the transplantation of BMSCs into the
injured spinal cord of rats can improve function-
al recovery. Thus, BMSCs have the potential to
restore injured spinal cord tissue and promote
functional recovery.

It is now widely accepted that the adult con-
tains plenty of endogenous stem cells, which
are normally quiescent [17]. Therefore, it is an
important strategy to stimulate the prolifera-
tion, migration and differentiation of endoge-
nous stem cells including BMSCs in vivo for the
treatment of SCI. A larger number of study
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showed that treatment with statin drug can pro-
mote the migration of BMSCs and improve
functional recovery after stroke or ischemia
[15, 16, 19, 20]. Leone et al. reported that after
myocardial infarction in humans, treatment
with statin improved the spontaneous mobiliza-
tion of endogenous BMSCs, which may have
contributed to more favorable cardiac remodel-
ing [15]. Importantly, Han et al study showed
that treatment for SCI with single low dose of
statin drug administered by subarachnoid injec-
tion that can significantly promote the migra-
tion of BMSCs to the injured spinal cord [27]. In
addition, it has been proven that stain drug
inhibited proliferation of BMSCs [28]. Therefore,
in this study, we selected atorvastatin combina-
tion BMSC for treatment SCI. Our result showed
that BMSC combination with atorvastatin could
improve MVD and promote angiogenesis,
enhances the migration of BMSCs after SCI,
which further confirmed that statin could
improve BMSC role in treatment nervous
disease.

BDNF, a major source of neurotrophic factors,
plays an important role in the survival and
regeneration of neurons in SCI [29]. Previous
study showed that increased production of
BDNF in the injured spinal cord could improve
functional recovery In addition, it has been
proven that stain drug inhibited proliferation of
BMSCs [30]. In addition, several studies
showed that treatment with atorvastatin can
improve the expression of BDNF, thereby
improving neurological recovery after stroke
[31]. In this study, we found that atorvastatin
combination with BMSC can significantly
improve the expression of BNDF after SCI.

Angiogenesis plays an important role in increas-
ing blood flow at the lesion site, where hypoxia
occurs after SCl and is an essential component
of nerve regeneration across a gap of injured
spinal cord [32]. VEGF is a potent stimulator of
angiogenesis and affects blood permeability,
which is important in wound healing after SCI
[32]. Previous studied had shown that adminis-
tration of VEGF could significantly increase the
microvascular density in central nervous sys-
tem [33, 34], and improve the motor function of
animals [35]. In addition, Geiger et al reported
that VEGF producing bone marrow stromal cells
(BMSC) enhance vascularization and resorp-
tion of a natural coral bone substitute. Chen et
al studies showed that treatment with atorvas-
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tatin can improve the expression of VEGF after
stroke [31]. Han et al reported that boosting
the expression of BDNF and VEGF by statin
drug could modulates the environment in the
injured spinal cord, resulting in better survival,
proliferation and differentiation into neural lin-
eage of BMSCs that migrate to the lesion site
[27]. In the present study, we found that atorv-
astatin combination with BMSC could improve
microvascular density and the expression of
VEGF in the SCI.

In conclusion, we report a treatment for SCI
with atorvastatin combination with BMSC,
which can significantly promote the expression
of BDNF and VEGF and accelerate the recovery
of hind limb function in rats. These results
imply that the combined use of atorvastatin
and BMSC treatment may represent a promis-
ing strategy for clinically applicable therapy for
initiation of neuroprotection after SCI.
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