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Olfactory ensheathing cell transplantation alters the 
expression of chondroitin sulfate proteoglycans and 
promotes axonal regeneration after spinal cord injury

Guo-Yu Wang1, Zhi-Jian Cheng1, Pu-Wei Yuan1, Hao-Peng Li1, Xi-Jing He1, 2, *

Abstract  
Cell transplantation is a potential treatment for spinal cord injury. Olfactory ensheathing cells (OECs) play an active role in the repair of spinal 
cord injury as a result of the dual characteristics of astrocytes and Schwann cells. However, the specific mechanisms of repair remain poorly 
understood. In the present study, a rat model of spinal cord injury was established by transection of T10. OECs were injected into the site, 
1 mm from the spinal cord stump. To a certain extent, OEC transplantation restored locomotor function in the hindlimbs of rats with spinal 
cord injury, but had no effect on the formation or volume of glial scars. In addition, OEC transplantation reduced the immunopositivity of 
chondroitin sulfate proteoglycans (neural/glial antigen 2 and neurocan) and glial fibrillary acidic protein at the injury site, and increased the 
immunopositivity of growth-associated protein 43 and neurofilament. These findings suggest that OEC transplantation can regulate the 
expression of chondroitin sulfate proteoglycans in the spinal cord, inhibit scar formation caused by the excessive proliferation of glial cells, 
and increase the numbers of regenerated nerve fibers, thus promoting axonal regeneration after spinal cord injury. The study was approved 
by the Animal Ethics Committee of the Medical College of Xi’an Jiaotong University, China (approval No. 2018-2048) on September 9, 2018.
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Introduction 
Spinal cord injury (SCI) often leads to severe motor, sensory, 
and autonomic dysfunction below the injured segment. 
Current therapeutic strategies for SCI largely focus on reducing 
secondary injury and improving activities of daily living ability 
by rehabilitation training; there is no effective way to promote 
neurological recovery from SCI (Silva et al., 2014).

Intraspinal cell transplantation is regarded as a landmark 
therapeutic strategy that may provide a new approach for 
the treatment of SCI. The origins of cells that can be used for 
transplantation mainly include neural stem cells (Kadoya et 
al., 2016), Schwann cells (Kanno et al., 2015), bone marrow 
mesenchymal stem cells (Lin et al., 2014), and olfactory 
ensheathing cells (OECs) (Khankan et al., 2015; Reshamwala 
et al., 2020). Of these cell types, OECs are the most suited 
for transplantation to promote axonal regeneration and 
remyelination because of their dual characteristics of 

astrocytes and Schwann cells. Li et al. (1998) reported 
that OECs isolated from the olfactory bulb of adult rats 
promoted the regeneration of transected corticospinal axons, 
which were capable of extending across the injured area. 
Furthermore, transplanted OECs have been demonstrated to 
remyelinate, demyelinate, and regenerate axons, as well as 
promoting functional recovery (Imaizumi et al., 1998; Wang 
et al., 2020). Chondroitin sulfate proteoglycans (CSPGs) are 
generally upregulated after SCI, and it is believed that CSPGs 
inhibit axonal regeneration after SCI (Orr and Gensel, 2018). 
Glial fibrillary acidic protein (GFAP) is a marker of astrocytes 
(Schmidt-Kastner and Ingvar, 1994). The expression of GFAP 
can reflect the degree of reactive gliosis, which is closely 
related to SCI repair. In this study, we prepared a spinal cord 
transection model using Sprague-Dawley rats. We then 
investigated the expression of CSPGs and GFAP after OEC 
transplantation in this rat model of SCI.
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Materials and Methods  
Animals
This study was performed with the approval of the Animal 
Ethics Committee of the Medical College of Xi’an Jiaotong 
University, China (approval No. 2018-2048) on September 
9, 2018. Eighty specific-pathogen-free, healthy adult female 
Sprague-Dawley rats (weighing 202.68 ± 10.88 g, aged 3 
months) were used for animal grouping. Adult male rats 
(weighing 200–250 g) were used to provide the OECs. All rats 
were provided by the Experimental Animal Center of Xi’an 
Jiaotong University Health Science Center (license No. SCXK 
(Shaan) 2014-003), kept in individual cage under controlled 
conditions of 22–24°C and relative humidity of 40–60%, with 
a 12-hour light/dark cycle and free access to food and water. 
The female rats were randomly divided into the sham (n = 20), 
SCI (n = 30), and OEC transplantation (n = 30) groups. 

SCI model establishment
Each rat was intraperitoneally anesthetized with 40 mg/kg  
ketamine and 10 mg /kg xylazine, then fastened to a 
stereotaxic apparatus (DL Naturegene, Beijing, China). In the 
SCI and OEC transplantation groups, a median skin incision 
was made at T10 to expose the spinal cord. A laminectomy 
was performed at T10 and partially at T9 and T11. The 
exposed spinal cord was completely transected at the level 
of T10 using a surgical blade (Shanghai Jinmei Medical 
Equipment Co. Ltd., Shanghai, China), and a preset thread 
was then smoothly raised (ventral to dorsal) to ensure the 
complete transection of the spinal cord (Inoue et al., 1998). 
Rats in the sham group received laminectomy only, without 
spinal cord transection. Gentle compression with a gelatin 
sponge was used for hemostasis.

OEC transplantation
As previously reported, OECs were isolated from the olfactory 
bulb of adult male rats, and then cultured and purified 
by using different attachment rates (Yang et al., 2002). 
After spinal cord transection, the OECs were transplanted 
immediately into animals in the OEC transplantation group. 
The intersection between the plane and the midline, 1 mm 
from the transected end of the spinal cord, was defined as 
the needle-entry point. The insertion was conducted at a 45° 
angle to the spinal cord. The OECs (0.5 μL, 5000 cells at each 
depth) were administered at four injection sites, each with a 
different depth (1.75, 1.25, 1, and 0.5 mm). In total, 20,000 
cells were injected at the transected end of the spinal cord 
in each rat. The injections were performed at 0.1 μL/minute,  
for 5 minutes, at each injection site. Rats in the sham 
group received no specific treatment. All animals urinated 
passively 2–3 times daily, and received anti-infection and anti-
hemorrhoid treatments.

Locomotor evaluation
Locomotor evaluation was performed using the Basso, 
Beattie, and Bresnahan (BBB) locomotor rating scale (Basso 
et al., 1995). The rats were placed in a round, flat, non-skid 
plastic plate that was 7 cm in height and 90 cm in diameter 
and were allowed to move freely. The observation time was 
4 minutes, and each rat’s behaviors were scored from 0 (no 
spontaneous locomotor activity) to 21 (normal movement: 
coordinated gait, with parallel paw placement). A higher BBB 
score indicates better neurological function. Hindlimb motor 
function was scored by two testers who were familiar with the 
BBB scale, but were not involved with any other procedures in 
the study. 

Immunohistochemical staining
At 1, 2, 4, 6, and 8 weeks after SCI, 2–3 rats from each group 

were anesthetized and transcardially perfused with 200 mL 
normal saline and 200 mL 4% paraformaldehyde. Spinal cord 
segments, 0.5 cm apart, were excised from the rostral and 
caudal sites and further fixed in 4% paraformaldehyde for 
24 hours. The segments were then trimmed, embedded in 
paraffin, and cut into 10-μm sections. After deparaffinization 
and rehydration, routine immunohistochemistry was 
performed. Neural/glial antigen 2 (NG2), neurocan, GFAP, 
growth-associated protein 43 (GAP-43), and neurofilament 
(NF) proteins were detected using an SP kit (Zhongshan 
Jinqiao Biotechnology Co., Ltd., Beijing, China) according to 
the manufacturer’s instructions. The sections were blocked in 
phosphate-buffered saline with 1% bovine serum albumin and 
0.3% Triton X-100 for 1 hour at room temperature, and they 
were then incubated with primary antibody overnight at 4°C. 
Next, the sections were washed and incubated with biotin-
labeled goat anti-rabbit IgG (1:400; Cat# SP-9000D; Zhongshan 
Jinqiao Biotechnology Co., Ltd.) at room temperature for 1 
hour. Rabbit anti-GAP-43 antibody (1:100) was purchased 
from Bioss (Cat# bs-0154R; Beijing, China), rabbit anti-NG2 
antibody (1:200) was purchased from Abcam (Cat# ab83178; 
Cambridge, MA, USA), rabbit anti-neurocan antibody (1:200) 
was purchased from Millipore (Cat# ABT1382; Billerica, 
MA, USA), and rabbit anti-GFAP (1:100 Cat# BA0056) and 
-NF (1:100; Cat# A00279) antibodies were purchased from 
Boster (Wuhan, China). Photographs were taken using a 
light microscope (Leica Microsystems Inc., Buffalo Grove, IL, 
USA), analyzed using the LeicaQ500IW image analysis system 
(Leica Microsystems Inc.), and quantified using ImageJ v1.48 
(National Institutes of Health, Bethesda, MD, USA).

Hematoxylin-eosin staining
Sections of injured spinal cords from rats at 3 days and at 1, 
2, 4, and 8 weeks after SCI were placed into xylene and then 
rehydrated through alcohol and water. Next, the sections 
were stained with hematoxylin for 3–5 minutes, before being 
differentiated with 1% acid alcohol for 5 minutes. After washing 
with water, the sections were stained with 1% eosin Y for 10 
minutes, and then dehydrated through alcohol and xylene. 
Finally, the sections were observed under a light microscope.

Silver staining
Silver staining was used to detect nerve fibers in the injured 
spinal cord at 8 weeks after SCI. For silver staining, the 
sections were placed into xylene and then rehydrated through 
alcohol and water. The silver solution (1% silver nitrate in an 
aqueous solution) as preheated to 60°C, and the sections 
were incubated in the silver solution for 3 hours. After a quick 
wash with distilled water, the sections were placed into the 
reducing solution at 45°C for 1 hour and were then washed 
several times with distilled water. Finally, the sections were 
observed under a light microscope.

Picric acid staining
A picric acid dyeing kit (Cat# SBJ-0294S) was purchased from 
Nanjing SenBeiJia Biological Technology Co., Ltd. (Nanjing, 
China) and used according to the manufacturer’s instructions. 
Using tissue from rats at 8 weeks after SCI, the sections were 
routinely dewaxed and rehydrated to water. Sections were 
stained with sirius red for 1 hour, and then rinsed with running 
water to remove dye from the surface of the sections. Next, 
nuclei were stained with Mayer’s hematoxylin solution for 
8–10 minutes. Sections were then rinsed with running water 
for 10 minutes, before being routinely dehydrated, cleared, 
and coverslipped.

Statistical analysis
Experimental data are expressed as the mean ± standard 
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deviation (SD), and were statistically analyzed using SPSS 
13.0 software (SPSS, Chicago, IL, USA). The unpaired t-test 
was used to compare differences between two groups, while 
the one-way analysis of variance was used to assess groups 
containing multiple comparisons. The significance level was 
set as P < 0.05.

Results
General postoperative conditions of SCI rats with OEC 
transplantation
There  were  four  postoperat ive  deaths  in  the  OEC 
transplantation group and five postoperative deaths in the 
SCI group; there was no significant difference between the 
two groups (P = 0.43). The causes of death were mainly 
urinary retention, hematuria, and urinary tract infections at 
the early stage, and hemorrhoids at the late stage. No deaths 
occurred in the sham group. A loss of body mass occurred 
postoperatively in all rats. After spinal cord transection at the 
level of T9, the SCI rats suffered urinary retention and fecal 
incontinence, although spontaneous defecation recovered 
gradually. The rats dragged their hindlimbs when crawling and 
had typical signs of denervation—ulcers and hemorrhoids—
at the knee joints. OEC transplantation triggered neurotrophic 
changes in the denervated knee and ankle joints, and the 
symptoms of denervation gradually improved from 6 weeks 
postoperatively. With the recovery of muscle strength 
in the quadriceps, dragging of the hindlimbs was also 
markedly improved. In contrast, rats in the SCI group had no 
improvements in the symptoms of denervation, while rats in 
the sham group had no abnormal changes.

OEC transplantation improves locomotor function in SCI rats
Within the first 4 weeks postoperatively, the mean BBB score 
was 0 in both the OEC transplantation group and the SCI 
group; this was significantly lower than that in the sham group 
(P < 0.01). Compared with the SCI group, BBB scores were 
significantly higher at 6 and 8 weeks after OEC transplantation 
(P < 0.01; Table 1). 

OEC transplantation reduces pathological injuries of the 
spinal cord in SCI rats 
Hematoxylin-eosin staining results
At 1 and 3 days after SCI, hematoxylin-eosin staining revealed 
fragmented tissue, scattered spinal cord residue, and 
erythrocyte infiltration at the injured area in the SCI group. 
There was also splinter hemorrhage, neuronal reduction, 
degeneration, edema, and necrosis, as well as inflammatory 
cell infiltration. At 1 week after SCI, the gray and white 
matter structures in the injured center were completely 
destroyed. This was accompanied by the production of 
cystic cavities, voids, and a large number of inflammatory 
cells, which were mainly macrophages. At 2 weeks after SCI, 
axonal degeneration was detected in the white matter and 
was immediately followed by void formation. Gray matter 

was severely damaged, with most neurons degenerated 
or lost, and cystic degeneration of the spinal cord was 
observed, with the formation of cystic cavities. Furthermore, 
hyperplasia was observed in glial cells. At 4 weeks after SCI, 
the injured area had a disordered structure, and the fibers 
were observed to have distorted and inconsistent paths. 
Voids often formed in the injured segment in the presence 
of very large cystic cavities. Axons were regenerated in the 
injured area, which was full of glial scar tissue. In the OEC 
transplantation group, there was better repair than in the 
SCI group. At 8 weeks after SCI, nerve fibers were clearly 
regenerated in the OEC transplantation group, but had a 
disordered arrangement. Distorted matrix fibers contained a 
large number of cells, with some infiltrated lymphoid cells. 
In the SCI group, few cells were observed in the injured area, 
and the tissue structure was disordered. Few nerve fibers 
with distorted structures were detected, and there was a 
large amount of glial scar tissue. The injured spinal cord had 
cystic degeneration and a large number of void cavities of 
varying sizes. In addition, neuroglia were observed at the 
edges of cystic cavities (Figure 1). 

Silver staining results
At 8 weeks after SCI, there were regenerated nerve fibers in 
glial scar tissue in the OEC transplantation group. There were 
fewer nerve fibers in the SCI group than in the sham group, 
and the nerve fibers had a more disordered arrangement. The 
numbers of nerve fibers in the injured area were much higher 
in the OEC transplantation group than in the SCI group (P < 
0.05; Figure 2).

Picric acid staining results
In the SCI group, picric acid staining revealed fragmented 
tissue and erythrocyte infiltration in the injured area. In 
addition, the axons were fragmented, and there was a large 
amount of axonal debris. At 8 weeks after SCI, many glial scars 
had formed at the transverse end of the lesion in both the 
OEC transplantation group and the SCI group; there was no 
significant difference in glial scar area between the two groups 
(P > 0.05; Figure 3).

Table 1 ｜ Basso, Beattie, and Bresnahan locomotor function scores after 
OEC transplantation in rats with SCI

Time after surgery 
(wk) Sham group SCI group OECs transplantation group

0 19.8±0.14 0 0
2 20.6±0.19 0 0
4 20.7±0.12 0 0
6 20.9±0.10 0.41±0.01 2.98±0.15*

8 20.2±0.13 0.42±0.13 4.45±0.12*

Data are expressed as the mean ± SD. *P < 0.05, vs. SCI group (unpaired t-test). 
OEC: Olfactory ensheathing cell; SCI: spinal cord injury.

Figure 1 ｜ Histological changes in the injured spinal cord of SCI rats with OEC transplantation (hematoxylin-eosin staining, original magnification 200×, 
scale bars: 200 μm). 
(A–E) Hematoxylin-eosin staining in the SCI group at 3 days and at 1, 2, 4, and 8 weeks after SCI, respectively. After SCI, the spinal cord was completely 
destroyed (arrows in A and B), which was accompanied by the production of cystic cavities (arrow in C), voids (arrow in D) and glia scar (arrow in E). (F) 
Hematoxylin-eosin staining in the OEC transplantation group at 8 weeks after SCI. The nerve fibers in the OEC transplantation group were distorted, with a large 
number of cells and lymphoid cell infiltration. Compared with the OEC transplantation group, there were few cells in the damaged area of the SCI group, the 
tissue structure was disordered (arrows), and a large amount of glial scar tissue had formed. OEC: Olfactory ensheathing cell; SCI: spinal cord injury.
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Figure 2 ｜ Nerve fibers in the injured spinal cord of SCI rats with OEC transplantation at 8 weeks 
after injury.
(A) Representative images of spinal cord sections with silver staining (original magnification 200×, scale 
bars: 200 μm). Nerve fibers were stained brown–yellow (arrows) in cross sections of the transected ends 
of the spinal cord. (B) Quantitative results of the positive silver staining signals. Data are expressed as the 
mean ± SD (n = 6). *P < 0.05 (unpaired t-test). OEC: Olfactory ensheathing cell; SCI: spinal cord injury.

Figure 3 ｜ Glial scars in the injured spinal cord of SCI rats with OEC transplantation at 8 weeks after 
injury.
(A) Picric acid staining in the injured area (original magnification 200×, scale bars: 200 μm). At 8 weeks 
after SCI, a large number of glial scars were observed at the transected ends of cross-sectional injuries 
in both the OEC transplantation group and the SCI group. Arrows indicate the glial scars. (B) Quantitative 
analysis of picric acid staining results. There was no significant difference in picric acid staining between 
the two groups. Data are expressed as the mean ± SD (n = 6), and were analyzed by unpaired t-test. OEC: 
Olfactory ensheathing cell; SCI: spinal cord injury.

Figure 4 ｜ Effects of OEC transplantation on NG2 immunopositivity in the injured spinal cord of rats.
(A) NG2 immunopositivity in the injured area was detected using immunohistochemistry (original 
magnification 200×; scale bars: 200 μm). NG2 was expressed in the injured area in both the SCI group 
and the OEC transplantation group. (B) Quantitative analysis of NG2 immunopositivity. The expression of 
NG2 (arrows) in the OEC transplantation group was significantly lower than that in the SCI group at 2 and 
4 weeks after SCI. Data are expressed as the mean ± SD (n = 6). *P < 0.05 (unpaired t-test). NG2: Neural/
glial antigen 2; OEC: olfactory ensheathing cell; SCI: spinal cord injury.

OEC transplantation inhibits NG2, 
neurocan, and GFAP immunopositivity 
in the injured spinal cord of SCI rats
NG2 immunopositivity was significantly 
lower in the OEC transplantation group 
than in the SCI group at 2 and 4 weeks 
after SCI (both P < 0.05; Figure 4). 

Neuron immunopositivity in the OEC 
transplantation group was significantly 
lower than that in the SCI group (P < 
0.05) at each time point, although it was 
higher than that in the sham group (P < 
0.05; Figure 5). 

In the SCI group, GFAP immunopositivity 
was low at  1 week after  SCI ,  and 
the area of GFAP-positive signal in 
the injured center was significantly 
increased at 2 weeks. Neurites extended 
from glial cells and interconnected to 
form reticular structures. Swollen glial 
cells were mainly located around the 
cystic cavity. Compared with the SCI 
group, there was less GFAP-positive 
s ignal  in the OEC transplantation 
group (P < 0.05). However, there was 
no significant difference in the area of 
glial scar formation between the OEC 
transplantation group and the SCI group 
(Figure 6).

OEC transplantation increases GAP-43 
and NF immunopositivity in the injured 
spinal cord of SCI rats 
G A P - 4 3  i m m u n o p o s i t i v i t y  w a s 
s i g n i f i c a n t l y  h i g h e r  i n  t h e  O E C 
transplantation group compared with 
the SCI group at both 2 and 4 weeks 
after SCI (both P < 0.05; Figure 7). 

In the OEC transplantation group, 
NF-positive fibers formed a network 
distribution at 2–4 weeks. There was 
significantly higher NF immunopositivity 
in  the OEC transplantat ion group 
compared with the SCI group at both 
2 and 4 weeks after SCI (both P < 0.05; 
Figure 8).

Discussion
Previous studies have demonstrated 
that glial activation is a very active 
process after central nervous system 
injury, triggering the proliferation 
of glial cells and the formation of 
glial scars (Karimi-Abdolrezaee and 
Billakanti, 2012; Liu et al., 2019). Glial 
scars can mechanically inhibit axonal 
regeneration. Moreover, extracellular 
matrices secreted by activated glial 
cells can function as a chemical barrier 
that hinders early axonal regeneration 
fol lowing SCI.  CSPGs, as the most 
important component of glia scar (Orr 
and Gensel, 2018), are composed of 
proteoglycans and chondroitin sulfates. 
Proteoglycans are the core structure 
of CSPGs. As an inhibitory extracellular 

Figure 5 ｜ Effects of OEC transplantation on neurocan immunopositivity in the injured spinal cord of 
rats. 
(A) Neurocan immunopositivity in the injured area was detected using immunohistochemistry (original 
magnification, 200×; scale bars: 200 μm). Arrows indicate neurocan-positive cells. (B) Quantitative 
analysis of neurocan immunopositivity. Compared with the SCI group, neurocan immunopositivity in the 
OEC transplantation group was significantly lower at 2 and 4 weeks after SCI. Data are expressed as the 
mean ± SD (n = 6). *P < 0.05 (unpaired t-test). OEC: Olfactory ensheathing cell; SCI: spinal cord injury.
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matrix, CSPGs include a large class of 
complex molecules that can be divided 
into f ive types according to their 
different chondroitin sulfates (GAG 
chains): NG2, neurocan, aggrecan, 
brevican, and versican. Neurocan is 
the main molecule of CSPGs. CSPGs 
are widely distributed in the central 
nervous system and contribute to 
the inhibition of axonal regeneration, 
no matter whether they function as 
inhibitory molecules targeting neurons 
during development or participate in 
the formation of neuronal networks in 
adult individuals (Fawcett and Asher, 
1999; Rhodes and Fawcett, 2004). 
Dynamic changes in CSPG expression 
after SCI have been previously reported. 
NG2 and neurocan immunolabeling 
increase at the injury site at 1 day after 
SCI and peak after 2 weeks. Neurocan 
and versican increase significantly at 4 
days after SCI, and brevican expression 
persists stably for 2 months. Phosphacan 
immunolabeling decreases significantly 
at the injured site immediately after 
SCI, but later returns to normal and 
peaks after 2 months (Brittis et al., 
1992). Furthermore, the combined 
use of GFAP immunohistochemistry 
and in situ hybridization has indicated 
that astrocytes become a source of 
neurocan following SCI, and that all 
GSPGs are highly expressed in the first 
2 months following injury (Lemons et 
al., 1999). Moreover, a comparative 
study on the immune response of 
CSPGs in the normal (no surgery) and 
injured (laminectomy) spinal cord 
demonstrated that CSPG expression 
increases significantly at 4 days after 
injury, while both GFAP and CSPGs have 
restricted expression in terms of density 
and space at 40 days after SCI (Jones 
et al., 2003). These findings indicate 
that CSPGs inhibit axonal growth after 
SCI, where the GAG chain is believed to 
be involved in the inhibition by CSPGs 
of axonal growth after SCI? (Lemons 
et al., 1999). In the present study, 
early gliosis of glial cells was observed 
postoperatively, and was especially 
clear at 2 weeks after SCI. However, 
OEC transplantation immediately after 
SCI significantly reduced the levels of 
gliosis, and 2 weeks after SCI there was 
a lower expression of GFAP in the OEC 
transplantation group compared with 
the SCI group. This finding indicates 
that OEC transplantation may reduce 
the viability of reactive glial cells. In an 
adult rat model of hemi-transection 
or complete transection of the spinal 
cord, astrocytes proliferating in a nearby 
region of the SCI were unable to function 
as a mechanical barrier to completely 
inhib i t  nerve f iber  regenerat ion, 
a l though the interconnected cel l 

Figure 6 ｜ Effects of OEC transplantation on GFAP immunopositivity in the injured spinal cord of rats.
(A) GFAP immunopositivity in the injured area was detected using immunohistochemistry (original 
magnification 200×; scale bar: 200 μm). GFAP was highly expressed in both the SCI group and the 
OEC transplantation group. Arrows indicate GFAP-positive cells. (B) Quantitative analysis of GFAP 
immunopositivity. GFAP immunopositivity in the OEC transplantation group was significantly lower than 
that in the SCI group at 2 and 4 weeks after SCI. Data are expressed as the mean ± SD (n = 6). *P < 0.05 
(unpaired t-test). GFAP: Glial fibrillary acidic protein; OEC: olfactory ensheathing cell; SCI: spinal cord 
injury.

Figure 7 ｜ Effects of OEC transplantation on GAP-43 immunopositivity in the injured spinal cord of 
rats.
(A) GAP-43 immunopositivity in the injured area was detected using immunohistochemistry (original 
magnification 200×; scale bar: 200 μm). Arrows indicate GAP-43-positive cells. (B) Quantitative analysis 
of GAP-43 immunopositivity. Compared with the SCI group, GAP-43 immunopositivity in the OEC 
transplantation group was significantly higher at 2 and 4 weeks after SCI. Data are expressed as the 
mean ± SD (n = 6). *P < 0.05 (unpaired t-test). GAP-43: Growth-associated protein 43; OEC: olfactory 
ensheathing cell; SCI, spinal cord injury.

Figure 8 ｜ Effects of OEC transplantation on NF-200 immunopositivity in the injured spinal cord of 
rats.
(A) NF-200 immunopositivity in the injured area was detected using immunohistochemistry (original 
magnification 200×; scale bar: 200 μm). Arrows indicate NF-200-positive cells. (B) Quantitative analysis 
of NF-200 immunopositivity. NF-200 immunopositivity in the OEC transplantation group was significantly 
higher than that in the SCI group at 2 and 4 weeks after SCI. Data are expressed as the mean ± SD (n = 6). 
*P < 0.05 (unpaired t-test). NF-200: Neurofilament 200; OEC: olfactory ensheathing cell transplantation 
group; SCI: spinal cord injury.
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processes intertwined to form a loose network structure (You 
and Su, 2004). To date, a variety of chemicals that inhibit axon 
growth, such as CSPGs, have been isolated from the glial scar 
parenchyma. These chemicals may form a chemical barrier to 
axonal regeneration that is superior to the mechanical barrier 
in inhibiting the regeneration of the central nervous system. 
Recently, many enzymes have been applied in animal models 
of injuries. For example, chondroitinase ABC is a bacterial 
extracellular enzyme that specifically digests the GAG chain of 
CSPGs while retaining its protein core, but does not degrade 
proteoglycans in other extracellular matrices.

The ability of OECs to control the direction of axonal 
regeneration has been confirmed, and OECs are able to form a 
“glial bridge” which transverses scar tissue and longitudinally 
extends along axons (Pérez-Bouza et al., 1998). Shen et 
al. (2002) cut the rat spinal cord at the level of T10, and 
immunohistochemical staining with anti-myelin basic protein 
and anti-nerve growth factor receptor indicated numerous 
regenerated axons at 10 weeks after OEC transplantation. 
Furthermore, in a model of spinal cord transection (Ramón-
Cueto et al., 1998), transplanted OECs promoted long-
term axonal regeneration, and injured spinal cord axons 
regenerated through glial scars and grew into the transected 
end of the spinal cord at a length of 3 cm. In this previous 
study, the paraplegic rats recovered the autonomous activities 
of their hind limbs, which were able to fully extend and 
support their body weight. Moreover, their sensitivity to light 
touch and proprioception also recovered to some extent. 
In animal models of SCI, OECs transplanted into the injured 
site in adult rats can integrate with the host’s nerve tissue 
to help regenerated axons to transverse inhibitory barriers 
and glial scars, and extend to corresponding targets. OEC 
transplantation immediately following SCI can therefore inhibit 
glial cell proliferation. Our findings indicate that transplanted 
OECs mainly exert their effects by inhibiting the formation of 
chemical barriers.

Resu l ts  f rom the  present  study  ind icate  that  OEC 
transplantation has little effect on glial scar size and formation. 
The decreased expression of NG2, neurocan, and GFAP after 
OEC transplantation indicates that OECs may inhibit the 
response of reactive astrocytes and reduce the inhibition of 
axons by CSPGs at the injured site, thus promoting axonal 
regeneration. Similar results have been observed in the 
white matter of the brain after transplantation of OECs and 
Schwann cells (Lakatos et al., 2003). Generally, OECs coexist 
with astrocytes in the glomerular layer of the olfactory 
bulb, and do not cause astrocyte reactivity. Compared with 
Schwann cells, transplanted OECs migrate more extensively in 
the injured area (Ramón-Cueto and Nieto-Sampedro, 1994), 
trigger less response to glial cells, and help more regenerated 
axons through the graft–host interface. Moreover, CSPGs are 
at lower levels when they are in contact with OECs compared 
with Schwann cells, meaning that OECs are more conducive 
to axonal regeneration. Additionally, OECs can eliminate or 
reduce chemical barriers to axonal growth in the extracellular 
matrix by inhibiting the expression of CSPGs, such as NG2 and 
neurocan, and GFAP.

GAP-43 is a 43-kDa growth-associated and nerve-specific 
protein that is inhibited in the mature central nervous 
system, thus ensuring normal physiological activity. GAP-
43 can be induced when damaged axons are regenerated 
and extended. Its products mainly occur on the surface of 
the neuronal growth cone membrane and allow growth by 
accelerating the expansion of the cytoplasmic membrane at 
the base of growth cones. GAP-43 also promotes neuronal 
growth and synaptic remodeling, and increases as much as 

20–100-fold during axonal regeneration (Tolner et al., 2003). 
Studies have shown that endogenous nerve growth factors 
not only increase the expression of GAP-43 after SCI, but also 
allow GAP-43 to release calmodulin to participate in nerve 
regeneration. GAP-43 is delivered to axons immediately after 
synthesis in neurons, is positioned on the cytoplasmic side of 
the axolemma, and is involved in the formation of the growth 
cone membrane (Meiri and Gordon-Weeks, 1990), which 
plays an important role in axon growth and regeneration. 
High expression of GAP-43 is also considered to be a typical 
feature of nerve growth and regeneration. GAP-43 is mainly 
distributed in neuronal axons, regenerated Schwann cells, and 
glial cells, and is considered a molecular marker of neuronal 
axon growth and plasticity (Hassiotis et al., 2002). Curtis et al. 
(1993) reported an increase in the expression of GAP-43 in cell 
bodies and axons around the lesion after SCI. Furthermore, 
Chaisuksunt et al. (2000) confirmed that axonal regeneration 
by most neurons in the central and peripheral nervous systems 
is accompanied by the upregulation of GAP-43 mRNA; this 
upregulation is deemed a prerequisite for axonal regeneration. 
Schmitt et al. (1999) suggested that the upregulation of 
GAP-43 is not infinite after injury, although levels increase 
considerably in the early stages of injury. With the progression 
of damage repair, GAP-43 expression is continuously reduced, 
and recovers when compensated synaptic connections are re-
established.

Findings from the present study indicate that  OEC 
transplantation promotes GAP-43 upregulation, and suggest 
that OECs can secrete a specific variety of neurotrophic 
factors, including nerve growth factor, brain-derived 
neurotrophic factor, glial cell line-derived neurotrophic 
factor, ciliary neurotrophic factor, neurotrophin-3, and 
neurotrophin-4 (Wewetzer et al., 2001; Woodhall et al., 2001). 
It may be that OECs secrete neurotrophic factors that alter 
the local microenvironment after SCI, and then upregulate 
the expression of GAP-43 mRNA. The upregulation of GAP-43 
mRNA triggers the synthesis of GAP-43 protein and promotes 
axonal extension and regeneration, thereby effectively 
improving central nervous system repair.

The possible mechanism of OECs changing chondroitin 
sulfate proteoglycans will be further studied in the future. In 
conclusion, transplanted OECs can inhibit the formation of 
scars as physical and chemical barriers caused by the excessive 
proliferation of glial cells. They also eliminate chemical barriers 
that hinder axonal regeneration, increase the numbers of 
regenerative nerve fibers, and promote axonal regeneration 
for spinal cord repair.
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