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Abstract 
Objective: Previous studies have shown that transplantation of bone marrow stromal 
cells (BMSCs) into the contused spinal cord improves functional recovery and that admin-
istration of Schwann cells (SCs) after spinal cord injury (SCI) facilitates axonal regenera-
tion. Although the efficacy of these treatments have been proven, when used individually, 
their resulting number of regenerated axons is small and locomotor recovery is modest; 
therefore, we decided to research whether co-transplantation of these cells can improve 
the outcome.
Materials and Methods: Adult male Wistar rats (n=56), each weighting 250-300 grams 
were used. BMSCs and SCs were cultured and prelabeled with BrdU and 1,1' dioctade-
cyl 3,3,3',3' tetramethylindocarbocyanin perchlorate respectively. Contusion model of SCI 
was performed at the T8-9 level using NYU device (New York University device). The rats 
were divided into seven groups, each consisting of 8 animals. These groups included: a 
control group, three experimental groups and three sham groups. In the control group, 
only a laminectomy was performed. The three experiment groups were the BMSC, SC 
and co-transplant groups, and 7 days after injury, they received intraspinal BMSCs, SCs 
and the combination of BMSCs & SCs respectively. The sham groups received serum in 
the same manner. Locomotion in the groups was assessed using the basso, beatie and 
bresnahan (BBB) test at 1, 7, 14, 21, 28, 35, 42, 49 and 56 days after SCI.
Results: More significant improvement was observed in the BBB scores of the co-trans-
plant group (p<0.05) in comparison with BMSC and SC groups. 
Conclusion: This study shows that co-transplantation of BMSCs and SCs may provide a 
powerful therapy for SCI and become required for the development of combinatory treat-
ment strategies in the future.

Keywords: Bone Marrow Stromal Cell, Schwann Cell, Transplantation, Spinal Cord In-
jury, Functional Recovery

Introduction
Spinal cord injury (SCI) is one of the most disa-
bling diseases leading to progressive tissue dam-
age and causing significant functional deficits in 
young people (1). SCI has various physical and 
psychological effects on patients; therefore, ade-
quate and immediate therapeutic procedures for its 
treatment are necessary. Since the central nervous 
system (CNS) has a limited regeneration capac-
ity, cell transplantation is one of the most effective 
methods to repair its injured axons (2). The aims 

of cellular transplantation after SCI include: (a) 
replacing damaged or dead cells (b) bridging the 
resulting cavities or cysts (c) providing a suitable 
environment to induce axonal regeneration and (d) 
promoting neovascularization.
During the last decade, several cell types have 
been used for transplantation including embryonic 
stem cells (ESCs) (3, 4), olfactory ensheathing 
cells (OECs) (5, 6), neural stem cells (NSCs) (7), 
Schwann cells (SCs), bone marrow stromal cells 
(BMSCs) (8, 9) and macrophages (10). BMCs are 
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one of the rich sources of stem cells; they can be 
easily isolated and are therefore suitable for autol-
ogous transplantation.
BMSCs have the ability to migrate to sites of lesion 
and improve functional recovery (11). Different 
studies indicate that BMSCs, after transplantation 
in mice and rats, can differentiate into adipocytes, 
chondrocytes, osteocytes, (12) oligodendrocytes, 
less frequently to neurons, and are able to express  
the markers of these cells (13). They can promote 
injured tissue repair by reducing cavity forma-
tions caused by tissue necrosis at sites of lesion 
(14). BMSCs create a suitable axonal growth en-
vironment through the expression of growth fac-
tors such as neurotrophins (15, 16). They can also 
improve vascularization (16) leading to damaged 
tissue repair. Furthermore, Akiyama et al. reported 
that injection of BMSCs into injured areas leads to 
myelination of demyelinated axons (11). 
Another cell type used for repair of the injured spi-
nal cord is the Schwann cell (SC). SCs can myeli-
nate and ensheath axons and provide physical sup-
port for axonal growth when they are injected into 
a spinal cord lesion area (17, 18). 
SCs produce neurotrophic factors and cell adhesion 
molecules leading to axonal growth promotion (19). 
They also suppress cavity formation when trans-
planted into injured spinal cords (20, 21). Studies 
have shown that SC transplantation significantly 
improves tissue sparing and results in an increase 
in the number of myelinated axons in implantation 
areas (21). It has been reported that SC injection 
into a contused spinal cord promotes myelination 
and regeneration of supraspinal axons and therefore 
improves locomotor recovery (21). The advantage 
of the SC compared to other cells commonly used 
in cell therapy is the superior ability of this cell to 
myelinate the demyelinated axon (22).
Several studies have reported that transplanta-
tion of BMSCs in the contused spinal cord of rats 
improves locomotor recovery and intraspinal ad-
ministration of SCs facilitates axonal regeneration 
after SCI. Although the efficacy of these methods 
has been proven, when used individually, they re-
sult in a small number of regenerated axons, and 
a modest locomotor recovery (21). Since a com-
bination-therapy strategy seems more promising, 
we decided to study whether co-transplantation of 
these cells can improve treatment outcome. 

Materials and Methods
Animals
Adult male Wistar rats (n=56, Pasteur Institute, 
Tehran) each weighing 250-300 grams were used. 
All study procedures, as well as the animals, were 

approved by the Ethical Committee on Animal 
Experiments of the Research Council of Iran Uni-
versity of Medical Sciences (Tehran, Iran), and are 
in agreement with the Iranian National Institute of 
Health guidelines for the use of live animals.

BMSC Isolation
Bone marrow was isolated in sterile conditions 
from 8 week-old male Sprague Dawley rats weigh-
ing 250-300 grams as described in detail by Azizi 
et al. (23). Briefly, the rats were administered with 
an overdose of pentobarbital and their tibia and fe-
murs were excised; both ends of each bone were 
cut, and the marrow was aspirated with 5ml MEMα 
(Sigma-Aldrich) with a 25-gauge needle. The sus-
pension was centrifuged at 800 rpm for five min-
utes and the supernatant was removed. The mar-
row cells were suspended in 10ml of  Alpha-MEM 
cultured in Alpha MEM supplemented with 10% 
fetal bovine serum (FBS), 2ml glutamine, 100 U/
ml penicillin (Sigma-Aldrich) and 100 U/ml strep-
tomycin (Sigma-Aldrich). 
After 48 hours, the non-adherent BMSC cells 
were removed by replacing the medium. When the 
adherent cells had reached 80% confluency, they 
were lifted after a five minute exposure to a 0.25% 
trypsin / 1 mM EDTA (Sigma-Aldrich) contain-
ing solution at 37°C; they were then passaged into 
four subcultures for further incubation (Fig 1).

BMSC labeling
The cells were labeled with a 3 μg/ml bromodeox-
yuridine (BrdU) solution added to the incubation 
medium 3 days prior to transplantation.

SC isolation
SCs were obtained from the sciatic nurve of 250-
300 gram, ten-week old, adult female Wistar rats as 
described in 1991 by Morrissey et al. (24). Briefly, 
the rats were anesthetized with a combination of 
ketamine (80 mg/kg) and xylazine (10 mg/kg). The 
left sciatic nerve of each animal was exposed and 
transected at the greater sciatic notch to allow for 
Wallerian degeneration. After 7 days, the animals 
were administered with overdose of pentobarbital, 
following which, 20 mm of the distal segment of 
their transected nerves were resected and placed in 
a dish containing DMEM (Sigma-Aldrich). 
Under sterile conditions and using a dissecting 
microscope, the plural form of epineurium were 
removed with fine forceps; the nerves were then 
washed three times with phosphate buffered saline 
(PBS), transferred to a dish containing 10% fetal 
bovine serum (FBS) (Sigma-Aldrich), 1.25 IU/ml 
dispase (Sigma-Aldrich) and 0.05% collagenase 
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type IA (Sigma-Aldrich) and incubated for three 
hours. Then, the nerve cell suspension was centri-
fuged at 800 rpm for five minutes, the supernatant 
was discarded, and the pellet was washed with the 
medium and resuspended in DMEM supplemented 
with 10% FBS, 100 IU/ml penicillin and 100 μg/ml 
streptomycin (Sigma-Aldrich).
Cells in the suspension were counted with an he-
mocytometer and placed in 25 cm3 flasks and incu-
bated in 5% CO2 at 37°C in a medium containing 
10% FBS. After 2 days, non-adherent cells were 
removed by replacing the medium and the adherent 
cells were allowed to reach their confluent state. 
Once the adherent cells reached 80% confluency, 
the medium was replaced with 0.25% trypsin and 
1mM EDTA (Sigma-Aldrich) and incubated at 
37°C for five minutes.
Cell dissociation from the substrate was monitored 
under an invert microscope (Olympus 1×70, Japan) 
unit, and the maximum number of cells was lifted. 
The cell suspension was transferred to a 15 ml test-
tube where 10 ml PBS was added, and then centri-
fuged. The resulting supernatant was removed and 
replaced with a complete medium, then transferred 
to two 25 cm3 flasks. The cells were subcultured 
once a week.

SC purification
After the Schwann cells were enzymatically 
stripped from the sciatic nerve thru incubation in 
collagenase and dispase, a considerable population 
of fibroblasts remained within the preparation. In 
order to remove the fibroblasts form SCs in the 
culture, the culture was incubated in antimitotic 
cytosine arabinoside (Ara-c, 1μl/ml, 5mM, Sigma)  
Sigma-Aldrich) 24 hours after the cells were first 
isolated (26, 27). After 5 to 7 days, ara-C had re-
moved the majority of fibroblasts (Fig 4 A).

SC amplification
When SCs are cultured alone in vitro, cell division 
occurs extremely slowly, but may be stimulated by 
mitogens. In order to encourage the proliferation of 
SCs, the culture was incubated in forskolin (2μM, 
Sigma-Aldrich) (26).

SC labeling
The cells were labeled using the fluorescent li-
pophilic tracer 1,1’-dioctadecyl-3,3,3’,3’-tetrame-
thylindocarbocyanin perchlorate ('Dil';DilC18(3)) 
(Sigma-Aldrich) prior to transplantation. For labe-
ling, with 1×106 cells/ml was resuspended in MEM 
Alpha, and of 5μl/ml 'Dil';DilC18 (3) was added. 
After incubation for 20 minutes at 37°C with 5% 
humidified CO2, the cells were centrifuged for 5 

minutes and washed twice with PBS; they were 
then resuspended in PBS for transplantation (28).

Spinal cord injury model
For spinal cord injury (SCI) simulation, female 
adult Wistar rats, each weighing 250-300grams, 
were used. The animals were anesthetized using 
ketamine (80 mg/kg) and xylazine (10 mg/kg). 
They were then placed prone on an operating ta-
ble covered with a warming blanket. After shaving 
and prepping with Betadine, an incision was made 
over the rats mid-thoracic region. Laminectomy 
was performed at the T8-T9 level of the spinal 
cord. A standard spinal cord contusion was made 
using the New York University (NYU) weight-
drop device. 
A 10 gram metal rod with a 2 mm diameter was 
dropped from a height of 12.5 mm onto the exposed 
spinal cord at the T8 level causing a moderate con-
tusion. After wound closure, the one-week postop-
erative care included manual bladder expression 
twice per day, administration of Ringer’s solution 
to avoid dehydration (2 ml, IP) and administra-
tion of gentamicin (0.8 mg/100g, IP). Analgesia 
was achieved using buprenorphine (0.1 mg/kg) for 
2 days after surgery. Passive mobilization of the 
hind legs was also performed 15 minutes daily for 
one week after surgery.

Histology
Four weeks post spinal cord injury, 4 animals were 
deeply anesthetized with sodium pentobarbital 
(100mg/kg, IP) and were transcardially perfused 
with 4% paraformaldehyde in 0.1mol/L PBS, pH 
7.4. Their tissues were cryoprotected overnight in 
30% sucrose; then a 1.5 cm segment of spinal cord 
containing the zone of injury was removed, em-
bedded in optimal cutting temperature (OCT) and 
cut transversely into 8μm serial sections. These 
sections were stained with cresyl violet for the 
study of their general morphology. 

Transplantation procedure 
The rats were randomly divided into 7 groups: 
(1) a control group (n=8) in which only a lami-
nectomy was performed; (2) a BMSC group (n=8) 
which received (3×105 BMSCs) intraspinaly and 
(3) its sham group (n=8) in which normal salin se-
rum was injected in the same way; (4) an SC group 
(n=8) which received (3×105 SCs) and (5) its sham 
group (n=8) in which normal salin serum was in-
jected in the same way; (6) a co-transplant group 
(n=8) which received 3×105 BMSCs and 3×105 
SCs and (7) its sham group (n=8) in which  normal 
salin serum was injected in the same way.
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BMSCs were resuspended at a concentration of 30000 
cells per μL. Seven days after SCI, the rats were an-
esthetized, the contusion site was reexposed, and the 
cell transplantation was performed as follows: 
The suspension of BMSCs was aspirated using a 
Hamilton syringe with a sterile 30 gauge needle; 
the needle was then changed to a customized nee-
dle (110μm internal diameter), and the syringe 
was attached to a microinjector (model 780310). 
A small opening was made in the dura at the in-
jection site. The customized needle was then in-
serted into the spinal cord at the midline at 1 to 
1.5 mm depth, and a 10μL of the cell suspension 
was injected over 2 minutes at a distance of 1mm 
rostrally and then 1mm caudally from the site of 
injury. The needle was left in place for 2 minutes 
after injection before it was withdrawn to minimize 
cell leakage. The SCs and combination of BMSCs 
and SCs were likewise transplanted into the spinal 
cord. After each transplantation session, a sample 
of BMSCs and SCs from the Hamilton syringe was 
injected onto a slide and stained with trypan blue to 
assess cell viability. 

Behavioral assessment
Locomotor activity was evaluated using the open- 
field test to assess locomotor ability during five 
minutes. One animal at a time was allowed to move 
freely inside a circular plastic tray (90 cm diameter 
× 24 cm wall height). 
Two independent examiners observed the hindlimb 
movements of each rat and scored its locomotor 
function according to the Basso, Beattie, and Bre-
snahan scale (BBB scale) ranging from 0 (paraly-
sis) to 21 points (normal gait). The final score for 
each animal was the mean value of both examiners 
scores. During the open-field activity, the animals 
were also video monitored with a digital camera.
Functional tests were performed before the injury 
and transplantation, as well as weekly for 8 weeks 
after transplantation. Significant differences were 
examined using repeated measures analysis of var-
iance (ANOVA) followed by Tukey’s test as post-
hoc analysis. All values are given as mean ± SD.

Immunohistochemistry
Eight weeks after transplantation, the rats were deeply 
anesthetized with sodium pentobarbital (100 mg/kg, 
IP) and were transcardially perfused with 4% para-
formaldehyde (0.1 M phosphate buffer, pH 7.4). 
Their tissues were cryoprotected in 30% sucrose 
overnight, and a segment of the spinal cord 1 cm 
in length from each side of the injury site was re-
moved , embedded in OCT and parasagitally cryo-
sectioned into 8μm serial sections. 

BrdU immunohistochemistry
BMSCs labeled with BrdU prior to transplanta-
tion were identified according to the following 
procedure (29): 
The sections were incubated in 50% formamide 
(Merck, Germany), 2×SSC (Standard Sodium 
Citrate: 0.3M NaCl and 0.03M sodium citrate) at 
65°C for 2 hours , washed for 10 minutes with 2× 
SSC at room temperature then incubated in 2N 
HCl (Merck, Germany) at 37°C for 30 minutes. 
They were then rinsed in 0.1 M boric acid (Merck 
Germany) for 10 minutes, whashed in PBS and 
incubated with mouse anti-BrdU monoclonal an-
tibody (Sigma-Aldrich) at 4°C overnight.
After rinsing 3 times in PBS for 10 minutes, the 
sections were incubated overnight in the dark 
at 4°C with fluorescein isothiocyanate (FITC)-
conjugated secondary antibody (1: 100) (29). 
They were then washed in PBS, covered with a 
coverslip, and were studied under fluorescence 
microscope (Olympus AX70). 

Immunohistochemistry for S100
To identify and evaluate the Schwann cell purity, 
immunoassaying of S100 was performed as fol-
lows: After the sections were washed 3 times in 
PBS for 6 minutes, they were incubated for 30 
minutes in a blocking solution (1x PBS / 0.1% 
Triton X-100 / 2% normal goat serum), then incu-
bated overnight at 4°C with cell marker primary 
antibody (rabbit anti-S100, code No: Z0311, Dako 
Cytomation). After rinsing 3 times in PBS, they 
were incubated with fluorescein isothiocyanate 
(FITC)-conjugated secondary antibody in the dark 
at room temperature for 60 minutes. The sections 
were then mounted onto gelatin-coated glass slides 
and analyzed under the fluorescence microscope.

Statistical Analysis
Statistical comparisons between the groups were 
carried out by using repeated measures analysis 
of variance (ANOVA) followed by Turkey’s test 
as the post-hoc analysis.
Statistical analysis was performed using SPSS 
version 15. A p-value of <0.05 was accepted as 
statistically significant and all data was presented 
as mean ± SD.

Results
Histology 
Four weeks after the contusion injury, observation of 
sections stained with cresyl violet revealed the forma-
tion of several differently sized vacuoles and cystic cav-
ities at the site of injury. The cyst formation is due to the 
death of neurons, interneurons and glial cells after SCI.
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IDFig 1: Bone marrow stromal cell culture in different stages. 

The morphology of bone marrow stromal cell in early (A) 
and late (B) stage of subculture.

Fluorescence microscopy (Fig 3) reveals that Br-
dU-positive BMSCs, transplanted at the site of 
injury, survived and reorganized around the cavity 
center. In Fig 4B fluorescence microscopy shows 
the presence of S-100-positive cells at the site of 
injury confirming that intraspinaly transplanted 
SCs survived for a long time. 

 

Fig 2: A) Cresyl violet stained 8μm thick cross section of spinal 
cord segments T8-9 of the control group. The star presents central 
canal, the arrow indicates median fissure. B) Cresyl violet stained 
8μm thick cross section of the injury site 4 weeks after SCI. The 
stars present cystic cavities, the arrow indicates median fissure.

Immunohistochemistry findings 
Immunohistochemistry findings confirmed the pres-
ence and viability of transplanted cells at the area of 
lesion. Eight weeks after transplantation, the immu-
nohistochemistry results showed that transplants of 
BMSCs and SCs at the site of injury survived.

Fig 3: Cross-section immunohistochemical findings 8 weeks 
after transplantation of BMSCs. (A) Spinal cord tissue with 
site of injury is shown using a phase contrast microscope; 
star indicates the site of injury. (B) The arrow indicates 
BrdU-positive bone marrow stromal cells (dark red) which 
were present in the injured spinal cord after intralesional 
transplantation. The star indicates the site of injury.

Functional analysis
Prior to SCI, rats in all 3 experimental groups were 
assigned a BBB score of 21 points. One day af-
ter SCI, the contused rats demonstrated consider-
able loss of hindlimb locomotor function with no 
movement and BBB scores of 0-1 points.
During the first postoperative week, four of sev-
enty rats in the BMSC group and three rats in both 
the SC and co-transplant groups died and were ex-
cluded from the study. Among the remaining rats 
(n=60), two in the BMSC group, and one in each 
of the SC and co-transplant groups showed hind-
limb autophagia and were also excluded. There-
fore, fifty six rats were assessed by BBB scoring.
On the following days, the BBB scores increased 
considerably in all groups; for example on the 
14th post operative day (POD), the mean (± stand-
ard deviation) BBB scores were 8.12 ± 1.12 in the 
sham groups, 10.25 ± 1.28 in the SC group, 10.62 
± 1.30 in the BMSC group and 10.75 ± 1.16 in the 
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co-transplant group.
From weeks 3-8, the animals in the SC, BMSC 
and co- transplant groups exhibited a progressive 
increase in their hindlimb movements, especial-
ly when compared to the sham group (p<0.05) 
(Fig 5).
On the 7th and 8th weeks, rats in the co-transplant 
group improved their walking skills more signifi-
cantly compared to the SC and BMSC groups. 
Moreover, animals in the co-transplant group dis-
played consistent weight-supported plantar step-
ping and demonstrated consistent fore-and hind-
limb coordination, whereas the animals of SC and 
BMSC groups showed modest fore-and hindlimb 
coordination.
The control group animals had BBB scores of 21 
during all stages of the study.
The 8th-week average BBB scores of animals in 
the sham, SC, BMSC and co-transplant groups 

were: (11.12 ± 1.12), (13.5 ± 1.06), (14 ± 0.75) 
and (15.87 ± 0.83) respectively (Fig 5).
Statistical analysis revealed significant differences 
between the experimental and control groups, be-
tween the experimental and sham groups and be-
tween the co-transplant and SC and BMSC groups 
(p<0.05); in contrast, the statistical difference be-
tween SC and BMSC groups was not significant 
(p>0.05) (Fig 5).

Discussion
This study indicates that the co-transplantation 
of BMSCs and SCs is more neuroprotective and 
improves BBB scores and axonal regeneration 
compared to transplantation of BMSCs and SCs 
individually.
Our histological findings confirmed that the ani-
mals used in this study underwent a contusion in-
jury (Fig 2B).

Fig 4: A) Cultured Schwann cells in P3 stage. For Schwann cell purification, the culture was incu-
bated in ara-C to remove fibroblasts from the Schwann cell culture. B) Schwann cells stained with 
S-100. The fusiform morphology of these cells and their nuclei can be easily observed. C) Schwann 
cells stained with Dil and DAPI .The nuclei and cytoplasm of Schwann cell are stained with blue and 
dark yellow colors respectively.
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Fig 5: Line graph representing the assessment of motor function recovery by BBB scores following the contusion in-
jury. During the first 2 weeks after injury, functional recovery rates in all groups were similar, but from 3-8 post injury 
weeks, animals in the experimental groups exhibited significant BBB score increases compared to the sham groups 
.There were significant differences between the co-transplant and the SC & BMSC groups (p<0.05), but there was no 
significant difference between the SC and the BMSC groups (p>0.05). Values represent Means ± SD.
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The BMSCs were cultured and labeled with BrdU. 
the immunohistochemistry process that followed 
showed that after 8 weeks, BrdU-positive BMSCs 
survived and gathered around the cavity center (Fig 
3). The SCs were harvested and labeled with Dil 
and DAPI. The fluorescence microscopy that fol-
lowed showed DiI-/DAPI labeled Schwann cells 
and confirmed that these cells had an exogenous 
source (Fig 4C). 
Immunohistochemistry for S-100 was carried out 
and the results after 8 weeks showed that S-100 
positive Schwann cells could survive for a long 
time and exert their neuroprotective effects im-
proving locomotor recovery and axonal regenera-
tion (Fig 4B).
The effects of BMSCs on functional recovery and 
promotion of axonal regeneration have been stud-
ied in various models of spinal cord injury in rats 
(29, 30). For instance, Tiraihi et al. have reported 
that intraspinal and intravenous transplantation of 
BMSCs can significantly improve functional re-
covery in rats (8, 9). Their data have shown that 
both intravenous and intraspinal transplantation 
of BMSCs can result in promotion of behavio-
ral recovery. Researchers have explained several 
mechanisms which may cause the promotion of 
functional improvement by BMSCs. Some believe 
that BMSCs secret many factors such as: neuro-
trophic factors which induce tissue plasticity (31), 
neuroprotective factors (33) and brain natriuretic 
peptides which reduce neuronal apoptosis (34).
Other researchers explain that BMSCs are multipo-
tent cells capable of differentiating into neurons and 
glial cells in specific in vitro (36) and in vivo (37) 
conditions; hence, these neurons and glial cells can 
replace damaged cells (35), regenerate injured spi-
nal tissue and promote behavioral recovery.
In another study, Ohta et al. demonstrated that in-
traventricularly injected BMCs do not differenti-
ate into neurons and glial cells, but they promote 
functional improvement (38). They suggested that 
transplanted BMSCs produce trophic factors in the 
cerebrospinal fluid (CSF) which are beneficial for 
neurons and glial cells, (39,40) and this induces be-
havioral improvements.
It is reported that BMSCs can secret nerve growth 
factor (NGF), brain derived neurotrophic factor 
(BDNF), human growth factor (HGF) and vascular 
endothelial growth factor (VEGF) (41) and induce 
glial cell production of neurotrophic factors like 
NGF and BDNF (42).
Hofstetter et al. (32) reported that injected BMSCs 
one week after SCI formed bundles bridging the 
epicenter of the lesion. These bundles are formed 
by immature astrocytes formed from stem cells in 

response to the injury.
One of effective cell candidates used in cell trans-
plantation after SCI is the Schwann cell (SC). This 
cell is well-known for its promotion of repair in 
the injured spinal cord.
SCs secret various neurotrophic factors which can 
improve the microenvironment at the site of injury 
and induce improved locomotor recovery in in-
jured rats. These factors include the brain-derived 
neurotrophic factor (BDNF), nerve growth factor 
(NGF), ciliary neurotrophic factor (CNTF) and 
glial cell line-derived neurotrophic factor (GDNF). 
SCs can also produce some extracellular matrix 
molecules such as laminin to which injured axons 
can attach (43, 44).
SCs have an outstanding ability to protect their 
survival in the injured tissue. Some autocrin fac-
tors enabling their long-term survival in the in-
jured area include laminin, neurotrophin-3 (NT-3), 
insulin-like growth factor (IGF) and platelet-de-
rived growth factor (PDGF) (46).
Investigators believe that SCs can myelinate de-
myelinated axons and guide regenerating axons 
into central tracts (45).
Although the efficacy of individual transplantation 
of BMSCs and SCs have been proven, the number 
of regenerated axons is small and functional im-
provement is modest; therefore, we decided to in-
vestigate a possible improvement of results from 
co-transplantation of these cells. 
The BBB scores of the BMSC and SC groups in 
our study 8 weeks after injury are nearly similar 
to scores in other studies. For instance, the scores 
of BMSC injected animals in the Hofstetter et al. 
(32) and Ohta et al. (38) studies are 13 and 13.87 
± 3.0 respectively. The BBB scores of SC injected 
animals in a Ban et al. (47) and a Firouzi et al. (48) 
study were 13.17 ± 0.71 and 13.5 ± 1.1 respec-
tively and are similar to our scores.
Our data indicate that combinational injection 
of BMSCs and SCs in the injured rat spinal cord 
improves locomotor recovery more considerably 
than individual injections of BMSCs or SCs.
In the co-transplant group, the numbers of injected 
BMSCs and SCs were equal. In other words, the 
ratio of BMSCs to SCs received by animals in the 
co-transplant group was 1:1.
It is difficult to determine which cell type is more 
effective in the improvement of BBB scores, but it 
is proposed that BMSCs, SCs, their secreting fac-
tors along with other factors work in concer.
It is proposed that post SCI injected BMSCs ex-
press neurotrophic and growth factors which pre-
vent neuronal apoptosis and result in neuronal and 
glial cell survival leading to improved behavioral 
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recovery. Furthermore, these factors provide a suit-
able environment that promotes axonal growth re-
sulting in locomotor recovery. Moreover, BMSCs 
can improve vascularization through the expression 
of VEGF leading to damaged neural tissue repair. 
BMSCs probably participate in partial behavioral 
recovery thru these mechanisms.
SCs can form a cellular bridge crossing the le-
sion site and provide a physical support for ax-
onal growth; they also produce neurotrophic 
factors and cell adhesion molecules leading 
to axonal growth promotion. The main role of 
these cells is myelin formation production in 
demyelinated axons. It is proposed that all of 
these mechanisms are probably responsible for 
improvements in partial locomotor recovery. It 
is supposed that BMSCs, SCs and their secreting 
factors act as synergists and result in the axonal 
repair which leads to improved BBB scores and 
locomotor recovery.
BMSCs and SCs have some advantages in compar-
ison to other cells commonly used in cell therapy. 
They can be easily isolated and cultured, and their 
transplantation is safe and without immunologi-
cal reactions; therefore, they can be employed in 
autograft transplantation therapy in patients with 
spinal cord injury.
Our findings suggest that combinational admin-
istration of BMSCs and SCs one week after SCI 
can improve locomotor recovery in rats and it may 
be employed as a useful method for treatment of 
human spinal cord injury without surgical inter-
vention; hence, further studies are required for the 
development of this method as well as future treat-
ment of human SCI.
In summary, the data in this study show that co-
transplantation of BMSCs and SCs in an animal 
model of SCI can more considerably enhance loco-
motor recovery than transplantation of these cells 
individually and may be a beneficial treatment 
method for SCI. 

Conclusion
This study shows that co-transplantation of BM-
SCs and SCs may provide a powerful therapy for 
SCI and is required for the development of future 
combinatory treatment strategies.

Acknowledgement
This study was financially supported by a grant 
from the Cellular and Molecular Research Center 
at Iran University of Medical Sciences. The cryo-
sectioning process of this research was performed 
at the anatomy department of Tarbiat Modarres 
University. We express our deep appreciation for 
Dr. Salehnia, Mrs. Ebrahimi and Mr. Pourbeyram-

vand's support. There is no conflict of interest in 
this article.

References
1. Lim PA, Tow AM. Recovery and regeneration after 
spinal cord injury: a review and summary of recent lit-
erature. Ann Acad Med Singapore. 2007; 36(1):49-57.  
2. Lu D, Mahmood A, Wang L, Li Y, Lu M, Chopp M. 
Adult bone marrow stromal cells administered intrave-
nously to rats after traumatic brain injury migrate into 
brain and improve neurological outcome. Neuroreport. 
2001; 12(3): 559-563.
3. Lang KJ, Rathjen J, Vassilieva S, Rathjen PD. Dif-
ferentiation of embryonic stem cells to a neural fate: 
a route to re-building the nervous system? J Neurosci 
Res. 2004; 76(2): 184-192.
4. Billon N, Jolicoeur C, Raff M. Generation and char-
acterization of oligodendrocytes from lineage-selectable 
embryonic stem cells in vitro. Methods Mol Biol. 2006; 
330: 15-32.
5. Smith PM, Lakatos A, Barnett SC, Jeffery ND, Fran-
klin RJ. Cryopreserved cells isolated from the adult ca-
nine olfactory bulb are capable of extensive remyelina-
tion following transplantation into the adult rat CNS. Exp 
Neurol. 2002; 176(2): 402-406.
6. Delaviz H, Joghataei MT, Mehdizadeh M, Bakhtiyari 
M, Nobakht M, Khoei S, et al. The effect of fetal olfactory 
mucosa on tissue sparing and locomotor recovery after 
spinal cord hemisection in rats. Yakhteh. 2008; 10(3): 
185-192. 
7. Han SS, Kang DY, Mujtaba T, Rao MS, Fischer I. 
Grafted lineage-restricted precursors differentiate ex-
clusively into neurons in the adult spinal cord . Exp Neu-
rol. 2002; 177: 360-375.
8. Khalatbary AR, Tiraihi T. A comparative study of thera-
peutic benefits of intraspinal and intravenous bone mar-
row stromal cell administration to spinal cord injuries. 
Iran Biomed J. 2009; 13(1): 43-48.
9. Khalatbari AR, Tiraihi T. Localization of bone marrow 
stromal cells in injured spinal cord treated by intrave-
nous route depends on the hemorrhagic lesions in trau-
matized spinal tissues. Neurol Res. 2007; 29(1): 21-26.
10. Rapalino O, Lazarov-Spiegler O, Agranov E, Velan 
GJ. Implantation of stimulated homologus macrophages 
results in partial recovery of paraplegic rats. Nat Med. 
1998; 4: 814-821.
11. Akiyama Y, Radtke C, Honmou O, Kocsis JD. Remy-
elination of the spinal cord following intravenous deliv-
ery of bone marrow cells. Glia. 2002; 39(3): 229-236.
12. Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, 
Multilineage potential of adult human mesenchymal 
stem cells. Science. 1999; 284: 143-147.
13. Steidl U, Kronenwett R, Rohr UP, Fenk R. Gene 
expression profiling identifies significant differences 
between the molecular phenotypes of bone marrow-de-
rived and circulating human CD34+ hematopoietic stem 
cells. Blood. 2002; 99: 2037-2044.
14. Wu SF, Suzuki Y, Ejiri Y, Noda T. Bone marrow stro-
mal cells enhance differentiation of cocultured neuro-
sphere cells and promote regeneration of spinal cord. J 
Neurosci Res. 2003; 72: 343-351.
15. Chen X, Katakovski M, Li Y, LU D, Wang L. Human 
bone marrow stromal cell cultures conditioned by trau-

Yakhteh Medical Journal, Vol 12, No 1, Spring 2010          14

Co-Transplantation of Schwann and Bone Marrow Stromal Cells 

www.SID.ir



Arc
hi

ve
 o

f S
ID

matic brain tissue extracts: growth factors production. J 
Neurosci Res 2002; 69: 687-691.
16. Mahmood A, LU D, Wang L, Li Y, Chopp M. Intrac-
erebral transplantation of marrow stromal cells cultured 
with neurotrophic factors promotes functional recovery 
in adult rats subjected to traumatic brain injury. J Neuro-
trauma. 2002; 19(12): 1609-1617.
17. Bunge, PM Wood. Transplantation of Schwann cells 
and olfactory ensheathing cells to promote regeneration 
in the CNS. Textbook of Neural Repair and Rehabilita-
tion. Cambridge: Cambridge UP; 2006. 513-531. 
18. Pearse DD, Barakat DJ. Cellular repair strategies 
for spinal cord injury. Epert opin Biol Ther. 2006, 6: 639-
652.
19. Oudega M, Xu XM. Schwann cell transplantation for 
repair of the adult spinal cord. J Neurotrauma. 2006; 23: 
453-467.
20. Pears DD, Sanchez AR, Pereira FC, Andere CM. 
Transplantation of Schwann cells and / or olfactory en-
sheathing glia into the contused spinal cord: survival, mi-
gration, axon association and functional recovery. Glia. 
2007; 55: 976-1000. 
21. Takami T, Oudega M, Bates ML, Wood PM. Schwann 
cell but not olfactory ensheathing glia transplants im-
prove hindlimb locomotor performance in the moder-
ately contused adult rat thoracic spinal cord. J Neurosci. 
2002; 22: 6670-6681.
22. Oudega M, Moon LDF, Almeida Leme RJ. Schwann 
cells for spinal cord repair. Braz J med Biol Res. 2005: 
38(6): 825-835.
23. Azizi SA, Stokes D, Augelli BJ, Digirolamo C, Prock-
op DJ. Engraftment and migration of human bone mar-
row stromal cells implanted in the brains of albino rats- 
similarities to astrocytes grafts. Proc Natl Acad Sci USA. 
1998; 95(7): 3908-3913
24. Morrissey TK, Kleitman N, Bunge RP. Isolation and 
functional characterization of Schwann cells derived 
from adult peripheral nerve. J Neurosci. 1991; 11(8): 
2433-2442.
25. Keirstead HS, Morgan SV, Willby MJ, Fawcett JW. 
Enhanced axonal regeneration following combined de-
myelination plus Schwann cell transplantation therapy in 
the injured adult spinal cord. Exp Neurol. 1999; 159(1): 
225-236.
26. Kim SM, Chang JW, Lee JH. The most appropriate 
antimitotic treatment of Ara-C in Schwann cell-enriched 
culture from dorsal root ganglia of new born rat. Oral 
Maxillofac Surg. 2006; 32(1): 42-51.
27. Koga H, Shimaya M, Muneta T, Nimura A, Morito T, 
Hayashi M, et al. Local adherent technique for transplant-
ing mesenchymal stem cells as a potential treatment of 
cartilage defect. Arthritis Res ther. 2008; 10(4): R 84.
28. Li Y, Chen J, Choop M. Adult bone marrow transplan-
tation after stroke in adult rats. Cell Transplant. 2001; 
10(1): 31-40.
29. Zurita M, Vaquero J. Bone marrow stromal cells can 
achieve cure of chronic paraplegic rats: functional and 
morphological outcome one year after transplantation. 
Neurosci Lett. 2006; 402: 51-56.
30. Himes BT, Neuhuber B, Coleman C, Kushner R, 
Swanger SA, Kopen GC, et al. Recovery of function fol-
lowing grafting of human bone marrow-derived stromal 
cells into the injured spinal cord. Neurorehabil Neural 
Repair. 2006; 20: 278-296.

31. Chopp M, Zhang XH, Li Y, Li W, Wang L, Lu D, et 
al. Spinal cord injury in rat: treatment with bone marrow 
stromal cell transplantation. Neuroreport. 2000; 11(13): 
3001-3005.
32. Hofstetter CP, Schwarz EJ, Hess D. Widenflak J, El 
Manira A, Prockop DJ, et al. Marrow stromal cells form 
guiding strands in the injured spinal cord and promote 
recovery. Proc Natl Acad Sci USA. 2002; 99(4): 2199-
2204.
33. Isele NB, Lee HS, Landshamer S, Strube A, Pa-
dovan CS, Plesnila N, et al. Bone marrow stromal cells 
mediated protection through stimulation of p13-k/Akt 
and MAPK signaling in neurons. Neurochem Int. 2007; 
50: 243-250.
34. Song S, Kamath D, Mosquera T, Zigova T, Sanberg 
P, Vesely DL, et al. Expression of brain natriuretic peptid 
by human bone marrow stromal cells. Exp Neurol. 2004; 
185: 191-197.
35. Yano S, Kuroda S, Shichinohe H, Seki T, Ohnishi 
T, Tamagami H, et al. Bone marrow stromal cell trans-
plantation preserves gamma aminobutyric acid receptor 
function in the injured spinal cord. J Neurotrauma. 2006; 
23: 1682-1692.
36. Suzuki H, Taguchi T, Tanaka H, Kataoka H, Li Z, Mu-
ramatsu K, et al. Neurospheres induced from bone mar-
row stromal cells are multipotent for differentiation into 
neuron, astrocyte, and oligodendrocyte phenotypes. 
Biochem Biophys Res Commun. 2004; 322: 918-922.
37. Lee JB, Kuroda S, Shichinohe H, Ikeda J, Seki T, 
Hida K. Migration and differentiation of nuclear fluores-
cent-labeled bone marrow stromal cells after transplan-
tation into cerebral infarct and spinal cord injury in mice. 
Neuropathology. 2003; 23: 169-180.
38. Ohta M, Susuki Y, Noda T, Ejiri Y, Dezawa M, 
Kataoka K, et al. Bone marrow stromal cells infused into 
the cerebrospinal fluid promotes functional recovery of 
the injured rat spinal cord with reduced cavity formation. 
Exp Neurol. 2004; 187: 266-278.
39. Bjorklund A, Linvall O. Cell replacement therapies 
for central nervous system disorders. Nat Neurosci. 
2000; 3: 537-544.
40. Asim M, LU D, Wang L, Michael C. Intracerebral 
transplantation of marrow stromal cells cultured with 
neurotrophic factors promote functional recovery in 
adult rats subjected to traumatic brain injury. J Neuro-
trauma. 2002; 19: 1609-1617.
41. Chen X, Katakowski M, Li Y, Lu D, Wang L, Zhang L, 
et al. Human bone marrow stromal cell cultures condi-
tioned by traumatic brain tissue extracts: growth factors 
production. J Neurosci Res. 2002; 69: 687-691.
42. Wang L, Li Y, Chen J, Subhash G,Zhang Z, Lu M, 
Michael C, et al. Ischemic cerebral tissue and MCP-1 
enhance rat bone marrow stromal cell migration in inter-
face culture. Exp Hematol. 2002; 30: 831-836.
43. Feng SQ, Kong XH, Guo SF, Wang P, Li L, Zhong 
JH,et al. Treatment of spinal cord injury with co-grafts 
of genetically modified Schwann cells and fetal spinal 
cord cell suspension in the rat. Neurotoxin Res. 2005; 
7: 169-177.
44. Feng SQ, Zhou XF, Rush RA, Ferguson IA. Graft of 
pre-injured sural nerve promotes regeneration of corti-
cospinal tract and functional recovery in rats with chron-
ic spinal cord injury. Brain Res. 2008; 1209: 40-48.
45. Tuszynski MH, Weidner N, McCormack M, Miller 

Joghataei et al.

15

www.SID.ir



Arc
hi

ve
 o

f S
ID

I, Powell H, Conner J. Grafts of genetically modified 
Schwann cells to the spinal cord: survival, axon growth, 
and myelination. Cell Transplant. 1998; 7: 187-196.
46. Mirsky R, Jessen KR, Brennan A, Parkinson D, Dong 
Z, Meier C, et al. Schwann cells as regulators of nerve 
development. J Physiol Paris. 2002; 96: 17-24.
47. Ban DX, Kong XH, Feng SQ, Ning GZ, Chen JT, 
Guo SF. Intraspinal cord graft of autologous activated 

Schwann cells efficiently promotes axonal regenera-
tion and functional recovery after rat’s spinal cord injury. 
Brain Res. 2009; 1256: 149-161.
48. Firouzi M, Moshayedi P, Saberi H, Mobasheri H, 
Abolhassani F, Jahanzadi I, et al. Transplantation of 
Schwann cells to subarachnoid space induces repair 
in contused rat spinal cord. Neurosci Lett. 2006; 402: 
66-70.

Yakhteh Medical Journal, Vol 12, No 1, Spring 2010          16

Co-Transplantation of Schwann and Bone Marrow Stromal Cells 

www.SID.ir


