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Abstract  
BACKGROUND: Bone marrow stromal cells (BMSCs) or Schwann cells (SCs) transplantation 
alone can treat spinal cord injury. However, the transplantation either cell-type alone has 
disadvantages. The co-transplantation of both cells may benefit structural reconstruction and 

functional recovery of spinal nerves. 
OBJECTIVE: To verify spinal cord repair and related mechanisms after co-transplantation of 
BMSCs and SCs in a rat model of hemisected spinal cord injury. 

DESIGN, TIME AND SETTING: A randomized, controlled, animal experiment was performed at the 
Department of Histology and Embryology, Mudanjiang Medical College from January 2008 to May 
2009. 

MATERIALS: Rabbit anti-S-100, glial fibrillary acidic protein, neuron specific enolase and 
neurofilament-200 monoclonal antibodies were purchased from Sigma, USA. 
METHODS: A total of 100 Wistar rats were used in a model of hemisected spinal cord injury. The 

rats were randomly assigned to vehicle control, SCs transplantation, BMSCs transplantation, and 
co-transplantation groups; 25 rats per group. At 1 week after modeling, SCs or BMSCs cultured in 
vitro were labeled and injected separately into the hemisected spinal segment of SCs and BMSCs 

transplantation groups through three injection points [5 µL (1 × 107 cells/mL)] cell suspension in 
each point). In addition, a 15 µL 1 × 107 cells/mL SCs suspension and a 15 µL 1 × 107 cells/mL 
BMSC suspension were injected into co-transplantation group by the above method. 

MAIN OUTCOME MEASURES: The Basso-Beattie-Bresnahan (BBB) locomotor rating scale and 
somatosensory evoked potential (SEP) tests were used to assess the functional recovery of rat hind 
limbs following operation. Structural repair of injured nerve tissue was observed by light microscopy, 

electron microscopy, immunohistochemistry, and magnetic resonance imaging (MRI). In vivo 
differentiation, survival and migration of BMSCs were evaluated by immunofluorescence. 
RESULTS: BBB scores were significantly greater in all three transplantation groups compared with 

vehicle control group 8 weeks after transplantation. In particular, the co-transplantation group 
displayed the highest scores among the groups (P < 0.05). Moreover, recovery of SEP latency and 
amplitude was observed in all the transplantation groups, particularly after 8 weeks. Again, the 

co-transplantation group exhibited the greatest improvement (P < 0.05). In the co-transplantation 
group, imaging showed a smooth surface and intact inner structure at the injury site, with no scar 
formation, and a large number of orderly cells at the injured site. Axonal regeneration, new 

myelination, and a large amount of cell division were detected in the co-transplantation group by 
electron microscopy. Neuron specific enolase (NSE)- and glial fibrillary acidic protein 
(GFAP)-positive cells were observed in the spinal cord sections 1 week following co-transplantation 

by immunofluorescence staining. 
CONCLUSION: Co-transplantation of SCs and BMSCs effectively promoted functional recovery of 
injured spinal cord in rats compared with SCs or BMSCs transplantation alone. This repair effect is 

probably achieved because of neuronal-like cells derived from BMSCs to supplement dead neurons 
in vivo. 
Key Words: bone marrow stromal cells; Schwann cells; co-transplantation; spinal cord injury; 

neural regeneration 

 

 

INTRODUCTION 
    

Evidence indicates that influences arising 

from the microenvironment play an impor-

tant role in the success or failure of rege-

ration following spinal cord injury (SCI), de-

spite the regenerative potential of injured 

axons
[1]

. Schwann cells (SCs) secrete vari-

ous neurotrophic factors and produce 

extracellular matrix and cellular adhesion 

molecules
[2-3]

, which are important 
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for neural development and regeneration. Studies have 

shown that SCs can acquire the ability to survive by es-

tablishing an autocrine loop, which has been confirmed 

by cell culture studies
[4]

. SCs transplantation into the 

central nervous system can alter the microenvironment 

that hinders axonal regeneration
[1]

. Bone marrow stromal 

cells (BMSCs) are a kind of mesenchymal cells derived 

from bone marrow, and can differentiate into osteocytes, 

adipocytes, or fibroblasts under specific conditions
[5]

, 

even into ectodermally derived neurons
[6-7]

. Neuronal-like 

cells differentiated from BMSCs have been shown to 

posses some electrophysiological characteristics of 

neurons in patch clamp studies
[8]

. In addition, BMSCs 

can differentiate into neurons and glial cells to supple-

ment for degenerative, necrotic, or apoptotic neurons 

following spinal cord injury, which benefits structural and 

functional recovery of spinal nerves
[9-14]

. 

SCs and BMSCs can repair injured spinal cord, but their 

individual transplantation has respective disadvantages. 

For example, SCs transplants alone cannot secrete suffi-

cient neurotrophic factors for injury repair
[2]

. BMSCs 

transplantation alone can secrete various neurotrophins, 

but the quantity is insufficient
[6]

. Co-transplantation of SCs 

and BMSCs provides seed cells and improves the region-

al microenvironment, which benefits repair of injured 

spinal cord. The present study transplanted SCs and 

BMSCs into a rat model of hemisected spinal cord injury 

and observed BMSCs differentiation and distribution in 

vivo to evaluate the effect of co-transplantation on repair 

and functional recovery of injured spinal cord. 

 

MATERIALS AND METHODS 
 

Design 

A randomized, controlled, animal experiment. 

Time and setting 

The experiment was performed at the Department of 

Histology and Embryology, Mudanjiang Medical College 

from January 2008 to May 2009. 

Materials 

A total of 120 healthy Wistar rats, specific pathogen free, 

of either gender, were selected, including 100 aged 4 to 6 

weeks, 10 aged 1 to 2 weeks, and 10 aged 2 to 4 weeks. 

The 100 4- to 6-week-old rats were used in a model of 

hemisected spinal cord injury, and randomly assigned to 

dulbecco’s modified eagle medium (DMEM) (vehicle) 

control, SCs transplantation, BMSCs transplantation, and 

co-transplantation groups with 25 animals per group. The 

rats, aged 1 to 2 weeks and 2 to 4 weeks, were used to 

isolate and culture BMSCs and SCs, respectively. All rats 

were provided by the Laboratory Animal Center of Harbin 

Medical University (No. SCXK (Hei) 2006-010). The expe-

rimental procedures were performed in accordance with 

the Guidance Suggestions for the Care and Use of La-

boratory Animals, formulated by the Ministry of Science 

and Technology of the People’s Republic of China
[15]

. 

Rats assignment in each group are as follows: 

 

Item 
DMEM 
control 

(n = 25) 

SCs 
(n = 25) 

BMSCs 
(n = 25) 

SCs + 
BMSCs 

(n = 25) 

BBB scores  5  5  5  5 
SEPa  5  5  5  5 
MRI  5  5  5  5 

Light microscopy  5  5  5  5 
NF and HE staining (pa-
raffin embedding) 

 3  3  3  3 

NSE and GFAP tracing 
(frozen sample) 

 5  5  5  5 

Cell tracing (frozen sample)  2  2  2  2 

Auxiliary ratsb  5  5  5  5 
Number of deaths  4  3  3  5 
Number of rats included 

in the final analysisc 
25 25 25 25 

Superscript “a” represents the surviving rats undergoing BBB 
evaluation were used for SEP detection; Superscript “b” 
represents there were 5 auxiliary rats in each group to supple-

ment dead rats during experimentation; c A total of 100 rats were 
included in the final analysis; BBB: Basso-Beattie- Bresnahan 
locomotor rating scale; SEP: somatosensory evoked potential; 

MRI: magnetic resonance imaging; NF: neurofilament-200; HE: 
hematoxylin and eosin; GFAP: glial fibrillary acidic protein; NSE: 
neuron specific enolase. 

 

Reagents and instruments are listed as follows:  
 

Reagent and instrument Source 

DMEM, fetal bovine serum, trypsin, 
type IV collagenase 

Gibco, New York, USA 

Rat BMSC culture medium Cyagen, Guangzhou, 
China 

PKH26, DAPI, FITC-labeled rabbit 
anti-rat S-100, GFAP, NSE, 
NF-200 monoclonal antibodies  

Sigma, New York, USA 

FITC-labeled rabbit anti-rat CD44, 
CD133, SAC monoclonal antibo-
dies 

Prarmingen, New York, 
USA 

FITC-labeled goat anti-rabbit IgG, 
blocking normal goat serum, 
horseradish peroxidase-labeled 
goat anti-rabbit IgG 

Beijing Zhongshan 
Goldbridge, Beijing, 
China 

Cyclosporine A injection Novartis, Switzerland 
Fluorescence biological microscopy 
(80I), stereomicroscope (SMZ-800) 

Nikon, Japan 

Inverted biological microscopy 
(IX71-22PH) 

Olympus, Japan 

High speed refrigerated centrifuge 
(5804R) 

Eppendorf, Germany 

CO2 incubator Sanyo, Japan 
Super clean station (DL-CJ-1H) Shanghai Boxun  

Medical Instruments 
Factory, Shanghai, 
China 

MICROMHM3IS pathological mi-
crotome, freezing microtome 
(LEICACM1900) 

Leica, Germany 

Keypoint electromyogram evoked 
potential diagnostic apparatus 

Medtronic, USA 

Transmission electron microscope 
(TCNAI G2) 

Philips, Netherlands 

Siemens Magnetom Avanto1.5T 
MRI imaging system 

Siemens, Germany 

NIS-Elements (BR 3.0)  Beijing Sunjoy Instru-
ment Trading Co., 
Ltd., China 
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Methods 

SCs primary culture and identification 

Rats were anesthetized with 2% pentobarbital (40 mg/kg), 

and the distal sciatic nerves were excised. At 7 days, 

sciatic nerve (2 cm) was harvested at the above incision, 

separated from epineurium, cut into 1 mm segments, 

digested in a mixture of 0.125% trypsin (0.02% EDTA) 

and 0.05% type IV collagenase (v/v 2: 1), centrifuged at 1 

200 r/min for 10 minutes. The supernatant was discarded, 

and the nerves were resuspended in the culture solution, 

placed in culture dish, and incubated with serum-free BS 

medium (DMEM-H, 5 μg/mL insulin, 0.55 μg/mL trans-

ferring, 0.06 ng/mL progestogen, 16 μg/mL tetramethy-

lenediamine, 40 ng/mL sodium selenite,    30 ng/mL T3, 

40 ng/mL T4) in 5% CO2 at 37°C. The culture solution 

was replaced every 72 hours. The nerve segments were 

placed in adhesive-coated culture dish at days 6, 10 and 

18, and cultured respectively in bovine serum culture 

medium containing 2.5%, 5% and 10% fetal bovine se-

rum. The cultures were passaged at 80%–90% conflu-

ency. At the third passage, SC cultures were verified by 

S-100 monoclonal antibody immunofluorescent stain-

ing
[16]

. 

BMSCs primary culture and identification 

The rats were sacrificed, and the femur and tibia were 

isolated. The bone marrow was placed in a centrifuge 

tube, triturated into a single cell suspension, filtered 

through a 120-mesh screen, and centrifuged at        

1 500 r/min for 3 minutes. Cells were resuspended with  

5 mL BMSCs culture medium, triturated, seeded in cul-

ture dishes, and incubated in 5% CO2 at 37°C. The cul-

ture medium was replaced every 72 hours. The primary 

cultures were digested with 0.25% trypsin (0.02% EDTA) 

and passaged with a culture ratio of 1: 2 at 80%-90% 

confluency. At the third passage, CD44, CD133 and SAC 

expression on BMSCs was detected by immunohisto-

chemical staining
[17-18]

. 

Model of hemisected spinal cord injury 

The rats were anesthetized with an intraperitoneal injec-

tion of 2% pentobarbital (40 mg/kg). The back skin was 

cut longitudinally. Bilaterally, the subcutaneous and pa-

ravertebral muscle tissues were dissected, and the T8 

spinous process, vertebral plate and transverse process 

root were eliminated to expose the T8 spinal cord. The T9 

spinous process was lifted with tissue forceps, and a 

rotary curved knife was vertically inserted into the dura 

mater to a depth of the spinal cord diameter and rotated 

clockwise 90°. The procedure was repeated to ensure 

complete hemiresection. Animals scores < 4 on the BBB 

locomotor rating scale
[19]

 were regarded as successful 

injury. 

Cell labeling and transplantation 

PKH26-labled BMSCs: At the third passage, active 

BMSCs were digested with 0.25% trypsin (0.02% EDTA) 

to prepare a single cell suspension of 1 × 10
7 
cells/mL 

and rinsed once with serum-free culture medium fol-

lowed by centrifugation. The cells were resuspended 

with 0.5 mL PKH26 dye C solution, and incubated with 

0.5 mL PKH26 dye working solution (4 × 10
-6

 mol/L) for 1 

minute. After the reaction was terminated by the same 

volume of serum (1 mL), the mixture was centrifuged, the 

supernatant discarded, and rinsed with 10 mL complete 

culture medium, and centrifuged again. The concentra-

tion was adjusted to 1 × 10
7
 cells/mL. 

DAPI-labeled SCs: At the third passage, active SCs 

were digested with 0.25% trypsin (0.02% EDTA) to pre-

pare a single cell suspension, incubated with 1 mL 

DAPI (0.5 mg/mL) at 37°C for 20 minutes, centrifuged, 

and washed with phosphate buffered saline (PBS) for 

five times after discarding the supernatant. The concen-

tration was adjusted to 1 × 10
7 
cells/mL. 

At 1 week after model establishment, in situ cell trans-

plantation was performed with the same operative ap-

proach as spinal cord injury model. Briefly, the microsy-

ringe was vertically inserted into the injury center to inject 

5 µL of cell suspension (1 × 10
7
 cells/mL), and into both 

sides of the injury site at 45°. The SCs and BMSCs 

transplantation groups were respectively injected with 

15 µL of SCs and BMSCs suspensions  (1 × 10
7 

cells/mL), and the co-transplantation group was injected 

with 15 µL BMSCs and SCs suspensions at a density of 

1 × 10
7
cells/mL. The DMEM control group was injected 

with 15 µL DMEM. The needle was left in place for 3 

minutes, and the incision was sutured layer by layer. 

Behavioral detection (BBB score) 

According to BBB locomotor rating scale
[19]

, the animals 

were evaluated prior to injury, 2, 4, 6 and 8 weeks fol-

lowing transplantation at 20:00, while the rats were freely 

walking in an open area for 5 minutes. The functional 

motion of hind limbs of each rat was evaluated inde-

pendently by four observers, blinded to the experimental 

grouping, and mean scores were obtained. 

SEP detection 

The rats were anesthetized with 2% pentobarbital    

(40 mg/kg). A dipolar surface stimulating electrode was 

placed on the medial surface of the tibial nerve of the 

injured hind limb, and the receiving electrode was placed 

subcutaneously 1 mm posterior to the line of the contra-

lateral two-ear root posterior margin, and 4 mm away 

from sagittal line; the reference electrode was placed at 

the corresponding position of the line of the contralateral 

two-ear root anterior margin. SEP was recorded, and the 

SEP amplitude curves were printed. 

Histopathological examination 

The rats were anesthetized, and the heart and mediastinal 

vessels were exposed. The right auricle was cut open, 

washed with 200 mL normal saline (0.9%), and perfused 

with 2.5% glutaral solution. Approximately 2 cm of spinal 

cord tissue centered on the injured segment was har-

vested, fixed, and paraffin embedded. A total of 10 serial 

sections were harvested from each tissue block, and ex-

amined by HE staining
[20]

, NF-200 immunohistochemical 

staining, and immunofluorescence microscopy. The rats 

were anesthetized 1 week following transplantation, and 

spinal cord tissue was harvested for serial sections (n = 

15), for NSE and GFAP immunofluorescent staining. At 3 
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weeks after transplantation, spinal cord tissue was har-

vested for serial sections (n = 15) for cell tracing. In addi-

tion, the sections were fixed 4 weeks following transplan-

tation and electron microscopy was performed to examine 

the transplanted cells and axonal regeneration in the in-

jured regions. 

In vivo induced differentiation of BMSCs 

One week following transplantation, 15 frozen serial sec-

tions of spinal cord tissue were fixed with 100% cold 

acetone for 20 minutes, incubated with 0.1% Trixon-100 

for 10 minutes, mixed with 0.3% H2O2 solution for 10 

minutes, blocked with 1% bovine serum for 30 mi-

nutes, incubated with rabbit anti-rat NSE and GFAP 

antibodies (1: 100) at 37°C for 2 hours, and 

FITC-labeled goat anti-rabbit IgG (1: 50) at 37°C for 30 

minutes. Images were collected by NIS-Elements under 

a fluorescence microscope to observe cell differentiation. 

Negative control was treated with serum at the same 

dilution of primary antibody to differentiate non-specific 

staining. 

MRI 

Four weeks following transplantation, rats were anesthe-

tized and scanned using a Siemens Magnetom Avanto 

1.5T MRI imaging system, with a surface coil in the prone 

position. The center of the scan was located at the spinal 

cord injury site. SE sagittal plane scanning was per-

formed with longitudinal relaxation time weighted image 

(T1WI): TR/TE = 400 ms/13 ms, and matrix =  512 × 

512. 

Main outcome measures 

SCs and BMSCs identification; hind limbs SEP detection 

and BBB scores; repair of the injured nerve structure by 

light and electron microscopy, MRI, and immunohisto-

chemistry; BMSCs differentiation and transplanted cell 

survival and migration in vivo by immunofluorescence. 

Statistical analysis 

The experimental data were analyzed by SPSS 13.0 

(version 13.01S, Beijing Stats Data Mining Co., Ltd., 

China). One-way analysis of variance and LSD methods 

were used for paired comparison in BBB scores and SEP 

results. The data were expressed as Mean ± SD, and P < 

0.05 was considered statistically significant. 

 

RESULTS 
 

Quantitative analysis of experimental animals 

Fifteen animals died during the experiment and 100 an-

imals were included in the final analysis following sup-

plementation with additional animals. 

SCs primary culture and identification 

No attached cells were observed after the first four days 

in culture. Some long, thin cells grew out of the tissue 

blocks on day 7. Typical bipolar or tripolar SCs were 

detected on day 10. Cells were connected and had a 

polarized growth preference, and were accompanied by 

few fibroblasts. Moreover, the cell bodies were large, flat 

and expanding, with an irregular appearance and poorly 

refracting. On day 14, cells numbers were increased, and 

SCs were linearly arranged in many visual fields. SCs 

were connected to form long strings, with a high density 

and purity (Figures 1A, B). S-100 immunofluorescent 

staining showed long fusiform-shaped SCs with 

processes extending and overlapping to form a network 

(Figure 1C, green). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

BMSCs primary culture and identification 

The majority of BMSCs exhibited a globular shape, had 

good refraction, were evenly scattered, and few cells 

aggregated at 48 hours in culture. A large number of 

attached, round, cells were observed at 72 hours, ac-

companied by some irregular or triangular attached cells 

with tiny processes. Cell proliferation was slow during the 

first 3–4 days, and accelerated at 5–10 days. The major-

ity of cells had a long fusiform shape; others were trian-

gular, with lucent cytoplasm, a smooth cell body, and 

directional arrangement (Figure 2A). Passaged cultures 

rapidly proliferated and then stabilized at 4–5 days. By 

the third passage, cells were distributed evenly, and cells 

appeared long and fusiform, with a full cell body. Flat, 

irregular cells were occasionally observed. CD44, CD133, 

SAC immunofluorescence results are shown in Figures 

2B-D. 

BBB scores 

Bilateral hind limb BBB scores of all animals were 21 

prior to injury. All scores decreased to 0–1 at 1–3 days of 

injury, and < 4 at 4–7 days, which was within inclusion 

criteria. No difference was detected among the groups 4 

weeks following transplantation. However, at 8 weeks 

after transplantation, the scores of the SCs and BMSCs 

Figure 1  Culture and identification of Schwann cells 
(SCs). (A) Primary culture of SCs at 7 d. (B) Primary 
culture of SCs at 14 d. (C) Immunofluorescent 
identification of SCs with S-100. Scale bars: 100 μm. 

A 

B 

C 



Zhang JF, et al. / Neural Regeneration Research. 2010;5(11):805-813. 

 809 

groups were significantly greater than the DMEM control 

group (P < 0.05). The co-transplantation had particularly 

high scores compared with the SCs and BMSCs groups  

(P < 0.05; Figure 3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

SEP amplitude  

The SEP amplitude decreased significantly following 

injury in all animals. The amplitude of the three trans-

plantation groups was slightly increased compared with 

the DMEM control group following transplantation. The 

co-transplantation group was particularly increased (P < 

0.05, vs. DMEM control group; Table 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

HE staining 

Four weeks following transplantation, spinal cord tissue 

was disorderly, and encephalomalacia foci and cystic 

cavities were detected at lesion sites in the DMEM con-

trol group (Figure 4A). In the SCs group, the boundary 

between gray and white matter was obscure, and a small 

necrotic zone was observed in the injured spinal cord. 

Moreover, there were a large number of degenerating 

neurons, and some disrupted neurons and proliferative 

glial cells were also observed (Figure 4B). In the BMSCs 

group, neurons were degenerating and necrotic, and 

cysts formed in gray matter (Figure 4C). In the 

co-transplantation group, the tissue surrounding the in-

jury site displayed mild swelling, but no cystic necrosis 

occurred in the injured region, which was filled by a large 

number of SCs and BMSCs, and maintained its structure. 

Moreover, neuronal appearance and arrangement had 

somewhat recovered (Figure 4D). 

Electron microscopic observation 

Four weeks following cell transplantation, incomplete cell 

membranes, vacuolar degenerative mitochondrion, ob-

scure cell organelles, increased nuclear membrane cur-

vature, and swollen rough endoplasmic reticulum were 

observed in the DMEM control group (Figure 5A). In the 

SCs group, a large number of surviving SCs with mitotic 

figures were detected in the injured region (Figure 5B). 

BMSC mitotic figures were also observed following 

BMSCs transplantation (Figure 5C). Co-transplantation 

of SCs and BMSCs ameliorated mitochondrial injury and 

stimulated synaptic, axonal and nerve fiber formation 

(Figure 5D). 

Cell migration and tracing 

One and three weeks following SCs transplantation, flu-

orescent microscopic observation of frozen sections from 

three transplantation groups showed a large number of 

DAPI-labeled SCs in the injured region. The nuclei had 

round or oval, clear, and smooth boundaries (Figures 6 A, 

B). PKH26-labeled BMSCs exhibited red fluorescence in 

the cell membrane with a smooth boundary at 1 and 3 

weeks following BMSCs transplantation (Figures 6 C, D). 

Table 1  Somatosensory evoked potential amplitude of all 
groups before and after cell transplantation (x

_

±s, n = 5, μV) 

Group 
Before oper-

ation 

After transplantation (wk) 

4 8 

DMEM control  4.60±0.78 0.49±0.20 0.87±0.05 

SCs  4.58±0.50 2.16±0.54a 2.50±0.09a 

BMSCs 4.38±0.61 2.39±0.63a 2.52±0.17a 

Co-transplantation 4.66±0.20 3.45±0.17abc 4.52±0.14abc 

 aP < 0.05, vs. DMEM group; bP < 0.05, vs. SCs group; cP < 0.05, 

vs. BMSCs group; DMEM: dulbecco’s modified eagle medium; 

SCs: Schwann cells; BMSCs: bone marrow stromal cells. 

Figure 2  Culture and identification of bone marrow 
stromal cells (BMSCs). (A) Primary culture of BMSCs at  
7 d. (B) CD133-positive BMSCs show green 
immunofluorescence. (C) CD44-positive BMSCs show 
green immunofluorescence. (D) SAC-positive BMSCs 
show green immunofluorescence. Scale bars: 100 μm. 

A 

B 

C 

D 

a a 

a 

abc 

a a 

0 

5 

10 

15 

20 

25 

30 
DMEM control group 

SCs group 

BMSCs group 

Co-transplantation group 

      

     

B
B

B
 s

c
o

re
s
 

Post-operation    1 d     2 wk    4 wk    6 wk    8 wk 

Figure 3  Time course of rat injured limb blood brain bar-
rier scores following operation. aP < 0.05, vs. dulbecco’s 
modified eagle medium (DMEM) group; bP < 0.05, vs. 
Schwann cells (SCs) group; cP < 0.05, vs. bone marrow 
stromal cells (BMSCs) group. 
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In the co-transplantation group, cells aggregated at the 

injured tissues and migrated bilaterally from the injured 

region (Figures 6 A-D). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

NF immunohistochemical staining 

Four weeks after transplantation, there were no rege-

nerative nerve fibers or obvious NF staining in the injured 

region of the DMEM control group (Figure 7A). In the SC 

group, some regenerative nerve fibers were observed 

and NF staining had a dotted distribution (Figure 7B). In 

the BMSC group, the regenerative nerve fibers were 

scattered and NF staining was sparse (Figure 7C). 

However, in the co-transplantation group, there was no 

obvious cavity in the injured region, and NF-200-positive 

nerve fibers were observed. Some neurons stained ro-

bustly, and NF staining was also robust (Figure 7D). 

BMSCs induced differentiation in vivo 

Red PKH26-labeled BMSCs and green FITC-labeled 

NSE-positive cells were observed following NSE immu-

nofluorescent staining in the co-transplantation group. 

Figure 4  Light microscopy images of hematoxylin and 
eosin (HE) staining in spinal cord at 4 wk after 
transplantation; HE staining of spinal cord in the 
dulbecco’s modifid eagle medium control group (A). HE 
staining of spinal cord after Schwann cells (SCs) 
transplantation, with small necrosis zone (B), bone marrow 
stromal cells (BMSCs) transplantation with necrotic, and 
cysts formed in gray matter (C), or BMSCs and SCs 
transplantation (D). Spinal cord injury was repaired 
significantly after transplantation with no cystic necrosis in 
the injured region. Scale bars: 500 μm. 

A 

B 

C 

D 

Figure 5  Transmission electron microscopy observation 
of spinal cord tissues at 4 wk following cell transplantation. 
(A) Demyelination in the dulbecco’s modified eagle 
medium group. (B) Mitotic figures and Schwann cells 
(SCs) proliferation in the SCs group. (C) Mitotic figures 
and bone marrow stromal cells (BMSCs) proliferation in  
the BMSCs group. (D) Neonatal oligodendrocytes (naive) 
encasing an axon to form myelin in the co-transplantation 
group. Scale bars: 200 μm (A–B), 250 μm (C), 700 μm (D). 

B 

C 

D 

A 
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Following NIS-Elements (Basic Research 3.0) image 

overlay, the overlaid image appeared orange. The results 

of GFAP immunofluorescent staining were similar to 

those of NSE (Figures 8A, B). 

MRI 

MRI of the injured regions at 4 weeks following cell 

transplantation showed low T1 signals, similar to cere-

brospinal fluid, in the thoracic segment of the spinal cord 

in the DMEM control group, indicating encephalomalacia 

focus formation (Figure 9A). In the SCs and BMSCs 

groups, the spinal cord morphology was normal. A long 

T1 signal zone with a clear boundary was detected in the 

thoracic spinal cord (Figures 9B, C). In the 

co-transplantation group, the spinal cord appeared nor-

mal, and no abnormal signals were observed. At the 

middle segment of thoracic spinal cord, uneven signals 

indicated a regional cartilage defect and a continuous 

skin interruption, which were due to operative injury 

(Figure 9D). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7  Neurofilament (NF)-200 immunohistochemical 
staining of the spinal cord at 4 wk following 
transplantation. (A) In the Dulbecco’s modified Eagle 
medium control group, no regenerative nerve fibers were 
observed in the injured areas of the spinal cord. (B) In the 
rats transplanted with Schwann cells (SCs), some nerve 
fibers were regenerated and dark brown spotted NF 
staining was present. (C) In the rats transplanted with 
bone marrow stromal cells (BMSCs), regenerated nerve 
fibers were scattered. (D) In the rats transplanted with 
BMSCs and SCs, a large amount of regenerated nerve 
fibers were present. Some neurons were darkly stained as 
well. Scale bars: 100 μm. Arrows point to regenerated 
nerve fibers. 

Figure 6  DAPI-labeled schwann cells (SCs) and 
PKH26-labeled bone marrow stromal cells (BMSCs). (A, 
B) DAPI-labeled SCs 1 and 3 wk after transplantation. (C, 
D) PKH26-labeled BMSCs 1 and 3 wk after 
transplantation. Scale bars: 100 μm. 
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DISCUSSION 
 

An experimental animal model of spinal cord injury that is 

stable, reproducible, and clinically relevant is necessary 

for further study. The injury model in the present study 

has several advantages. We utilized a small incision that 

causes little bleeding and mild secondary injury, thus 

avoiding excess damage to the spinal dura mater while 

resecting the spinal cord and protecting the regional mi-

croenvironment. Moreover, paralysis symptoms are di-

rectly related to transverse injury to the spinal cord. 

Therefore, recovery from paralysis depends entirely on 

repair and regeneration of injured spinal cord. We re-

duced high mortality and urinary retention caused by 

complete transverse injury using hemiresected spinal 

cord injury, benefiting postoperative nursing as well. 

Results of the present study demonstrated that SCs 

transplantation alone provided glial cells capable of 

forming myelin sheaths, but lacking neurons and suffi-

cient secreted factors needed to repair other injuries. 

BMSCs can provide progenitor cells capable of differen-

tiating into various neurons, but insufficient neurotrophic 

factors limit differentiation capacity. Therefore, compared 

with the DMEM control group, either SCs or BMSCs 

transplantation alone repaired the injured spinal cord and 

improved the functional recovery, but obvious cavities 

and scar formation were detected at the site of injury. 

Co-transplantation of SCs and BMSCs provided proge-

nitor neurons, and supplied glial cells capable of secret-

ing various nerve growth factors to form myelin sheaths 

and remodeling the extracellular matrix. SCs secrete 

various nerve growth factors, which promote BMSCs 

differentiation into various cells, inhibit apoptosis of in-

jured neurons, promote axonal regeneration, and provide 

a microenvironment beneficial to injury repair
[21-25]

. 

Studies have shown that endogenous SCs migrate to the 

injury site following nerve injury, contact with regenerat-

ing axons and form myelin sheaths; hence, an electrical 

conduction is detectable
[26]

. SCs transplantation into the 

injured spinal cord has been demonstrated to survive at 

the injured site and repair injured tissues
[27]

. However, in 

the present study, by examining sections from the first to 

third weeks, we found that transplanted SCs survived at 

the injured site and migrated bilaterally away from the 

injury center. This may be due to the co-transplantation 

of SCs and BMSCs, in which BMSC-secreted cytokines 

reduce glial-derived limitations on SC migration. BMSC 

survival and migration following transplantation has been 

verified, but the migration direction remains controversial. 

In vitro studies have shown that BMSCs can express the 

CXCL12 receptor protein CXCR4, and CXCL12 is im-

portant for cell migration
[28-30]

. In addition, intravenously 

injected BMSCs rarely migrate to the injured spinal cord, 

but are found in the subarachnoid cavity adjacent to the 

injured site
[31-32]

. In contrast, another study detected 

BMSCs in the injured spinal cord following intravenous 

injection
[33]

. In the present study, fluorescently-labeled 

BMSCs migrated bilaterally from the injury center fol-

lowing transplantation and survived 3 weeks. Distal mi-

gration may relate to axonal regeneration and myeliniza-

tion. 

In conclusion, co-transplantation of SCs and BMSCs 

supplemented the degenerative or necrotic neurons 

after spinal cord injury in rats, improved the 

microenvironment of injured spinal cord, and promoted 

functional recovery. 

 

 

 

Figure 8  Differentiation of bone marrow stromal cells 
(BMSCs) in vivo at 1 wk after co-transplantation. BMSCs 
differentiated into neuron specific enolase-positive cells in 
the spinal cord tissues at 1 wk after co-transplantation, 
and BMSCs differentiated into neuronal-like cells (A). 
BMSCs differentiated into glial fibrillary acidic 
protein-positive cells in the spinal cord tissues at 1 wk after 
co-transplantation (B). Scale bars: 100 μm. Arrow points to 
neuronal-like cells in A and glial-like cells in B. 

Figure 9  Spinal cord (arrows) MRI at 4 wk after 
transplantation. (A) Spinal cord of the Dulbecco’s modifid 
Eagle medium group. (B) Spinal cord of Schwann cells 
group. (C) Spinal cord of bone marrow stromal cells group. 
(D) Spinal cord of the co-transplantation group. 
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