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The fibrotic scar formed after central nervous system
injury has been considered an obstacle to axonal
regeneration. The present study was designed to
examine whether cell transplantation into a damaged
central nervous system can reduce fibrotic scar forma-
tion and promote axonal regeneration. Nigrostriatal do-
paminergic axons were unilaterally transected in rats
and cultures of olfactory-ensheathing cells (OECs), and
olfactory nerve fibroblasts were transplanted into the
lesion site. In the absence of transplants, few tyrosine
hydroxylase–immunoreactive axons extended across
the lesion 2 weeks after the transection. Reactive astro-
cytes increased around the lesion, and a fibrotic scar
containing type IV collagen deposits developed in the
lesion center. The immunoreactivity of chondroitin sul-
fate side chains and core protein of NG2 proteoglycan
increased in and around the lesion. One and 2 weeks
after transection and simultaneous transplantation, do-
paminergic axons regenerated across the transplanted
tissues, which consisted of p75-immunoreactive OECs
and fibronectin-immunoreactive fibroblasts. Reactive
astrocytes and chondroitin sulfate immunoreactivity
increased around the transplants, whereas the deposi-
tion of type IV collagen and fibrotic scar formation were
completely prevented at the lesion site. Transplantation
of meningeal fibroblasts similarly prevented the forma-
tion of the fibrotic scar, although its effect on regenera-
tion was less potent than transplantation of OECs and
olfactory nerve fibroblasts. The present results suggest
that elimination of the inhibitory fibrotic scar is impor-
tant for neural regeneration. VVC 2008 Wiley-Liss, Inc.

Key words: rat; brain injury; cell transplantation;
reactive astrocyte; chondroitin sulfate

In the central nervous system (CNS) of adult mam-
mals, transected axons display almost no regenerative
capacity following injury, and various kinds of inhibiting
factors at the lesion site have been postulated to prevent
the regrowth of severed axons. These include different
types of chondroitin sulfate proteoglycans (CSPGs; for a
review, see Asher et al., 2001; Morgenstern et al., 2002;
Tan et al., 2005), tenascin (McKeon et al., 1991), sema-
phorin 3A (Pasterkamp et al., 1999), and subtypes of the
Eph receptor and their ligands ephrins (reviewed by
Goldshmit et al., 2006). These molecules have axonal
growth–repelling activity in vitro and play important
roles in axon guidance in the developing CNS. Attempts
to neutralize the molecules have been reported to
enhance axonal regeneration in the damaged brain and
spinal cord (Moon et al., 2001; Bradbury et al., 2002;
Goldshmit et al., 2006; Kaneko et al., 2006).

It has been also proposed that a fibrotic scar con-
taining type IV collagen (Col IV) that is formed in the
lesion center may act as an impediment to axonal regen-
eration. The prevention of fibrotic scar formation by
treatment with either antibody to Col IV or 2,20-dipyr-
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idyl (DPY), an inhibitor of Col IV synthesis, has been
reported to promote regeneration of transected rat fornix
axons (Stichel et al., 1999). We further demonstrated in
mice that transected nigrostriatal dopaminergic (DA)
axons regenerated 1 week after birth when a fibrotic scar
was not formed at the lesion site (Kawano et al., 2005).
More recently, we found that the fibrotic scar was elimi-
nated in mice subjected to chondroitinase ABC
(ChABC) treatment, which degraded glycochains of
CSPGs, suggesting that the promoting effect of ChABC
on axonal regeneration is mediated via elimination of
the fibrotic scar (Li et al., 2007).

Transplantation of neural and nonneural cells has
shown the potential to promote regeneration in the
damaged CNS. Many types of cells have been used in
transplant-mediated repair; these include fibroblasts
(Franzen et al., 1999; Jones et al., 2003), Schwann cells
(Xu et al., 1995; Takami et al., 2002), neural stem cells
(Ogawa et al, 2002; Okada et al., 2005), and bone mar-
row stromal cells (Nandoe et al., 2006). Over the past
10 years, however, olfactory-ensheathing cells (OECs)
have emerged as a leading reparative candidate (Franklin
et al., 1996; Li et al., 1997; Xu et al., 1997). The ration-
ale for using OECs is that in the olfactory system, they
ensheathe the axons of olfactory receptor neurons,
which are continually generated and replaced, grow into
the olfactory bulb, and reform synapses throughout life
(Farbman, 1990). OECs cultured from tissue samples
taken from the adult olfactory bulb, olfactory nerves,
and lamina propria of the olfactory epithelium have
shown significant promise in promoting regeneration af-
ter spinal cord lesions (reviewed by Bunge, 2002; Bar-
nett and Riddell, 2004; Raisman and Li, 2007). OECs
transplanted in the lesion site are postulated to provide a
pathway for the regeneration of transected axons
(Raisman and Li, 2007) and alter the nonpermissive mi-
lieu of damaged tissue inhibitory to axonal regeneration.
How these improvements come about is currently
unclear.

The present study was undertaken to examine
whether axonal regeneration after cell transplantation is
associated with suppression of fibrotic scar formation in
the lesion site to promote axonal regeneration. For this
purpose, the rat nigrostriatal DA pathway was unilater-
ally transected immediately caudal to the striatum, and a
mixture of cultured OECs and olfactory nerve fibroblasts
(ONFs) was transplanted into the lesion site. Further-
more, the superiority of OEC/ONF transplantation over
transplantation of meningeal fibroblasts was examined by
comparing their effects on the remodeling of the inhibi-
tory milieu and axonal regeneration.

MATERIALS AND METHODS

Transection of Ascending DA Axons in Adult Rats

The experimental protocols were approved by the Ani-
mal Care and Use Committee of the Tokyo Metropolitan
Institute for Neuroscience. Ascending DA axons were unilat-
erally transected in rats according to the method of Kawano

et al. (2005) for mice with a slight modification. Briefly, adult
male rats of Sprague-Dawley strain (300–350 g) were anesthe-
tized by intraperitoneal injection of sodium pentobarbital
(40 mg/kg body weight) and transferred to a stereotactic
frame (Narishige, Tokyo, Japan), with the incisor bar set
3 mm below the interaural line. A midline skin incision was
made on the preshaved scalp, the periosteum was cleared from
the cranium, and a small oval-shaped hole was made with a
dental drill where the knife was inserted. The right medial
forebrain bundle, which contains the fibers of the nigrostriatal
DA pathway, was transected using a special 2-mm-wide knife
made of a razor blade. The knife was attached to the vertical
bar of the stereotactic frame, and the tip of the knife was
inserted into the right side of the brain 0.5 mm lateral to the
midline and 1.0 mm posterior to the bregma and at a depth of
8.0 mm from the surface of the brain. The knife was allowed to
remain in place for a further 1 min and withdrawn.

Preparation of Cells for Transplantation

Preparation of OECs/ONFs was performed according
to the method of Ramon-Cueto and Nieto-Sampedro (1992).
The olfactory nerves and glomerular layers of the olfactory
bulb were dissected out from 5-week-old male rats of the
Sprague-Dawley strain. The dissected tissues were chopped
into small pieces, plated on glass coverslips coated with poly-
L-lysine and laminin (Nagata and Nakatsuji, 1990), and
cultured for 4–6 days in DMEM/F-12 medium (GIBCO)
containing 10% FCS (PAA, Austria), 2 lM forskolin (Sigma),
10 lg/mL insulin (Sigma), and antibiotics (penicillin-strepto-
mycin). OECs and ONFs migrated preferentially from the
explants. To obtain pure meningeal fibroblasts, pia mater from
the cerebrum was cultured as described above. When the cells
migrating from the explants became confluent in the cover-
slip, cells were detached from the coverslip with trypsin
(0.25%; Sigma) and plated in a culture flask coated with poly-
L-lysine and laminin. After 12–18 days of passage, cultures
were labeled with Hoechst 33342 (Ramon-Cueto et al.,
1998) for 1 hr in a CO2 incubator, and these labeled cells
were detached with trypsin and washed twice with the fresh
DMEM/F-12 medium and suspended with small amounts of
the same medium at a concentration of 5–8 3 107 cells/mL.
Characterization of the cultures was determined by indirect
immunocytochemical staining after fixation (4% paraformalde-
hyde:saturated picric acid 5 1:1). Anti-p75 nerve growth fac-
tor (NGF) receptor antibody (1:100, mouse monoclonal,
clone 192; Chemicon, Temecula, CA) and antifibronectin
(FN) antibody (1:500; Chemicon) were used for OEC and
fibroblast markers, respectively. The composition of the cells
from the olfactory bulbs was approximately 40% OECs and
60% ONFs. The cells obtained from the pia mater were
almost all p75-negative and FN-positive fibroblasts.

Transplantation of OECs and Fibroblasts

Immediately after the transection of ascending DA
axons, 2 lL of a suspension (approximately 105 cells) of me-
ningeal fibroblasts or OECs/ONFs was slowly injected into
the lesion site using a glass micropipette connected to a 10-lL
Hamilton syringe attached to the vertical bar of the stereotac-
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tic frame. The tip of the micropipette was inserted into the
center of the lesion site in the right brain 1.5 mm lateral to
the midline and 1.0 mm posterior to the bregma and at a
depth of 7.0 mm from the surface of the brain. After the
injection, the tip of the micropipette was allowed to remain
in place for a further 3 min before withdrawing.

Tissue Preparation

Rats were sacrificed 1, 2, and 4 weeks after the surgical
operation. Under terminal anesthesia with an intraperitoneal
injection of a lethal dose of sodium pentobarbital, all rats were
sacrificed by cardiac perfusion with 20 mM phosphate-buf-
fered saline (PBS) followed by ice-cold 4% paraformaldehyde
in 0.1 M phosphate buffer (pH 7.4). The brains were dissected
free, immersed in the fixative overnight, and transferred to
20% sucrose in 20 mM PBS (pH 7.4) until they sank. The
brains were frozen in crushed dry ice and 10 consecutive se-
ries of one-in-ten 40-lm horizontal sections were cut on a
sliding cryotome. The free-floating sections were kept in cry-
oprotectant solution [0.4M phosphate buffer (pH 7.4) contain-
ing 30% sucrose, 30% ethylene glycol, and 1% poly(vinyl pyr-
rolidone)] at 2208C to process for immunohistochemistry.

Immunohistochemical Staining

Sections were initially rinsed in 20 mM PBS and incu-
bated in a mixture of 3% hydrogen peroxide and 0.1% Triton
X-100 for 15 min at room temperature. After rinsing in
20 mM PBS, the sections were incubated overnight at 48C
with one of the primary antibodies (see Table I). All primary
antibodies were diluted with 20 mM PBS containing 0.5%
skim milk. Sections were then incubated with biotinylated
secondary antibodies (anti-rabbit IgG for TH, p75, GFAP,
FN, and Col IV and anti-mouse IgM for CS-A and CS-D;
1:100; Vector Laboratories, Burlingame, CA), and avidin-bio-
tin peroxidase complex (Vectastain ABC kit, Vector Laborato-
ries) at 378C for 30 min each. All the sections were rinsed in
20 mM PBS between incubations. The immunoreaction was
visualized in a solution containing 0.01% diaminobenzidine
tetrahydrochloride and 0.01% hydrogen peroxide in 50 mM
Tris buffer (pH 7.4) at 378C for 3–10 min. Specificity of the
immunoreactions was confirmed by no reaction being
observed when sections were incubated with a diluent instead

of the primary antibodies. Sections were finally mounted on
gelatin-coated glass slides, air-dried on a hot plate at 408C and
coverslipped after dehydration through ethanol and xylene.
Digital images were taken with an AxioVision CCD system
(Carl Zeiss), and the TIF files were processed with Photoshop
software (Adobe, San Jose, CA).

Immunofluorescent Staining

Immunofluorescent staining was performed on free-
floating sections of transected and transplanted brains to dem-
onstrate the spatial relationship between Hoechst-labeled
transplanted cells and regenerating axons or localization of var-
ious molecules. The sections were incubated with diluted pri-
mary antibodies (Table I) overnight at 48C. After rinsing in
20 mM PBS, they were sequentially incubated with biotinyl-
ated anti-rabbit IgG or antimouse IgM (1:100; Vector Labora-
tories) and streptavidin–Alexa Fluor1 488 conjugate (1:3,000;
Molecular Probes, Inc., OR) for 1 hr each at 378C. Sections
were coverslipped and observed on a confocal laser scanning
microscopy system (FV-1000, Olympus, Tokyo, Japan). The
colors of the digital images were converted to demonstrate a
magenta–green combination for the benefit of people with
red–green color blindness.

Double immunofluorescent staining in single sections of
lesioned and transplanted rats was performed as follows. For
CS-D and TH, the sections were incubated with mixtures of
anti-CS-D (1:100) and anti-TH (1:2,000) overnight at 48C.
After rinsing in 20 mM PBS, they were incubated in a mix-
ture of biotinylated anti-rabbit IgG (1:100; Vector Laborato-
ries) and FITC-conjugated goat anti-mouse IgG (1:200; Med-
ical and Biological Laboratories, Nagoya, Japan) for 2 hr at
378C. Finally, the sections were incubated with streptavidin–
Alexa Fluor1 594 conjugate (1:3,000; Molecular Probes, Inc.,
OR) for 1 hr at 378C.

For double immunostaining of Col IV and TH, Col IV
and GFAP, and GFAP and TH, sections were initially incu-
bated with anti–Col IV (1:100) or anti-GFAP (1:5) for 4 hr at
378C. After rinsing in 20 mM PBS, sections were incubated
with biotinylated anti-rabbit IgG (1:100; Vector Laboratories)
and streptavidin–Alexa Fluor1 594 conjugate (1:3,000; Mo-
lecular Probes, Inc., OR) for 1 hr each at 378C. After rinsing
in 20 mM PBS, sections were sequentially incubated with

TABLE I. Antibodies Used in the Present Immunohistochamical Study

Antibody Type

Dilution in

SourceABC method Immunofluorescence

Anti-TH Rabbit polyclonal 1:2,000 1:2,000 Dr. Nagatsu*

Anti-GFAP Rabbit polyclonal 1:100 1:5 DAKO, Carpinteria, CA

Anti-Col IV Rabbit polyclonal 1:5,000 1:100 Chemicon, Temecula, CA

Anti-FN Rabbit polyclonal 1:5,000 1:500 Chemicon

Anti-p75 Rabbit polyclonal 1:200 1:50 Promega, Madison, WI

Anti-p75 Mouse monoclonal, IgG – 1:100 Chemicon

Anti-NG2 Rabbit polyclonal 1:250 – Chemicon

Anti-CS-A Mouse monoclonal, IgM 1:100 – Seikagaku, Tokyo, Japan

Anti-CS-D Mouse monoclonal. IgM 1:100 1:100 Seikagaku

Abbreviations: Col IV, type IV collagen; CS-A, chondroitin sulfate A unit; CS-D, chondroitin sulfate D unit; FN, fibronectin; GFAP, glial fibrillary

acidic protein; NG2, NG2 proteoglycan; p75, low-affinity nerve growth factor receptor; TH, tyrosine hydroxylase.

*Department of Anatomy, School of Medicine, Fujita Health University, Toyoake, Japan.
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anti-TH (1:2,000) or anti-GFAP (1:5) overnight at 48C and
FITC-conjugated goat antirabbit IgG (1:200; Medical and Bi-
ological Laboratories) for 1 hr at 378C. Sections were cover-
slipped and observed on a confocal laser scanning microscopy
system (FV-1000, Olympus).

Quantitative Analysis

Quantitative evaluation of the regeneration of the trans-
ected ascending DA axons by an automated counting method
(macroprogram for KS400, version 3.0, supplied by Zeiss,
Germany) has been described in our previous articles (Kawano
et al., 2005; Li et al., 2007). Every five horizontal sections
(200-lm intervals) were immunostained with anti-TH, and
among them, sections containing the largest numbers of TH-
positive fibers of the medial forebrain bundle were selected
for quantitative analysis. Digital images of TH-immunostained
sections were obtained using an Axiocam microscope (Zeiss)
equipped with a color CCD camera at a final magnification of
20 3 2.5. A rectangular frame (375 3 450 lm) was set up at
a distance 100 lm distal to the central part of lesion site. The
images were then converted to binary images by thresholding.
Brightness of the pixels in the image was inversely correlated
to staining intensity. Then the images were represented by an
array of pixels with integer intensity values (IIV) between 0
and 255 (255 represents the maximum brightness). Labeled
objects with a brightness of 20 IIV more than the background
and in a size range exceeding 20 3 20 pixels were recorded
as positive. On visual inspection, almost all the positive struc-
tures could be identified as axonal varicosities. The validity of
the automated counting method was confirmed by compari-
son with counts from human observers.

The host response to cell transplantation was also quan-
tified using a macroprogram for KS400. Every 10 sections
(400-lm intervals) were immunostained with CS-D antibod-
ies, and sections containing the largest scar or transplant were
selected for the present analysis. Digital images of CS-D-im-
munostained sections were obtained using an Axiocam micro-
scope (Zeiss) equipped with a color CCD camera at a final
magnification of 20 3 2.5. The images were then processed
as described above. Labeled objects with a brightness of 20
IIV more than the background (contralateral brain region)
were defined as positive. Size of the positive areas was
expressed in square micrometers.

RESULTS

A total of 56 rats were subjected to unilateral trans-
ection of the ascending DA pathway. Of these, 20 rats
were unsuitable because of the misposition of the transec-
tion or death before sacrifice. The remaining 36 rats were
used for the present analyses. Seven rats were transected
only 2 weeks after the operation. Nineteen rats were trans-
ected and transplanted with OECs/ONFs (7 transected at
1 week, 8 transected at 2 weeks, and 4 transected at 4
weeks after the operation, respectively). Ten rats transected
and transplanted had meningeal fibroblasts after 2 weeks.
The brains of all rats were examined immunohistochemi-
cally, and six rats from each 2-week group were selected
at random and used for quantitative analysis.

Effect of OEC Transplantation on Regeneration
of Ascending DA Axons

The ascending DA pathway from the midbrain was
visualized in TH-immunostained horizontal sections, as
previously demonstrated in the mouse brain (Kawano
et al., 2005; Li et al., 2007). The ascending DA pathway
was almost completely transected by the surgical cut.
Two weeks after the transection, the bulk of TH-posi-
tive fibers had accumulated at the proximal edge of the
cystic cavities and scar tissues formed in the lesion cen-
ter, and TH-positive fibers were rarely detected beyond
the lesion (Fig. 1A). In rats transplanted with meningeal
fibroblasts at the time of transection, many TH-positive
axons entered the transplanted tissue, and some reentered
the host tissue rostral to the transplant (Fig. 1B). Trans-
planted tissue was recognized with Hoechst 33342
(Fig. 1C). In rats transplanted with OECs/ONFs, rein-
nervation of DA axons into and across the lesion site
was observed by 1 week after cell transplantation. Regen-

Fig. 1. Regeneration of transected DA axons after transplantation of
meningeal fibroblasts (Fb) and OECs/ONFs. A: Two weeks after the
transection of ascending DA pathway (arrow), the bulk of TH-posi-
tive axons had accumulated in the proximal part of the scar tissue (S)
and cystic cavity (CC). B: In rats transplanted with meningeal fibro-
blasts at the time of transection, many TH-positive axons entered the
transplanted tissue (Tp), but few of them reentered the host tissue.
C: Transplanted tissue was recognized with Hoechst 33342. D: One
week after the lesion and transplantation of OECs/ONFs. Many fine
varicose TH-positive axons traverse the lesion (arrow) and regain the
striatum (St). E, F: TH immunostaining and Hoechst fluorescence in
the rectangular area of D. TH-positive axons extend across the trans-
planted tissue. G–I: Digital images obtained by confocal laser
scanning microscopy 2 weeks after OEC/ONF transplantation. TH
immunofluorescence (G) and Hoechst fluorescence (H) in the same
section. Merged file (I) clearly shows that regenerating TH-positive
axons (green) extend across the transplanted cells (magenta). Scale
bar 5 500 lm in A–C, E–F; scale bar 5 1 mm in D; scale bar 5
200 lm in G–I.
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erated axons were more numerous than after transplanta-
tion with meningeal fibroblasts. In the most effective
case, numerous TH-positive axons crossed the lesion site
to extend toward the striatum (Fig. 1D). Regenerating
axons extended across the lesion site (Fig. 1E), in which
many Hoechst-labeled cells were localized (Fig. 1F).
Using confocal laser-scanning microscopy, regenerating
TH-positive axons were clearly demonstrated to extend
through the transplanted tissue 2 weeks after transplanta-
tion (Fig. 1G–I). Regeneration of TH-positive axons 4
weeks after the transplantation of OECs/ONFs seemed
similar to that after 2 weeks. Transplantation of either
fibroblasts or OECs/ONFs appeared to reduce the size
of cystic cavities in the lesion site as previously reported
(Ramer et al., 2004).

Quantitative evaluation of the regeneration of
transected DA axons beyond the lesion was performed
by the automated counting method (Fig. 2). In the
intact side of the brain, the number of ascending DA
axons immediately caudal to the striatum was 1396 6
175 (n 5 6). The number of DA axons in rats with
transection decreased remarkably, to 98 6 16 after
2 weeks (n 5 6). Transplantation of meningeal fibro-
blasts tended to increase but not significantly the number
of DA axons, to 231 6 27 (n 5 6). Transplantation of
OECs/ONFs greatly enhanced the number of regenerat-
ing DA axons, to 595 6 137 (n 5 6), which was statisti-
cally higher than that in rats that were only transected
(P < 0.01).

Formation of Fibrotic and Glial Scars after Brain
Lesion and Transplantation

Two weeks after the transection, Col IV immunor-
eactivity was observed in the blood vessels around the
lesion site and densely deposited in the center of the
lesion (Fig. 3A). Deposition of Col IV uniformly distrib-
uted in the lesion center constituted the fibrotic scar
(Fig. 3B). Hoechst-positive cells were not detected in
the lesion site (Fig. 3C). In brains transplanted with ei-
ther meningeal fibroblasts or OECs/ONFs, Col IV
immunoreactivity was detected only in association with
basal lamina around the blood vessels in the transplants,
and fibrotic scars containing Col IV deposits were never
found (Fig. 3D–I). Localization of Col IV immunoreac-
tivity appeared identical in the brains 1, 2, and 4 weeks
after transplantation of OECs/ONFs.

Two weeks after the transection, GFAP immunor-
eactivity was greatly enhanced around the lesion (Fig. 3J).
In brains transplanted with fibroblasts (Fig. 3K) and
OECs/ONFs (Fig. 3L), reactive astrocytes surrounded the
lesion sites, which were filled with transplanted tissue. The
extent and staining intensity of reactive astrocytes appeared
similar in lesioned and transplanted brains (Fig. 3J–L), and
in the brains 1, 2, and 4 weeks after transplantation of
OECs/ONFs.

It is well established that chondroitin sulfate glyco-
chains of CSPGs increase over several weeks after a brain
lesion (for a review, see Asher et al., 2001; Morgenstern

et al., 2002; Tan et al., 2005). In the present study, CS-
A and CS-D immunoreactivity increased remarkably
2 weeks after the lesion. Intense CS-D immunoreaction
was diffusely distributed in the brain tissue surrounding
the lesion site (Fig. 3M). In transplanted brains, CS-D
immunoreactivity was increased around the transplants
and weak in transplanted tissue (Fig. 3N,O).

The areas of CS-D immunoreactive regions were
measured by using the automated counting method (Fig. 2).
The areas of CS-D immunoreactive regions were
296,519 6 41,139 lm2 in rats 2 week after the transec-
tion (n 5 5), 275,132 6 65,131 lm2 in rats 2 weeks
after transplantation with meningeal fibroblasts (n 5 4),
and 289,710 6 29,186 lm2 in rats 2 weeks after trans-
plantation with OECs/ONFs (n 5 4). The value was

Fig. 2. Quantitative evaluation of regeneration of ascending DA
axons (upper panel) and up-regulation of CS-D immunoreactivity
(lower panel) was performed by the automated counting method.
Data represent mean 6 SEM. The upper panel shows only a few
TH-positive axons were regenerated on the lesioned side (Lesion)
compared with the intact side (Intact). The number of regenerated
axons tended to increase but not significantly in rats transplanted
with meningeal fibroblasts (Fb). Transplantation of OECs/ONFs sig-
nificantly enhanced regeneration of DA axons (*P < 0.01 compared
with the lesioned group). The lower panel shows that the areas of
CS-D immunoreactive regions were not significantly different among
the three groups. Multiple comparisons were performed with Bonfer-
roni/Dunn tests.
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not significantly different among these three groups,
indicating that cell transplantation did not suppress the
CS up-regulation around the lesion.

NG2 is known as a major CSPG up-regulated after
lesions of the CNS (Jones et al., 2002). In the present
study, NG2 immunoreactivity was increased around the
lesion site and accumulated in the fibrotic scar 2 weeks
after the lesion (Fig. 3P), as observed in mice (Kawano
et al., 2005; Li et al., 2007). In brains transplanted with

meningeal fibroblasts (Fig. 3Q) and OECs/ONFs (Fig. 3R),
NG2 immunoreactivity was found abundantly around
the transplant and moderately in the transplant.

Immunofluorescent Profiles of Transplants

An immunofluorescent study enables the localization
of various molecules and Hoechst-labeled transplanted cells
in single sections to be directly compared (Fig. 4). Confocal
laser-scanning microscopy confirmed that intense Col IV
immunoreactivity was found in the walls of blood vessels
and did not overlap with Hoechst-labeled cells in the trans-
plants of both meningeal fibroblasts (Fig. 4A) and OECs/
ONFs (Fig. 4B). GFAP immunoreactivity was not localized
in Hoechst-positive transplanted cells in the fibroblast trans-
plant (Fig. 4C). In the transplant of OECs/ONFs, GFAP
immunoreactivity was colocalized with Hoechst in a few
rounded-shaped cells (Fig. 4D), which suggests that the
OECs did not differentiate into mature astrocyte-like cells.
Well-differentiated GFAP-positive cells were often found
in the transplants of meningeal fibroblasts and OECs/
ONFs, but they were never labeled with Hoechst (Fig.
4C,D). Intense CS-D immunoreaction was observed
around the transplants of both meningeal fibroblasts
(Fig. 4E) and OECs/ONFs (Fig. 4F).

Transplanted tissues were immunohistochemically
identified by FN and p75, molecular markers for fibro-
blasts and OECs, respectively (Fig. 4G–J). FN immunor-
eactivity was detected in numerous Hoechst-positive
cells in transplants of meningeal fibroblasts (Fig. 4G) and
OECs/ONFs (Fig. 4H). In contrast, FN-positive basal
lamina around the blood vessels were devoid of Hoechst
(Fig. 4G,H), which confirmed that the blood vessels are
of host origin.

OECs were detected immunohistochemically with
anti-p75 (Ramon-Cueto and Nieto-Sampedro, 1992). In
the transplants of meningeal fibroblasts, no specific stain-
ing was detected in the transplants (Fig. 4I), whereas
many p75-immunoreactive cells were localized in the
transplants of OECs/ONFs (Fig. 4J). Cells immunoreac-
tive for p75 were always observed in the transplants 1,
2, and 4 weeks after the transplantation, and virtually
all of them were overlapped with Hoechst-labeled cells
(Fig. 4J).

Double Immunofluorescent Study

To demonstrate interactions among molecules, glial
and fibrotic scars, regenerated axons, and transplanted
cells, double-immunofluorescent staining was performed.
In rats only lesioned, reactive astrocytes increased around
the lesion site and surrounded the fibrotic scar (Fig. 5A).
In the brains lesioned and transplanted with meningeal
fibroblasts (Fig. 5B) or OECs/ONFs, the fibrotic scar
was not formed and an increased number of reactive
astrocytes surrounded transplanted tissue. In the brains
that were lesioned only, transected TH-positive axons
stopped at the margin of the Col IV–containing fibrotic
scar (Fig. 5C). In the brains transplanted with meningeal
fibroblasts (Fig. 5D) or OECs/ONFs, regenerating axons

Fig. 3. Effects of cell transplantation on fibrotic and glial scar forma-
tion and CSPG up-regulation around the lesion site. A: Two weeks
after the lesion, Col IV immunoreactivity was detected not only in
newly formed blood vessels (arrows) but also in the lesion core, the
fibrotic scar (FS). B: High magnification of rectangular area in A.
Col IV immunoreactivity was homogenously distributed in the scar.
C: In the same section as B, no Hoechst-positive cells were found.
Col IV immunoreactivity was observed in the transplants of menin-
geal fibroblasts (Fb) (D) and OECs/ONFs (G). E, H: High magnifi-
cation of rectangular areas in D and G, respectively. Col IV immu-
noreactivity was localized in the walls of blood vessels (arrows). F, I:
In the same sections as E and H, many Hoechst-positive cells were
found in the transplants. J–L: A number of GFAP-positive reactive
astrocytes were observed around the lesion (J) and transplants of Fb
(K) and OECs/ONFs (L). M–O: CS-D immunoreactivity was accu-
mulated in the brain tissue surrounding the lesion (M) and transplants
of Fb (N) and OECs/ONFs (O). Increased NG2 immunoreactivity
was observed around the lesion (P) and transplants of Fb (Q) and
OECs/ONFs (R). An intense reaction was also observed in the
fibrotic scar (P). Scale bar 5 1 mm in A, D, G, J–R; scale bar 5
100 lm in B–C, E–F, H–I.
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extended through the transplant, in which fibrotic scars
were not formed. Furthermore, in the brains trans-
planted with meningeal fibroblasts (Fig. 5E,F) or OECs/
ONFs, regenerated axons extended over the interface
between the transplant and host tissue, where reactive
astrocytes (Fig. 5E) and CS-D immunoreactivity (Fig. 5F)
were increased.

DISCUSSION

Transplanted OECs Promote Axonal Regeneration
in the Damaged CNS

In the present study, transected ascending DA
axons regenerated into the transplant and across the

lesion after transplantation with OECs/ONFs. OEC
transplantation has been shown to enhance axonal regen-
eration and provide remarkable improvement in the re-
covery of function after spinal cord injury (Li et al.,
1997; Ramon-Cueto et al., 2000; Lu et al., 2001, 2002;
Nash et al., 2002). Possible beneficial functional effects
of OEC transplantation include axonal regeneration, tis-
sue sparing, and remyelination (Franssen et al., 2007).
Damage to the CNS often results in the formation of a
cystic cavity in the lesion site that is caused by loss of
neural tissue in the process of damage and is a physical
obstacle for regenerating axons. OEC transplantation has
been shown to suppress the formation of cystic cavity in
order to construct the bridge for passage of regenerating
axons (Ramer et al., 2004). Filling the cavity, however,
may be simply a mechanical effect, not specific to the
type of cells transplanted. In the present study, transplan-
tation of meningeal fibroblasts also promoted axonal
growth into the graft and tended to enhance regenera-
tion of DA axons into the host tissue. Transplantation of
fibroblasts in the lesioned spinal cord has also been
reported to enhance axonal regeneration (Franzen et al.,
1999; Jin et al., 2000; Jones et al., 2003).

The current study shows that transplants containing
OECs mediated stronger axonal regeneration into the
host target tissue than did transplants of meningeal fibro-
blasts (Fig. 2). OECs share several antigenic and mor-
phological characteristics with astrocytes, Schwann cells,
and oligodendrocytes and express an array of trophic fac-
tors and extracellular matrix molecules more typical of
embryonic glial cells (Ramon-Cueto and Avila, 1998;
Lipson et al., 2003; Barnett and Riddell, 2004; Liu
et al., 2005). It is therefore likely that OEC transplants
exert a supportive effect on transected axons, enabling
them to cross the lesion site and contribute to the crea-
tion of an environment to support axonal regeneration.
Transplantation of fibroblasts modified to express trophic
factors, such as brain-derived neurotrophic factor
(BDNF) and neurotrophin-3 (NT3), enhances their re-
generative ability compared with that of unmodified

Fig. 4. Digital images obtained by confocal laser scanning microscopy
2 weeks after transplantation of meningeal fibroblasts (left column)
and OECs/ONFs (right column). Immunohistochemical localization
(green) of Col IV (A, B), GFAP (C, D), CS-D (E, F), FN (G, H),
and p75 (I, J) was compared with that of Hoechst-labeled cells (ma-
genta) in the same sections. Col IV immunoreactivity was localized
in the blood vessels and not overlapped with Hoechst-labeled cells
(A, B). GFAP-positive cells were found in the transplant but not
overlapping with Hoechst-labeled cells (C, arrow). Among GFAP-
positive cells in the transplant, a few round-shaped cells (arrows)
overlapped with Hoechst-labeled cells (D, white). E, F: Intense CS-
D immunoreactivity was localized around the transplant. G, H: FN
immunoreactivity was colocalized with Hoechst in many cells (white)
of the transplant, whereas FN-positive blood vessels (arrows) were
not labeled with the fluorescent dye. Although no p75-positive cells
were observed in the transplant of meningeal fibroblasts (I), p75
immunoreactivity was colocalized with Hoechst in numerous cells
(white) in the transplant of OECs/ONFs (J). Scale bar 5 400 lm.
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fibroblasts (for a review, see Liu et al., 2000; Murray
et al., 2002).

Transplanted OECs Modify the Inhospitable Local
Environment in Lesion Sites

OEC transplantation has been shown to ameliorate
or alter the inhibitory milieu of damaged CNS. OECs
transplanted into injured rat spinal cord were reported to
reduce the formation of a glial scar (Garcia-Alias et al.,
2004; Ramer et al., 2004), whereas unchanged astrocytic
reaction was also demonstrated in our (Figs. 3J–L and
4C,D) and previous (Ramon-Cueto et al., 2000) studies.

Although CSPG expression around the lesion was also
reported to be reduced by OEC transplantation, neuro-
can immunoreactivity was unchanged (Lakatos et al.,
2003; Garcia-Alias et al., 2004). In other studies, high
expression of CSPG after a lesion was not affected by
cell transplantation (Jones et al., 2003; Ramer et al.,
2004). In the present study, enhanced immunoreactivity
of CS-D and NG2 in perilesional areas was also
observed in transplanted brains (Fig. 3M–R). Further-
more, the areas of CS-D immunoreactivity around the
lesion site did not differ between lesioned and trans-
planted brains (Fig. 2).

Several lines of evidence obtained by in vitro
experiments have demonstrated that glial scarring with
associated up-regulation of CSPGs acts as a potent inhib-
itor for axonal regeneration of central neurons (for
review, see Höke and Silver, 1996; Small et al., 1996;
Asher et al., 2001; Morgenstern et al., 2002; Matsui and
Oohira, 2004; Silver and Miller, 2004; Yiu and He,
2006). However, this formula has recently been chal-
lenged in vivo using CNS lesions, cell transplantation,
and gene manipulation; NG2, a major CSPG up-regu-
lated after CNS injury (Jones et al., 2002), does not nec-
essarily inhibit axonal regeneration (Jones et al., 2003; de
Castro Jr et al., 2005; Yang et al., 2006). In our previous
studies (Kawano et al., 2005; Li et al., 2007; reviewed in
Kawano et al., 2007), regenerating axons were shown to
extend into regions rich in reactive astrocytes and
CSPGs (see also Ramon-Cueto et al., 1998, 2000).
Recent studies suggest that reactive astrocytes are
involved in the repair of the blood–brain barrier and
wound healing after CNS injury, not simply acting as an
inhibiting factor of axonal regeneration (Faulkner et al.,
2004; Okada et al., 2006).

Cell Transplantation Prevents Formation
of Fibrotic Scars

A striking finding of the present study is that the
formation of a fibrotic scar in the lesion center was
avoided in the lesions with cellular transplants. When
the CNS is injured, mesodermal cells (meningeal cells
and/or fibroblasts) invade and proliferate in the lesion
site. They secrete extracellular matrix molecules such as
laminin, FN, and Col IV to form a fibrotic scar that
consists of layers of basal lamina. The end feet of reactive
astrocytes form a glia limitans to envelop and wall off
the fibrotic scar tissue (Berry et al., 1983; Mathewson
and Berry, 1985). These events are considered the result
of a stepwise cascade of posttraumatic inflammatory
responses that reestablishes a glia–pial interface, restores
the blood–brain barrier, and protects the CNS from fur-
ther invasion or infection with its minimal intrinsic
immunodefensive system (Shearer and Fawcett, 2001).

The fibrotic scar and surrounding glia limitans can
be a physical and chemical obstacle for axonal regenera-
tion in the damaged CNS. Elimination of the fibrotic
scar has been shown to be required for axonal regenera-
tion in the damaged CNS in a variety of animal models

Fig. 5. Double immunofluorescent staining of Col IV and GFAP (A,
B), Col IV and TH (C, D), GFAP and TH (E), and CS-D and TH
(F) in sections of lesioned (A, C) and fibroblast-transplanted (B, D–
F) rats. A: Reactive astrocytes with intense GFAP immunoreactivity
(red) increased around the lesion site and surrounded the fibrotic scar
containing Col IV deposits (green). B: Reactive astrocytes (red)
increased around the Hoechst-positive transplant (purple). Col IV
immunoreaction was localized around the blood vessels (green). C:
Transected TH-positive axons (red) stopped confronting the Col IV-
positive fibrotic scar (green). D: Regenerating axons (red, arrow)
extended in the transplant (purple) in which the fibrotic scar was not
formed. E: Regenerating axons (red, arrow) extended over the inter-
face between the transplant (purple) and reactive astrocytes (green).
F: Regenerating axons (red, arrow) extended over the region rich in
CS-D (green). Scale bar 5 200 lm.
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(reviewed in Klapka and Müller, 2006; Kawano et al.,
2007), such as suppression of Col IV synthesis (Stichel
et al., 1999; Klapka et al., 2005), the newborn mouse
(Kawano et al., 2005), the mouse hypothalamic arcuate
nucleus (Homma et al., 2006), and degradation of glyco-
chains of CSPGs with ChABC (Li et al., 2007).
Although Col IV, a main component of the fibrotic
scar, is considered a permissive substrate for elongating
axons, the fibrotic scar contains several axonal growth–
inhibiting molecules including NG2 (Jones et al., 2003),
semaphorin 3A (Pasterkamp et al., 1999), and EphB2
(Bundesen et al., 2003) that may exert a chemical barrier
for regenerating axons. In the present study, the preven-
tion of fibrotic scar formation was accompanied by the
loss of NG2 immunoreactivity in the core of the lesion
(Fig. 3Q,R).

The mechanism by which the fibrotic scar is elimi-
nated by cell transplantation remains to be elucidated.
The glia limitans, which overlays the fibrotic scar, is
formed at the border between mesodermal fibroblasts
and neuroectodermal host tissues. A repulsive interaction
between EphB2 expressed on fibroblasts and its ligand
ephrin-B2 on reactive astrocytes was shown to be
involved in the formation of basal lamina in the fibrotic
scar and surrounding glia limitans (Bundesen et al.,
2003). It seems likely that exogenous cells transplanted
in the lesion site disturb the interaction between fibro-
blasts and reactive astrocytes to prevent the fibrotic scar
formation.

In the present study, transplantation of both me-
ningeal fibroblasts and OECs/ONFs eliminated the
fibrotic scar at the lesion site (Figs. 3D–I and 4A,B).
Because transplantation of many kinds of cells including
neural stem cells, bone marrow stromal cells, and
Schwann cells, in addition to OECs and fibroblasts, have
been shown to promote axonal regeneration in the dam-
aged spinal cord, it is likely that the prevention of
fibrotic scar formation may commonly occur after trans-
plantation of different types of cells. The superiority of
the regenerative property of OECs may be result from
the expression of various neurotrophic factors including
NGF, BDNF, and NT3 by OECs (Liu et al., 2005).
Recent studies have demonstrated that transplantation of
genetically modified OECs to express high levels of
BDNF, NT3 (Ruitenberg et al., 2003, 2005), or glial
cell line–derived neurotrophic factor (Cao et al., 2004)
into the injured spinal cord are more effective in pro-
moting functional recovery than transplantation of
unmodified OECs. For therapeutic application to the
human spinal cord injury, a combination of cell trans-
plantation for the elimination of the fibrotic scar and
neutralization of myelin-related inhibitors with neuro-
protective and axonal growth–promoting factors can
exert a synergistic effect to further enhance axonal
extension in host spinal tissue and functional recovery.

The pathway hypothesis (Raisman and Li, 2007)
proposes (1) that severed nerve fibers in the adult CNS
retain the potential for regeneration and reestablishment
of functionally useful connections and (2) that for this

purpose, they require a permissive pathway, for which
the prime candidate is a continuously aligned surface
made up of the non-basal-lamina-lined surfaces of astro-
cytes. Injuries penetrating the CNS allow influx of mes-
odermal cells (principally fibroblasts) that induce reactive
astrocytes to close over in a scar and produce a basal
lamina on the surfaces facing the fibroblasts. This physi-
cally abrogates the pathways needed for regeneration.
Transplants of OECs are able to reorganize the astrocytes
of the scar so as to reestablish continuous, non-basal-
lamina-lined pathways, thus forming a bridge along
which nerve fibers can regenerate. The key elements
leading to this repair are the cellular interactions
between astrocytes, OECs, and fibroblasts. Regeneration
of the nerve fibers is a secondary event, following as a
result of the reestablishment of the pathways allowing
the axotomized adult neurons to reexpress their intrinsic
growth capacity.
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