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Abstract. – AIM: The aims of this study are
to investigate the effects of co-transplantation
Bone Marrow Stromal Stem Cells (BMSCs) and
Schwann Cells (SCs) in treating rat traumatic
brain injury (TBI), the migration of BMSCs in the
brain, and whether co-transplantation treatment
is superior to single transplantation.

MATERIALS AND METHODS: Superparamag-
netic iron oxide (SPIO) labeled BMSCs and SCs
were transplanted and co-transplanted into the
rats with TBI. The neurological functions of the
rats were evaluated by the NSS (Neurological
Severity Score) at day 3, 7, 14, and 30. Moreover,
7.0T MRI (Magnetic Resonance Imaging) scan
was conducted in order to observe the migration
of the labeled BMSCs.

RESULTS: MRI scan showed that when SPIO
labeled BMSCs were injected into the brain,T2WI
(weighted image) showed low signals and these
low signals migrated toward the lesion. The
speed of migration was faster in the co-trans-
plantation group than in the single transplanta-
tion group. NSS results showed that the progno-
sis was better in the co-transplantation group
than in the single transplantation group at day
14 after injection.

CONCLUSIONS: The co-transplantation of BM-
SCs and SCs showed faster cell migration and
better prognosis in rat TBI.
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Introduction

Traumatic brain injury (TBI) brings very high
morbidity and mortality. The resulting neurologi-
cal deficits are the main contributors of disability
and the high morbidity and mortality pose a seri-
ous burden to the family and the community1-3.
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Bone marrow stromal cells (BMSCs) are stem
cells in the mammalian bone marrow other than
hematopoietic stem cells. BMSCs are pluripotent
cells, which can differentiate into bone, fat, and
neurons. Nowadays, BMSCs has become the re-
search focus of stem cell transplantation due to
the facts that these stem cells can easily be ob-
tained, cultured and expanded in vitro, BMSCs
show low immunogenicity, and the donor can be
the patient himself4-7. Schwann cells (SCs) are
glial cells presenting in the peripheral nerve. It
can support and provide nutrition to peripheral
nerve8,9. In recent years, it has been found that af-
ter peripheral nerve injury, Schwann cells prolif-
erate and secrete large amounts of neurotrophic
factor to promote neurite growth and support the
growth of nerve cells, thus, playing a pivotal role
in creating the friendly environment for the dam-
aged nerves8,9.

In this study, we investigated the efficacy of
BMSCs combined with SCs transplantation in
rats with brain injury and observed the cell mi-
gration in the brain. We also explored the advan-
tage of combined transplantation in comparison
to single transplant of BMSCs and SCs.

Materials and Methods

Experimental Animals
In this study, we used 8 weeks old 55 adult

male inbred healthy Sprague Dawley (SD) rats
with the weight range 200 to 250 g. The animals
were purchased from the Experimental Animal
Center of Southeast University School of Medi-
cine, Nanjing, China and all were housed in the
Experimental Animal Center of our institute. The
study protocol was approved by our Institutional
Animal Care and Use Committees.
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Isolation and Culture of Bone Marrow
Mesenchymal Cells

Bone marrow cells were isolated from the rat
femur and rinsed in complete medium. The cell
suspension was collected and centrifuge at 1000
rpm/min for 5 minutes. The pellet was resus-
pended in Dulbecco’s Modified Eagle Medi-
um/Nutrient Mixture F-12 (DMEM/F12) culture
medium (Hyclone, Logan, UT, USA) and the
cells were seeded in a 25 cm² flask and cultured
at 37°C, and at 5% CO2 in an incubator for 48h.
Half of the media were changed after 48h. After
7 days of culturing, when the confluence reaches
to 80-90%, the cells were passaged10.

Isolation and Culture of Schwann Cells
The neonatal SD rat sciatic nerve was isolated

and the epineurium and perineurium was extract-
ed as much as possible and then were cut into ap-
proximately 1 mm size fragments for digestion
using 0.25% trypsin (Sigma-Aldrich, St Louis,
MO, USA), then, subsequently digested with col-
lagenase I (Sigma-Aldrich, St Louis, MO, USA).
After centrifugation and washing, the cells were
cultured using the DMEM/F12 culture medium
at 37°C, and at 5% CO2 in an incubator for 48h.
All of the media were changed after 48h. After 7
days of culturing, when the confluence reaches to
80-90%, the cells were passaged. SCs undergone
differential adhesion, cytarabine inhibition and
trypsin digestion were identified using S-100 an-
tibody (Beijing Sequoia Jinqiao Biological Tech-
nology Co., Ltd., China) coat staining.

SPIO Labeling of the Cells
The serum-free DMEM/F12 culture medium

was added by 50 µg/ml superparamagnetic iron
oxide (SPIO) (Feridex, Fe concentration 4
mg/ml, Sigma-Aldrich, St Louis, MO, USA) and
1.5 µg/ml of poly-L-lysine (PLL) (Sigma-
Aldrich, St Louis, MO, USA). After oscillation
for 60 minutes at room temperature, equal vol-
umes of DMEM/F12 and fetal bovine serum
(FBS) were added to make the final concentra-
tions 25 µg/ml of SPIO, 0.75 µg/ml of PLL and
10% FBS. The above media was added to the
third generation BMSC and the cells were placed
at 37°C, and at 5% CO2 in an incubator for 48h.

Experimental Procedure and
Animal Grouping

The rats were anesthetized by intraperitoneal
injection of 10% chloral hydrate (Shanghai Ling
Feng chemical Reagent Co. Ltd.) at the rate of

0.3 g/kg body weight. A 5 mm diameter round
bone window was created located at 1.5 mm pos-
terior to the coronal suture and 2.5 mm lateral to
the midline using an abrasive drill. The cerebral
dura mater was kept integrated. The cerebral con-
tusion (traumatic brain injury, TBI) was created
using a disinfected ram placed on the cerebral
dura mater which was impacted by a 20 g weight
fallen from 20 cm height.

50 SD rats were randomly divided into five
groups with 10 rats in each group. Group A
(sham operation group): Only skull windows
were created, without free-fall impact damage,
and no any cell transplantation was given to this
group. Group B (Non transplantation group): TBI
with free-fall impact damage and no cell trans-
plantation after TBI. Group C (Culture media
group): TBI with free-fall impact damage and the
rats were transplanted only with pure medium.
Group D (Single transplantation group): TBI
with free-fall impact damage and the rats were
transplanted with SPIO-labeled BMSCs after
TBI. Group E (Co-transplantation group): TBI
with free-fall impact damage and the rats were
co-transplanted with Schwann cells and SPIO-la-
beled BMSCs after TBI. 48 hours after TBI mod-
el was established, successful rats with the TBI
model were selected (NSS score ≥ 9 points at 24
hours after TBI), and the contralateral parietal
cortex was injured to receiving the cell transplan-
tation. In group C, 10 µl DMEM/F12 medium
was injected for 5 min and the needle was placed
in site for another 5 min, and then slowly pulled
out. In D group, 10 µl BMSCs (1×105/µl) was in-
jected for 5 min and a needle was placed in site
for another 5 min, and then slowly pulled out. In
E group, 5 µl BMSCs (1×105/µl) and 5 µl SCS
(1×105/µl) were mixed and injected within 5 min
and the needle was placed in site for another 5
min and then slowly pulled out.

The Behavioral Score
After Transplantation

The measurement of behavioral score is re-
ferred to the Mahmood method11 the nervous sys-
tem disease severity was scored using NSS (Neu-
rological Severity Score) evaluation of the neuro-
logical function. Before scoring, rats were
trained according to the NSS scoring system and
the rats with 0 score were selected as normal rats.

Statistical Analysis
The Student t-test was performed to compare

quantitative variables between groups. p values
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Figure 1. The observation
of SPIO labeled BMSCs.
A, Microscopic view of
SPIO labeled BMSCs
(400X). B, After centrifu-
gation, SPIO labeled BM-
SCs deposited at the bot-
tom of centrifugation tube
shows brownish yellow
color.

The NSS Score of TBI in Rats
The NSS (Neurological Severity Score) scor-

ing was conducted at time points of before trans-
plantation, 3 days, 7 days, 14 days, and 30 days
after transplantation in each group. Our results
demonstrated a significant difference of NSS
scores in group A which were significant lesser
(p < 0.01) as compared to scores in groups B, C,
D, and E at all time frames. In addition, the
scores before and after transplantation were also
significantly different (p < 0.01) in group B, C,
D, and E. The NSS score before transplantation
was lower than it at day 3 after transplantation.
The scores of 3 to 30 days after transplantation
showed a decreasing trend. The NSS scores at 21
days and 30 days after transplantation in group D
and E were lower (p < 0.01) than the counterpart
in group B and C. At 30th day, the NSS score in
group E was significantly lower (p < 0.01) than it
in group D (Table I).

MRI Dynamic Observations
MRI examination was conducted in rats in

group D and E at day 3, 7, 14 and 30 after trans-
plantation. The rat MRI imaging at day 3 showed
a needle tract in the left side cortex, which leaded
to the bottom of cortex in both D and E groups.
At the end of the needle tract, a round low signal
area was seen. The brain tissues at the right in-
jury side were swelling. T2 showed high signal
(Figure 3). At day 7, the round low signal area
showed right migration and in T2, the surround-
ing area presented as a ring form high signal. The
T2 high signal range at the right hemisphere (in-
jured side) was expanded than before. The brain
swelling had no significant change. The high sig-
nal of the surrounding area of the cell transplan-
tation underneath the needle tract decreased at 14

less than 0.05 were considered significant. Statis-
tical analysis was performed by using SPSS 15.0
software (SPSS Inc., Chicago, IL, USA).

Results

SPIO Labeled Bone Marrow
Mesenchymal Cells

Microscopic observations of SPIO-labeled
BMSCs showed scattered brown particles in the
cytoplasm with good refractive index. These
brown particles were distributed surrounding the
nucleus (Figure 1A). After digestion and cen-
trifugation, cells deposited at the bottom of the
centrifugation tube and showed brownish yellow
color (Figure 1B).

Schwann Cell Morphology
Microscopic observation of 24h cultures of

primary SCs showed scattered cord-like or
sausage-like tissues in the cytoplasm. Visible
Ranvier junctions were also observed in this cul-
ture. 72h after culture, the tissue surrounding
contour disappeared, from which a large number
of bipolar-shaped or spindle-shaped cells
climbed out. Cells were featured by large nucleus
and small cytoplasm. At the 7th day after culture,
cells were merged and arranged in parallel and
covered 80% area of the bottom. Cells were pas-
saged at this moment. When cells were cultured
to the third generation, cells were fusiform like
and the arranged cells are either in parallel or in a
spiral shape (Figure 2A). Staining by S-100 anti-
body showed that the cytoplasm and membrane
were stained by green fluorescent in more than
90% of the cells, suggesting that these cells were
S-100 positive cells (Figure 2B).
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days. The low signal of the central area increased
with fuzzy boundaries (Figure 3). Moreover, low
signals appeared in the corpus callosum area
with a trend to migrate to the contralateral hemi-
sphere. In contrast, the area of the contralateral
high signal reduced. Although the clump signal
underneath the needle tract was increased at 30th

day than before, and it showed still a low signal.
Furthermore, this signal migrated to the con-
tralateral damage area along the corpus callosum
(Figure 3). The distances of cell migration
showed no difference in group D and E at day 3
and 7. However, at day 14 and 30, the distance of
cell migration was longer (p < 0.01) in group E
than in group D with a significant statistical dif-
ference (Table II).

Discussion

The incidence of traumatic brain injury (TBI)
showed an increasing trend worldwide and TBI
has become the major cause of death in patients

with multiple traumas. The clinical rehabilitation
treatments include the hemiplegic limb rehabili-
tation training, acupuncture, and hyperbaric oxy-
gen. Ever since the stem cells theory has been
proposed, more and more work is under progres-
sion in stem cell research12,13.

The present study demonstrates that the co-
transplantation of BMSCs and SCs into the TBI
model of rats can improve functional recovery
and also leads to the development of mechanical
allodynia. Our histological findings confirmed
the contusion model of injury had worked in the
expected manner. SPIO is highly paramagnetic
and an MRI, SPIO significantly shortens the T2
relaxation time. In T2WI images, the SPIO distri-
bution shows as reduced signals. In this study, we
labeled BMSCs with SPIO and transplanted cells
with and without co-transplantation of SCs into
the brain in the TBI rat model and their migration
were observed. Moreover, a 7.0T magnetic reso-
nance scanner was adopted. It has unique advan-
tages including: (1) It has a high magnetic field
and gradient field strength, and the highest spa-

Figure 2. Morphology
of SCs (X 400). A, 3rd
generation of SCs
show fusiform like
cells, which arrange ei-
ther in parallel or in a
spiral shape. B, Im-
munofluorescence in
SCs stained by S-100
antibody.

After transplantation
Before

Groups transplantation 3d 7d 14d 30d

A (Sham operation group) 0 0 0 0 0
B (Non transplantation group) 12.70 ± 1.00a 13.90 ± 0.99a 11.10 ± 0.90a 6.80 ± 1.00a 4.90 ± 1.09a

C (Culture media group) 12.60 ± 0.93a 13.80 ± 1.02a 11.00 ± 0.83a 7.00 ± 0.90a 5.00 ± 1.00a

D (Single transplantation group) 12.60 ± 0.92a 13.80 ± 0.99a 11.20 ± 0.81a 6.90 ± 0.99a 4.00 ± 0.85a,b

E (Co-transplantation group) 12.70 ± 1.01a 13.90 ± 1.01a 10.90 ± 0.94a 6.90 ± 0.99a 3.00 ± 0.77a,b,c

Table I. The comparison of NSS scores before and after transplantation in each group of rats (X ± SD, n=10/group).

aThe difference is significant compared with the sham operation group (p < 0.01); bThe difference is significant compared with
the non transplantation group and culture media transplantation group (p < 0.01); cThe difference is significant compared with
the single transplantation group (p < 0.01).
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tial resolution can be up to 10 µm. (2) High sen-
sitivity. (3) In animal experiments, it can cover
almost all of the remaining magnetic resonance
imaging sequences and has better results in cell
tracking14-16.

In this work, the imaging of MRI is satisfied.
Experimental studies have shown that after the
BMSCs transplanted into the contralateral side of
brain tissue injury in a TBI rat model, the trans-
planted cells migrated to damage brain tissue and
differentiate into nerve cells. However the migra-
tion speed is unsatisfactory. Established TBI
models cause local brain tissue, neurons, and
nerve fibers primary and secondary injury. Neu-
rons have limited regenerative capacity, plus the
generation of the growth inhibitory factor and the
formation of glial scar, which greatly limits the
growth of axons. Therefore, the traditional treat-
ment is not ideal. The purpose of previous neural
stem cell transplantation is to replace the lost
neuronal cells and to connect the injured nerves

in order to perform the function of conducting
nerve impulses. The local microenvironment af-
ter neural stem cell transplantation plays an im-
portant role in the prognosis, especially impor-
tant for the support, protection and nutrition of
the implanted cells. Moreover, the adverse envi-
ronmental impact surrounding implanted cells
needs to be inhibited in order to let the cells mi-
grate to the target site.

SCs are glial cells surrounding the peripheral
nerve myelin. They participate in the repair of
peripheral nerves. Experimental studies show
that after transplanting into the central nervous
system, SCs have functions including migration,
adhesion, differentiation, production of extracel-
lular matrix and secretion of a variety of neural
factors and bioactive substances. Moreover, they
can also induce neuronal growth cones and inhib-
it the formation of glial scar. How to guide the
implanted stem cells quickly migrate to the target
site is the difficulty in current stem cell trans-

Figure 3. A, MRI kinetic observations. A, MRI observations at day 3, 7, 14, and 30 in group D (Single transplantation).
B, MRI observations at day 3, 7, 14, and 30 in group E (Co-transplantation).

After transplantation

Groups 3d 7d 14d 30d

D (Single transplantation group) 0.03 ± 0.04 0.16 ± 0.06 0.49 ± 0.17 2.14 ± 0.22
E (Co-transplantation group) 0.02 ± 0.04 0.18 ± 0.07 0.79 ± 0.22a 3.19 ± 0.33a

Table II. The comparison of the distances of cell migration between single treatment and co-transplantation groups (X ± SD,
n=10/group).

aThe difference is significant compared to single transplantation group (p < 0.01).



plantation. The longer the distance of migration,
the lower the cell viability and the worse will be
the effect of transplantation. Recent studies
showed that Schwann cells can secrete nerve
growth factor-Slit. Brain astrocytes will retract
their protrusions in response to this factor, and let
out a channel for stem cells, therefore, playing an
important role in the growth of neurite and cell
migration17,18.

Conclusions

In this report, we demonstrate that the cell mi-
gration speed is faster in bone marrow mes-
enchymal cell combined with a Schwann cell
transplantation group than in the single bone
marrow mesenchymal cell transplantation group.
These results build up the foundation for the fur-
ther study of bone marrow mesenchymal cells
combined with Schwann cells transplantation in
treating brain injury. It is worth to further explore
the relationship between Schwann cells and the
migration of mesenchymal cells in brain and
brain injury repair.
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