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a b s t r a c t

The aim of this present study is to evaluate the therapeutic effect of co-transplantation of neuregulin-
1-transfected-Schwann cells (SCs) and bone marrow stromal cells (BMSCs) on a rat model of spinal
cord hemi-section injuries (Brown–Séquard syndrome), which is relevant to human clinical spinal cord
injury. Both in vivo and in vitro data we received demonstrated that co-transplantation BMSCs with NRG1-
eywords:
euregulin-1
chwann cells
one marrow stromal cells
o-transplantation

transfected SCs reduced the size of cystic cavities, promoted axonal regeneration and hind limb functional
recovery in comparison with SCs or BMSCs transplantation alone or together, and this treatment could
provide important insights into potential therapies of spinal cord hemi-section injuries.

© 2011 Elsevier Ireland Ltd. All rights reserved.
pinal injury

njury to the adult mammalian spinal cord results in a non-
ermissive environment for the regeneration of axons in lesion [3],

eading to only partial recovery of axons. One potential strategy
or promoting axonal regeneration after injury is the implantation
f autologous Schwann cells to support and guide axonal growth.
eurotrophic factors alone, as well as combined with Schwann cell
rafts, could further amplify axonal growth and extension after
njury [5]. Neuregulin 1 (NRG1), a neuronal growth factor for myeli-
ation, is essential for glial or neuronal survival, the proliferation
f SCs and their terminal differentiation [5,10]. Disruption of NRG1
ignaling leads to an almost complete loss of SCs and of the neu-
ons that they support [13]. ErbB proteins, including ErbB1, ErbB2,

rbB3, ErbB4, are neuregulin receptors, which are expressed on the
urface of SCs. NRG1, which binds on ErbB2, could elevate levels of
rbB2 receptor and responsiveness to NRG1 [8,9]. Researches lately
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have reported that the transplantation of SCs derived from bone
marrow stromal cells in vitro effectively promoted the regenera-
tion of lesioned sciatic nerves and damaged axons and hindlimb
functional recovery in completely transected adult rat spinal cord
[12]. The aim of this study is to evaluate the efficacy of NRG1-
transfected-SCs and bone marrow stromal cell co-transplantation
in therapy for spinal cord hemi-section injuries. And here we show
that transplantation of NRG1–SCs–BMSCs exert much more effec-
tive axonal regeneration and functional recovery in rat spinal cord
hemi-section injuries compared with SCs–BMSCs transplantation
and other control groups, implying a promising strategy for injured
spinal cord therapy.

WISTAR rats (4–6 weeks old, 50 males and 50 females) were
divided randomly and used for model of spinal cord hemi-section
injury. Ten Wister rats, 1–2 and 2–4 weeks old were used for
BSMCs and SCs preparation, respectively. Animals were provided
by the animal center of the Harbin Medical University of China and
maintained under specific-pathogen-free conditions at 21 ± 2 ◦C
and 45 ± 5% humidity. All animal handling and experimental pro-
cedures were performed in accordance with the guidelines of the
Care and Use of Laboratory Animals published by the China National

Institute of Health.

SCs cultures were established as previous description [6,4] with
some modifications. The dissected nerves were obtained from Wis-
tar rats and treated with an enzyme mixture consisting of 0.125%

dx.doi.org/10.1016/j.neulet.2011.04.045
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Fig. 1. Transfection with NRG1 significantly increased NRG1, ErbB2 expression level in cultured SCs. Culture supernatant or cell lysate were obtained from different cells at
v G1 in
( as the

t
2
c
b
i
p
(
c

d
t
i
c
m
s

(
w
o
f
i

arious time points. NRG1 expression in supernatant was shown in (A) and (B). NR
F). *P < 0.05, #P < 0.01, compared with the NRG1-SCs group. All data were reported

rypsin (Gibco, USA) and 0.08% collagenase type IV (Gibco) for
0 min at 37 ◦C. Then nerve segements were placed onto dishes
oated with a laminin medium, and culture medium was replaced
y BS medium containing DMEM-H (Gibco), 2.5% FBS, 5 �g/mL

nsulin, 0.55 �g/mL transferrin, 0.06 ng/mL progesterone, 16 �g/mL
utrescine, 40 ng/mL sodium selenite, 30 ng/mL T3, 40 ng/mL T4
all from Sigma, USA). Adherent cells were passaged at 70–80%
onfluence.

Bone marrow stromal cells were cultured as previously
escribed [7]. Briefly, total bone marrow cells were flushed out of
he femurs and tibias of 1–2 weeks old Wister rats. After 2 wash-
ngs by PBS, cells were planted onto plastic culture dishes at a final
oncentration of 1 × 106 nucleated cells per mL in BMSCs culture
edium (Cyagen Biosciences Inc.). Adherent cells after 4–6 pas-

ages were used for next procedure.
A mixture consisting of 94 �L DMEM, 6 �L FuGen6 reagent

Roche, Inc. USA) and 3 �L pLNCX2-NRG1 or pLNCX2-GFP (1 �g/�L)

as gently mixed, and placed at RT for 20 min. 1 × 106 SCs cultured

n 90 mm petri dish a day before were incubated with this mixture
or 6 h, then refreshed the culture medium by BS medium contain-
ng 10% FBS. After 48 h, G418 was added in culture medium and
lysate was depicted in (C) and (D). While ErbB2 in cell lysate was shown in (E) and
mean ± SD of triplicates of independent experiments.

SCs were cultured at 5% CO2, 37 ◦C. At the same time, GFP trans-
fected cells were checked to determine the transfected efficiency.
After 1 week, stable transfected SCs were used for in vivo or in vitro
experiments.

Supernatants of NRG1-transfected SCs and protein of cell lysates
of different time point were collected and the concentration of
NRG1 as well as ErbB2 was determined by ELISA (USCNLIFE).

PKH 26 (Sigma)-labeled BMSCs (1 × 106 cells/mL) were co-
cultured on 12 well plate, meanwhile TranswellTM insert (3 �m
pore size, Corning) were put into each well and equal propor-
tion of either SCs or NRG1-SCs (1 × 106 cells/mL) were seeded in
it. Seven days later BMSCs were programmed for immunofluores-
cence staining for NSE; GFAP or S-100 (all from Sigma). All the
images were obtained under a fluorescence microscope (Nikon 80I,
Japan).

Spinal cord hemi-section injuries were performed in rats deeply
anesthetized and a laminectomy was performed at the T8 level.

Confirmation of a complete hemi-section was determined by spas-
tic swinging of the rat tail and the retraction and flutter of the
ipsilateral leg. Rats only undergoing Lamina Removal, but without
spinal cord hemi-section were used for control.

Ken
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Fig. 2. In direct co-culture of NRG1-SCs and BMSCs increased the differentiation of BMSCs in vitro. PKH26 (red) labeled BMSCs were indirect incubated with or without
NRG1-SCs or SCs for 7 days. Then cells were fixed and stained with anti-NSE (A, D, G), anti-GFAP (B, E, H) or anti-S100 (C, F, I) antibody followed by FITC-conjugated secondary
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ntibodies. All sections were counter stained with DAPI (blue). Three colors overla
up-left small photos) magnification.

The BBB [1] scale is a valid and predictive measure of loco-
otor recovery. The scale used for measuring hindlimb function

rom a score of 0, indicating no spontaneous movement, to a max-
mum score of 21, with an increasing score indicating the use of
ndividual joints, coordinated joint movement, coordinated limb

ovement, weight-bearing, and other functions. Rats were eval-
ated according to BBB locomotive rating scale every day by four
linded observers, until 8 weeks after cell transplantation.

Seven days after injury, rats scoring less than 4 BBB score eval-
ation were randomly divided into six groups and accepted cell
ransplantation. Cells were injected at three sites using a glass

icropipette (1 mm deep into the medial and 0.5 mm into both
ides of the injury site, 5 �l each site). The total number of cells each
ats received was 3 × 105 (equal ratio for two types of cells). Each rat
as administered immunosuppressant cyclosporine (2.5 mg/kg,
ovartis) i.p. after transplantation.

Rats were anaesthetized and cortical somatosensory evoked
otentials (SEP) were recorded using keypoint electromyogram
voked potential diagnostic apparatus (Medtronic, USA). Dipole
urface stimulating electrode was placed on the surface of the tibial
erves in the posterior limb of the surgical side. The collecting elec-
rode was placed on subcutaneous tissue in the rear edge of the ear
eside the sagittal line. Reference electrode was placed on the cor-
esponding area in the front edge of the ears. The optimal stimulus
ntensity was defined as the current intensity that evoked a slight

rembling of the hind toe. The data obtained included a wave curve
ecording of the latency and amplitude of somatosensory evoked
otentials. The latency and amplitude response was converted into
elocity as a measure of spinal cord dysfunction.
double positive cells were shown in yellow. Images were captured at 200 or 400

Four weeks following cell transplantation, four rats in each
group were randomly selected and sacrificed. About 2 cm of the
spinal cords covering the injured segment were collected, paraffin-
wax embedded, sliced (6 �m) and stained with hematoxylin and
eosin (HE). Anti-NF-200 (1:100, Sigma) was also stained on dupli-
cated section and visualized using HRP labeled second antibody and
DAB.

Four weeks after cell transplantation, four rats in each group
were randomly selected and anaesthetized. MRI scanning was per-
formed using Siemes Magnetom Avanto1.5 T MRI imaging system.
The surface coils and ventricumbent position were employed and
the scanning center was focused on the injured areas of the spinal
cord. FSE sequential sagittal scanning was performed for imaging
(TR/TE = 400 ms/13 ms; 512 × 512).

BBB scale scores were analyzed using one-way ANOVA test and
LSD pairwise comparison. The results of the ELISA experiments
were analyzed by Dunnett test. Data were analyzed using SPSS.

At 48 h after transfection, NRG1 expression was slightly higher
in supernatant of NRG1-transfected SCs, and statistical significance
was observed at the end of 72 h incubation (P < 0.05, Fig. 1A). NRG1
in cell lysate of NRG1-transfected SCs had a similar increasing trend
as that in supernatants (Fig. 1C). Besides, a slight increase of ErbB2
level in cell lysate of NRG1-transfected SCs was observed at 24 h
after transfection, and significant elevation of ErbB2 expression
also appeared at the end of 72 h incubation (Fig. 1E, P < 0.05, com-

pared with other groups). High levels of NRG1 and ErbB2 expression
continued for weeks (Fig. 1B, D and F).

Seven days after indirect contact co-culture of BMSCs and
NRG1-SCs in transwell system, there was a greater percentage of



J.F. Zhang et al. / Neuroscience Letters 497 (2011) 128–133 131

Fig. 3. Percentages of differentiated BMSCs in indirect co-culture system with
NRG1-SCs or SCs. Differentiated BMSCs expressed NSE, GFAP or S100 were counted
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Fig. 4. Hematoxylin–eosin (HE) staining and nuclear magnetic resonance imaging
on spinal cord section. Four weeks after cell transplantation, spinal cord of rats
were collected, sliced and stained with H&E for evaluation of cystic cavities (100×).
Healthy rats were prepared as control (A*). Cystic cavity formations (arrows pointed)
were observed in the gray matter 4 weeks after treatment with DMEM (B*), SCs (C*),
BMSCs (D*), NRG1-SCs (E*), BMSCs-SCs (F*) and BMSCs-NRG1-SCs (G*). MRI was also
used to image the spinal cords. (A) Healthy rats; (B) DMEM-treated, a low T1 signal,
similar to that of cerebrospinal fluid; (C) SC-transplanted; (D) BMSC-transplanted;
(E) NRG1-SC-transplanted; (F) SC-BMSC-transplanted groups presented a long and
uniform T1 signal with clear boundaries; (G) NRG1-SC-BMSC-transplanted showed
no abnormal signals. There were heterogeneous signals in mid-thoracic spinal cords,
n each section. Statistical data were obtained from 3 independent experiments, and
esults were expressed as the mean ± SD. *P < 0.05, compared with the SCs group.

ifferentiated BMSCs with the positive expression of NSE (neuron
arker), GFAP (astrocyte marker) or S-100 (Schwann cell marker)

Fig. 2A–C), as compared with the BMSCs and SCs co-culture group
Fig. 2D–F). Natural differentiation of BMSCs (Fig. 2G–I) were used
s control groups. Positive cells were counted on each section and
ata were shown in Fig. 3. All these data indicated that BMSCs indi-
ect co-culture with NRG1-SCs was associated with a significant
ncrease in the differentiation of neuron-like cells.

HE staining was performed 4 weeks after transplantation for
valuating efficacy of cell transplantation for tissue sparing after
njury. Horizontal sections of the injured animals treated with
MEM lost normal tissue construction showing encephalomalacia

oci and large cystic cavities (Fig. 4B*). In groups treated with SCs
Fig. 4C*), BMSCs (Fig. 4D*), NRG1-SCs (Fig. 4E*), and SCs–BMSCs
Fig. 4F*), the area of cystic cavity were significantly fewer and
maller than that of DMED treated group. Nearly no cystic cavities
ere seen in NRG1–SCs–BMSCs-treated group (Fig. 4G*). Normal

pinal cord was prepared as control (Fig. 4A*).
Four weeks after cell transplantation, thoracic injured spinal

ords were imaged using MRI. A low T1 signal intensity (Fig. 4B,
rrows indicated) was similar to that of cerebrospinal fluid on MRI
n the DMEM-transplanted group, suggesting a formation of mala-
ia lesions and a continuous interruption of the epithelium and
uscle tissue in the injured spinal cord. The spinal cord morphol-

gy of the SC-, BMSC-, NRG1–SC- and SC–BMSC-treated groups was
ormal, although a long and uniform T1 signal with clear bound-
ries were detected (Fig. 4C–F), indicating that the injured spinal
as not fully restored. In the NRG1–SC–BMSC-treated group, no

bnormal signals within the spinal cord were detected (Fig. 4G).
here were heterogeneous signals in all mid-thoracic spinal cords,
here the surgery took place.

Before injury, hindlimbs of all rats were scored at 21 points
normal). After injury, the ipsilateral hind limb was paralyzed,
ith a BBB score of 0-1 points. The scores gradually increased

fter cell transplantation. There were significant differences among
RG1–SCs–BMSCs group and other groups 6 weeks after cell

ransplantation (Fig. 5H). This phenomenon indicated apparently
herapeutic effects of NRG1–SCs–BMSCs transplantation.

Somatosensory evoked potential is a test showing the electrical
ignals of sensation going from the body to the brain. All injured rats
ad the same low amplitude and long latency. Varied degree of ele-
ated amplitude and shortened latency were recorded in different

roups 4 weeks after different cell transplantation and maintained
t the end of 8 weeks and the most obvious changes were received
n BMSCs–NRG1–SCs transplantation group, indicating a best ther-
peutic effect of BMSCs–NRG1–SCs (Table 1).
where the surgery took place. Arrows indicated the unequal T1 signals.

Given the fact that neurofilament 200 (NF-200) plays impor-
tant roles in neuronal axons and recovery after injury [11], we
examined the number and distribution of NF-200 after cells trans-
plantation in all groups. Eight weeks after cell transplantation,
highly significant increase in NF-200 immunoreactivity appeared

in the NRG1–SCs–BMSCs group in comparison with other groups
(Fig. 5A–G).
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Fig. 5. NF-200 expression increased in the spinal cord section following cell transplantation and evaluation of BBB scores. Spinal cord horizontal sections were collected from
DMEM group (A), SC group (B), BMSC group (C), NRG1-SCs group (D), BMSCs-SCs group (E) or BMSCs-NRG1-SCs group (F) 8 w after cell transplantation. NF-200 expression
was detected by immunohistochemistry. Pictures were captured at 200× magnification. Arrows indicated the NF-200 positive objects. Positive objectives (shown in brown)
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ere counted on each section by group blinded observers and results were express
as observed by group blinded observers and given scores according BBB scale onc

H). *P < 0.05, compared with NRG1-SCs-BMSCs group. All data were reported as me

In our study, we compared therapeutic effects of co-
ransplantation of different combination of cells on rat spinal cord
emi-section injuries, and found that NRG1–SC and BMSCs co-
ransplantation group indicated a significantly improved hindlimb
unction (BBB scores) than that of SCs–BMSCs and other groups.
esults from histological, immunohistochemical, MRI, SEP latency
nd amplitude assessments were also confirmed the recovery

bserved in BBB scores. In vitro experiments, we co-cultured BMSCs
nd SCs in indirect contact system and found that NRG1 trans-
ected SCs could elevate the differentiation rate of BMSCs into NSE

able 1
he SEP latency and amplitude of different groups before operation and after cells
ransplantation (ms, uv n = 6x ± s).

Pre-operation 4 weeks after
cells-trans

8 weeks after
cells-trans

Latency
DMEM 2.61 ± 0.10 10.47 ± 2.07 9.83 ± 1.40
SCs 2.44 ± 0.72 7.29 ± 1.36*,# 7.02 ± 1.54*,#

BMSCs 2.50 ± 0.73 7.38 ± 1.22*,# 7.13 ± 1.47*,#

NRG1-SCs 2.54 ± 0.48 6.29 ± 1.12*,# 6.02 ± 1.48*,#

BMSCs + SCs 2.51 ± 0.43 6.13 ± 1.09*,# 5.77 ± 1.16*,#

BMSCs + NRG1-SCs 2.74 ± 0.28 4.20 ± 1.46* 2.91 ± 0.86*
Amplitude

DMEM 4.60 ± 0.78 0.49 ± 0.20 0.87 ± 0.05
SCs 4.58 ± 0.50 2.16 ± 0.54*,# 2.50 ± 0.09*,#

BMSCs 4.38 ± 0.61 2.39 ± 0.63*,# 2.52 ± 0.17*,#

NRG1-SCs 4.84 ± 0.79 3.07 ± 0.71*,# 3.10 ± 0.20*,#

BMSCs + SCs 4.56 ± 0.63 3.02 ± 0.55*,# 3.12 ± 0.26*,#

BMSCs + NRG1-SCs 4.77 ± 0.95 3.97 ± 1.04* 4.46 ± 0.12*

* P < 0.05, compared with DMEM group.
# P < 0.05, compared with NRG1-SCs + BMSCs.
positive objects on the whole area of each section (G). Each rat in different groups
ek from 1 week before cell transplantation until 8 weeks after cell transplantation
D of triplicates independent experiments of each group.

positive neuron-like cells, GFAP positive astrocyte-like cells or S-
100 positive Schwann cell-like cells. At the same time, we found
that NRG1 transfected SCs could secrete high levels of NRG1 and
expressed great amount of ErbB2 receptor. NRG1:ErbB2 signaling
contributes a powerful autocrine or paracrine production of trophic
factors, such as insulin-like growth factor (IGF), platelet-derived
growth factor PDGF, transforming growth factor-beta (TGF-beta,
leukemia inhibitory factor (LIF) and so on [2]. These trophic factors
might compose a microenvironment to facilitate the differentiation
of BMSCs into neuronal-committed lineages in vitro experiments.
When NRG1-SCs and BMSCs were co-transplanted into spinal cord
hemi-section injury rats, on one hand, NRG1-SCs could secrete
trophic factors to improve the recovery of injured neurons and
Schwann cells, on the other hand, BMSCs might differentiate asso-
ciated cells to replace dead cells. In addition, NRG1-SCs might
facilitate the differentiation of BMSCs. Interestingly we observed
that NRG1-SCs and BMSCs combination exerted an obviously better
improvement of limb function than SCs or BMSCs alone or together.
The mechanism of this improvement and which kind of cells played
a prominent role need to be further studied. However, our results
provide a new approach to treat spinal injury or other relative
diseases. This new approach, i.e. the combination of BMSCs and
NRG1-SCs, is more efficient than transplanted BMSCs or SCs alone
or together. Because BMSCs were accompanied by more powerful
SCs, NRG1-SCs, which could secrete many trophic factors, it might
be easier for BMSCs to be conducted to exert suitable contribution.

In summary, all these findings indicated that co-transplantation

of NRG1 transfected SCs and BMSCs exerted significant neuropro-
tective effect on promoting survival of neurons and regeneration of
nerve fibers, reduced the size of the cystic cavity, promoted axonal
regeneration and sparing and resulted in a better hindlimb func-
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ional recovery. This method could be an integrated approach to
he treatment of spinal cord injuries or other similar diseases.
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