
Summary. Spinal cord injury (SCI) results in cell death
and tissue destruction, and ultimately cavitation
followed by the formation of lesion scars at the injury
site. The lesion scars include an astrocytic component
(glial scar) and a fibroblastic component (connective
tissue scar). The purpose of the present study is to
determine if X-irradiation could minimize the formation
of lesion scars and reduce the levels of chondroitin
sulfate proteoglycans (CSPGs) in the contusion SCI
model of the adult rat. Two weeks after SCI, a
connective tissue scar formed at the injury site consisting
primarily of fibroblasts and exhibits strong CSPG
immunoreactivity. The fibroblasts might originate from
the connective tissue of pia mater or arachnoid mater. At
the same time, reactive astrocytes in the spared tissue
accumulate surrounding the lesion cavity to form a thick
glial scar with significant enhancement of glial fibrillary
acidic protein (GFAP) and CSPG immunoreactivity.
After X-irradiation (40 Gy) of the injury site 2 days post-
injury, that results in an attenuated dose to the lesion, the
connective tissue scar was not observed, and
accordingly, almost no CSPG immunoreactivity was
detected at this area. Meanwhile, the glial scar and its
CSPG immunoreactivity were prominently reduced. X-
irradiation did not show significant improvement in
locomotor recovery, but resulted in a slight delay of
body weight recovery following injury. This preparative
treatment could be used to reduce secondary scarring in
the lesion resulting in an enriched site for further
treatment such as growth related transplantation.
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Introduction

Traumatic spinal cord injury (SCI) involves both
initial mechanical injury and subsequent secondary
events which include ischemia, hemorrhage, edema, and
inflammation, resulting in extensive neuronal and glial
degeneration and final cavitation followed by lesion
scarring (Tator, 1991; Bunge et al., 1994; Liu et al.,
1997; von Euler et al., 1997; Fitch et al., 1999; Verdu et
al., 2003). The lesion scars that represent a combined
physical and molecular barrier to axonal regeneration
(Davies et al., 2004), include an astrocytic component
(glial scar) and a fibroblastic component (connective
tissue scar). 

Within two weeks following SCI in rats, reactive
astrocytes accumulate at the margin of the spared tissue
and contribute to the formation of glial scar (Reier et al.,
1983, 1989). Although astrocytes have neurite-
promoting and supportive roles, they can also be
inhibitory, depending on the age and differentiation stage
of the astrocytes (Smith et al., 1990; Fawcett and Asher,
1999). The reactive astrocytes actively inhibit the growth
of regenerating axons by forming a physical barrier or
by expressing growth inhibitory substances (Schnell and
Schwab, 1990; Bartholdi et al., 1997; Silver and Miller,
2004). Implants to central nervous system (CNS) are
often surrounded by similar astrocytic phenotypes
(Jakeman and Reier, 1991; Schnell et al., 1999). As first
proposed by Ramon y Cajal [see(Ramon y Cajal, 1928)],
the glial scar is thought to exert a powerful inhibitory
effect on neurite regeneration following SCI,
representing a major obstacle for the axonal elongation,
therefore this structure has become an important target
for regeneration research in spinal cord and brain injury
(Schwab and Bartholdi, 1996; Fawcett and Asher, 1999;
Silver and Miller, 2004). 

After spinal cord or brain injury, a dense connective
tissue scaring develops at the injury site (Krikorian et al.,
1981; Fernandez and Pallini, 1985; Maxwell et al., 1990;
Hermanns et al., 2001) in rats, mice and humans (Bunge
et al., 1994; Fujiki et al., 1995; Bunge et al., 1997; Croul
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and Flanders, 1997; Masanneck et al., 2003). The scar
tissue is composed primarily of fibroblasts and collagen
fibers, as well as Schwann cells (Schwab and Bartholdi,
1996; Bruce et al., 2000). The fibrous scar tissue
contains an extensive supply of blood vessels and is rich
in basic fibroblast growth factor and transforming
growth factor-ß1 (Koshinaga et al., 1993; Logan and
Berry, 1993; Follesa et al., 1994), which may influence
neovascularization and the formation of connective
tissue scar (Folkman and Klagsbrun, 1987; Logan et al.,
1994). The fibroblasts, which invade the injury site to
form a dense connective tissue scar, may originate from
the meninges or the epidural connective tissue
(Krikorian et al., 1981; Fernandez and Pallini, 1985;
Maxwell et al., 1990). The fibroblasts in lesion center
have been found expressing NG2 (Tang et al., 2003).
Neoformation of connective tissue occurring at the level
of SCI is considered a major factor in the failure of
regeneration in the mammalian spinal cord (Fernandez
and Pallini, 1985).

Chondroitin sulfate proteoglycans (CSPGs) are
potent inhibitory molecules in the injured CNS and are
present in areas of reactive gliosis following adult CNS
injury (McKeon et al., 1991; Bovolenta et al., 1993;
Levine, 1994; Zuo et al., 1998; Fawcett and Asher, 1999;
Lemons et al., 1999; McKeon et al., 1999). They are
thought to be secreted by reactive astrocytes, fibroblasts,
as well as other cell types (Yamada et al., 1994; Lemons
et al., 1999). Recent studies demonstrate that while
axonal regeneration of implanted sensory neurons in
adult rat spinal cord is robust within normal white matter
and white matter undergoing fulminant Wallerian
degeneration despite intimate contact with myelin, it is
inhibited in the glial scar containing high concentration
of CSPGs (Davies et al., 1997, 1999). These data
suggest that CSPGs may be key inhibitory molecules to
axonal elongation.

Recent attempts to reduce the lesion scarring and
promote the functional recovery have involved the
administration of X-irradiation to the injury site of
experimental SCI. It was reported that X-irradiation
following unilateral transection of the adult rat olfactory
bulb dramatically reduces the number of reactive
astrocytes, prevents tissue degeneration adjacent to the
lesion, and preserves normal tissue morphology
(Kalderon et al., 1990, 2001; Kalderon and Fuks, 1996).
Following a crush-freeze lesion of dorsal root axons, X-
irradiation prevents glial scar formation and supports
regrowth of dorsal root axons into the spinal cord (Sims
and Gilmore, 1994). Regeneration of CNS neurons is
enhanced in glial cell deficient environments, produced
by X-irradiation (Savio and Schwab, 1990; Sims and
Gilmore, 1994; Schwegler et al., 1995; Kalderon and
Fuks, 1996; Wilson et al., 2000). Together, these results
suggest that X-irradiation may minimize glial scar
formation and convert a normally non-permissive
environment into one conductive for axonal regrowth
and functional recovery (Gimenez y Ribotta et al., 1998;
Vanek et al., 1998; Ridet et al., 2000; Li et al., 2003).

However, the ability of X-irradiation to reduce the lesion
scar formation and the levels of CSPGs in a contusion
injury model (in contrast to transection or freeze/crush)
has not been well documented previously. Therefore, the
goal of the present study is to determine if a single dose
of 40 Gy of X-irradiation could reduce the formation of
lesion scars and the expression of inhibitory CSPGs, and
improve the locomotor recovery following contusion
SCI in adult rat. 
Materials and methods

Spinal cord injury

Following anesthesia with sodium pentobarbital (50
mg/kg, ip), female Long-Evans rats weighing 200-220 g
received a dorsal laminectomy to expose the spinal cord
at thoracic (T) level T10 with the dura intact. The
vertebral column was stabilized through clamping the
spinous process at vertebra T7 and T10. The 10 g impact
rod of the NYU (New York University) impactor device
was dropped from a distance of 25 mm, inflicting a
moderate contusion injury that resulted in hindlimb
locomotor deficits as previously described (Constantini
and Young, 1994).

After surgery, buprenorphine analgesia (0.02 mg/kg,
sc) was administered twice a day for 2 days. Polyflex
(Ampicillin) antibiotic (50 mg/kg, sc) was injected once
prophylactically, with treatment continuing if blood was
detected in urine. Saline solution (0.9% NaCl, 10 ml, sc)
was administered daily for one week to prevent
dehydration. Urinary bladders were manually expressed
twice a day until adequate spontaneous voiding returned.
Rats were weighed daily during the first two weeks post-
injury and once a week afterward.
X-irradiation

Radiation was delivered with a Phillips MG-100 X-
ray generator to the injury site of the rat spinal cord the
second day post-injury. The rats were anesthetized and
covered with a protective lead shield with a slit of 25x20
mm (lenght x width) in correspondence with the spinal
cord. A single X-ray dose of 40 Gy was administered
under the following conditions: 100 kV, 15 mA, a 50
mm focus distance, and a 0.5 mm Cu filter. 

In preliminary studies, we examined various post-
injury time points (1, 2, 3, 7, and 18 days) and found that
the maximal reduction in glial scarring was obtained
with the 2 and 3 days time points. The 2d time point was
chosen for subsequent studies. A recent report revealed
that 20 or 40 Gy of X-irradiation may increase its
capacity of support neurite regeneration in vitro due to
the result of alterations in the glial cell populations in the
post-irradiated tissues (Pinjuh and Bedi, 2003). In
preliminary studies we also examined various doses of
X-irradiation (20, 40, 60, and 80 Gy) and found that a
dose of 40 Gy is the highest dose that could be used
without causing prominent radiation burns to the skin.
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Actually, after penetrating the tissue over the spinal cord
the dose of 40 Gy delivered at skin level has been
attenuated to 22 Gy at the center of the spinal cord
(Ridet et al., 2000).

Eighteen rats (n=12 for 2 wks time point; n=6 for 4
wks time point) received X-irradiation after spinal cord
injury. Controls included uninjured rats (n=4) and rats
that received spinal cord contusion, but no X-irradiation
(total n=18; n=12 for 2 wks time point; n=6 for 4 wks
time point).
Tissue processing

Experimental and control rats were euthanized with
an overdose of sodium pentobarbital (90 mg/kg, i.p.) 2
or 4 weeks after contusion injury. The rats were
transcardially perfused with saline followed by
phosphate-buffered 4% paraformaldehyde fixative. A 30
mm long spinal cord containing the lesion site was cut
into ten 3 mm blocks and post-fixed in the same fixative
overnight. Following dehydration with graded alcohol,
blocks were cleared in xylene and embedded in paraffin.
Eight-µm cross sections of each block were cut with a
microtome and mounted on glass slides for hematoxylin-
eosin (H.E.) staining or immunostaining. 
Immunohistochemistry

Monoclonal anti-chondroitin sulfate proteoglycans
(CS-56, 1:500, Sigma) and a monoclonal antibody
against 49 kD glial fibrillary acidic protein (GFAP, 1:
2000; Boehringer, Germany) of astrocytes were used.
The sections were deparaffinized and rehydrated, then
were boiled in the Antigen Retrieval Citra solution
(BioGenex, San Ramon, CA) for 15 min. To quench
endogenous peroxidase, the sections were covered with
3% H2O2 in 50 mM Tris-buffered saline containing 0.1%
Triton X-100 (TTBS) pH 7.5, for 30 min at room
temperature (RT). The non-specific antigen was blocked
by incubating in 2% normal goat serum in TTBS for 60
min at RT. The sections were incubated in primary
antibodies diluted in TTBS with 1% normal goat serum
in a humid chamber overnight at RT. The sections were
then washed and incubated in 1:200 biotinylated goat
anti-mouse IgM (for CS-56) or IgG (for GFAP)
(Jackson) for 60 min and then in 1:500 streptavidin
peroxidase (Jackson) for 60 min in the same buffer. The
reaction product was visualized by incubating in 3,3’-
diaminobenzidine solution (DAB, 0.5 mg in 1 ml TTBS)
with 0.01% H2O2 for 3-5 min. Some sections were
counter-stained with hematoxylin and eosin. The
sections were rinsed, dehydrated, cleared, and
coverslipped. Negative controls were treated similarly,
except the primary antibody was omitted. 

GFAP immunoreactivity was quantitatively analyzed
with NIH image program. The density of GFAP
immunoreactivity in the white matter of control spinal
cord tissue and in the spared tissue of injured spinal cord
was measured. Three histological sections for each case

were examined and the results were compared between
normal control group and experimental groups with
different conditions. 
Light and electron microscopy

Paraffin sections from each group were stained with
hematoxylin and eosin for general histology evaluation
and cell counting. The ventral white matter of the normal
control cords and the ventral spared tissue at the lesion
center of the spinal cord were selected as the cell
counting areas. Cells were counted in four fields of 0.1
mm2 per section, and three sections from each case were
examined. In order to ultrastructurally identify the cell
type of the connective tissue scar, two extra rats at the
second post-injury week were transcardially perfused for
electron microscopic study with 2.5% glutaraldehyde in
0.1 M cacodylate buffer, pH 7.4. One-mm thick blocks
from the injury site were treated for electron microscopic
evaluation as described previously (Spurr, 1969; Guth et
al., 1994). The ultrathin sections stained with uranyl
acetate and lead citrate were examined under a Hitachi
H-7000 transmission electron microscope.
Behavioral analysis

Hindlimb locomotor recovery was observed by
video tape-recording and evaluated using the BBB
locomotor rating scale (Basso et al., 1995, 1996). Open
field locomotor scores were collected 1 day, 3 days, 1
week, 2 weeks, 3 weeks, and 4 weeks after injury.
Statistical analysis

All quantified data were treated and expressed as
mean ± SEM. Comparison of the X-irradiated to non-
irradiated injured animals was performed with a one-
factor ANOVA with post hoc multiple comparisons
using the Tukey test. Cell counts were compared using
the Student t test. Statistical evaluation was performed
using the Statview program. In all cases, statistical
significance was established with a p value of < 0.05. 
Results

Two weeks following SCI, a dense connective tissue
scar, a cavity, and a glial scar were observed at the lesion
epicenter. The spared tissue contained numerous
degenerating or demyelinated axons.
Connective tissue scarring

The connective tissue scar was localized in the
dorsal part of the spinal cord. Similar to a dense scar
tissue found in the skin wound, the connective tissue
scar consists primarily of reactive fibroblasts and
contains a rich supply of blood vessels (Fig. 1A,B). It
was negative for GFAP immunoreactivity, indicating that
the scar tissue is different in structure from the CNS
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Fig. 1. Effect of X-irradiation on minimizing the lesion scar formation. Paraffin sections from lesion site two weeks after SCI were stained with
hematoxylin and eosin. The connective tissue scar (CT Scar) was located on the dorsal part of injured cord, containing densely packed fibroblasts and
blood vessels (A, B). The lesion cavity (Cav) was filled with macrophages (Mφ, C) and walled off by the glial scar (arrows, A). The thick glial scar in the
spared tissue (ST) had a darker eosin staining and high cell density including many reactive astrocytes (arrowheads, C). Four weeks after SCI, the glial
scar and connective tissue scar were similar to that observed at the two-week time point after injury, but the cell density was increased in some areas
(D). In X-irradiated animals, the connective tissue scar was not observed (E), except for few fibroblasts (Fb) scattered among the macrophages (Mφ, F);
the glial scar was also prominently reduced (G). Ax: degenerating axon. Scale bars: A, E, 200 µm; B-D, F, G, 10 µm. H. The total cell counts per unit
area (0.1 µm2) in the ventral spared white matter demonstrated the significantly decreased cell density in X-irradiated injured rats, as compared to non-
irradiated injured animals two weeks and four weeks following injury (** p< 0.01). 

Fig. 2. The presumptive cellular origin of connective tissue scar. This is a section from a rat spinal cord one week after contusion labeled with GFAP
immunostaining (brown) and H.E. counter staining. Reactive fibroblasts in the proliferating connective tissue (CTPA) of the pia mater and arachnoid
invade the spinal cord parenchyma to form a connective tissue scar (CT Scar). The negative GFAP immunoreactivity along the border (arrowheads, B)
of spinal cord parenchyma indicates the lack of the glial limitans (arrows). The dura mater in A was pointed by arrowheads. Scale bars: A, 100 µm; B,
50 µm.

Fig. 3. Schwann cells in the connective tissue scar. A. Toluidine blue-stained semithin plastic section at the injury site from a rat spinal cord two weeks
post-injury. Schwann cells (arrowheads) formed fascicles, which were surrounded by a layer of fibroblasts (arrows). The scar tissue was rich in blood
vessels (*). Scale bar: 50 µm. B. Representative electron micrograph of a Schwann cell. The Schwann cell myelinated an axon (Ax); the cell was
covered by a layer of basal lamina (arrows) and surrounded by collagen fibers (*). Nu: nucleus of Schwann cell; Fb: cytoplasm of the fibroblast. Scale
bar: 1 µm.



(Fig. 2). The scar tissue was blended with the
proliferating connective tissue of the pia mater and
arachnoid, and there was no glia limitans between them
(Fig. 2), suggesting that they might share the same
phenotype.

Schwann cells were also found in the scar tissue two

weeks after SCI. Schwann cells formed fascicles, which
were surrounded by a layer of fibroblasts (Fig. 3A).
Under the electron microscope, the Schwann cells were
myelinating, or ensheathing, the regenerating or
demyelinated axons (Fig. 3B).

In the normal rat spinal cord, the CSPG
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Fig. 4. CSPGs after SCI and X-irradiation. Paraffin sections from lesion site were stained with monoclonal antibody CS-56. Two weeks following SCI,
CSPGs are strongly expressed not only in the connective tissue scar (A, B), but also in the glial scar (arrows, C). After X-irradiation, the connective
tissue scar was not apparent, resulting in the significant decrease in CSPG immunoreactivity in the area where the connective tissue scar used to occur
(D, E). The CSPG immunoreactivity is also decreased in the glial scar with X-irradiation (arrows, F). ST: spared tissue; Cav: cavity. Scale bars: A, D,
200 µm; B, C, E, 10µm; F, 50 µm.



immunoreactivity is pronounced at the glia limitans, but
is weak in the white and gray matter (Lemons et al.,
1999). The connective tissue scar expressed strong

CSPG immunoreactivity (Fig. 4A), which is located
adjacent to and surrounding the fibroblasts and blood
vessels (Fig. 4B). In addition, the proliferating
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Fig. 5. GFAP immunoreactivity after SCI and X-irradiation. Paraffin sections were stained with a monoclonal antibody against GFAP. In normal spinal
cord, GFAP immunoreactivity appeared weak in both gray (GM) and white matter (WM, A, B). Two weeks after injury, the intensity of GFAP
immunoreactivity in the spared tissue (ST) was greatly increased (C), but there was no GFAP immunoreactivity in the connective tissue scar (CT Scar).
The dark-staining zone along the wall of the cavity represented the glial scar in the spared tissue (ST, D). Following X-irradiation, the density of GFAP
immunoreactivity in the spared tissue (ST) was reduced, and the dark-staining zone along the wall of the cavity was not observed (E, F). Scale bars: A,
C, E, 200 µm; B, D, F, 10 µm.



connective tissue of the pia mater and arachnoid, as well
as the thickened dura matter also showed strong positive
of CSPG immunoreactivity (Fig. 4A). 
Glial scarring

Two weeks after SCI, reactive astrocytes
accumulated along the edge of the spared tissue and
formed a thick glial scar, walling off the lesion cavity
filled with macrophages. Its superficial cells appeared as
epithelium-like cells in morphology. The scar tissue had
a high cell density (Fig. 1A, C, H) and exhibited strong
GFAP immunoreactivity, which sharply demarcated the
spared tissue from the cavity (Fig. 5C,D). The

quantitative analysis of GFAP immunoreactivity showed
that there was a 4.8 fold increasing two weeks after SCI
(Fig. 6).

In addition to the strong GFAP immunoreactivity,
the glial scar also showed strong CSPG
immunoreactivity along the border between the cavity
and spared tissue, but the CSPG immunoreactivity was
found to be quite weak in the rest area of the spared
tissue (Fig. 4A,C).

Four weeks after SCI the connective tissue scar and
glial scar in both morphology and immunostaining were
similar to that observed at two weeks post-injury.
However, the total cell density was higher in some areas
(Fig. 1D). At the same time, more Schwann cells were
observed in the connective tissue scar (data not shown).
Effects of X-irradiation on the formation of lesion scars

By two weeks post-injury, in X-irradiated animals
the dense connective tissue scar at the injury site was not
observed, and no blood vessels were present, except for
few fibroblasts scattered among the macrophages, which
were still numerous and filled the cavity (Fig. 1E, F).
Accordingly, the strong CSPG immunoreactivity in this
area was ameliorated (Fig. 4D-F). Schwann cells were
not observed in the area where the connective tissue scar
once occurred, but they could be seen in the spared
tissue of X-irradiated spinal cords four weeks after
contusion injury. 

The total cell density in the spared tissue including
glial scar was significantly increased at two and four
weeks post-injury as compared with uninjured control
animals. In X-irradiated animals, the magnitude of the
increase in total cell density was reduced by 28% (p<
0.01) two weeks, and by 36% (p<0.01) four weeks after
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Fig. 7. Effects of X-irradiation on the body weight recovery after SCI.
Animals were weighed daily at the first two weeks post-injury and
weekly afterward. The body weight obtained immediately before SCI
was considered as 100%. X-irradiation resulted in one-week delay
(three weeks after SCI) in the recovery of pre-injury body weight
compared with non-irradiated injured rats that took two weeks to regain
their body weight after SCI. Points represent mean ± SEM.

Fig. 8. Effects of X-irradiation on the recovery of hindlimb locomotor
after SCI. The BBB scores of hindlimb locomotor were collected 1, 3
days, 1, 2, 3 and 4 weeks following contusion SCI. The analysis did not
show significant difference of the locomotor recovery between the X-
irradiated and non-irradiated groups observed in the present study (p>
0.05). Points represent mean ± SEM.

Fig. 6. Quantitative analysis of GFAP immunoreactivity density. Two
weeks after SCI, the density of GFAP immunoreactivity in the spared
tissue prominently increased (about 4.8 fold; SCI-2w) compared with the
normal control spinal cord (control), but significantly reduced (** p<0.01)
by X-irradiation (SCI+X-ray/2w). Points represent mean ± SEM. 



SCI (Fig. 1C, G, H). This more than likely includes the
reduction of reactive astrocytes in substantial numbers,
which did not accumulate to form a thick wall along the
cavity edge of the spared tissue (Fig. 1G). The density of
GFAP immunoreactivity in the spared tissue was
significantly reduced (Fig. 6) and there was no
prominent dark-staining zone along the edge (Fig. 5E,
F). 
Body weight recovery

The rat body weight obtained immediately before
SCI was considered as 100%. Following contusive SCI
the body weight started to decline, and lost by
approximately 10% at 5-6 days after injury. By the end
of the second post-injury week, rats had regained their
body weight, exceeding their pre-injury weight after
three weeks. In X-irradiated rats, there was a greater loss
of body weight, reaching a maximum of 15% loss at 9-
10 days post-injury. Recovery was also delayed with
their pre-injury body weight not regained until the end of
the third post-injury week. However, observed weight
differences were not significant four weeks post-injury
(p>0.05, Fig. 7). 
Locomotor recovery

All rats with spinal cord contusion injury had
hindlimb paralysis (BBB scores 0) the first day
following injury, but started to show recovery from the
third day post-injury. By the end of fourth week, the
BBB scores averaged 9.4±0.6 in animals not receiving
X-irradiation. In rats that received spinal cord injury plus
X-irradiation, there was a similar recovery of hindlimb
locomotion (10.0±0.8). The comparison between these
two groups did not show significant difference (p>0.05,
Fig. 8)
Discussion

The results of the present study demonstrate that X-
irradiation on a spinal cord contusion site 2 days post-
injury effectively minimizes the formation of a
connective tissue scar and its expression of CSPGs. In
addition, exposure reduces the cell density in the lesion
site, more than likely including reactive astrocytes, to
result in a partially attenuated astrocytic scar and CSPG
secretion. 

A recent study (Zeman et al., 2001) reported that
localized X-irradiation (20 Gy) of contusion site (25 mm
height setting) enhanced recovery of locomotor function
(final BBB score 7.1 ~ 8.2 from 2.3 in control) and
increased the tissue sparing (to almost 50% from 20% in
control). In contrast to the report, X-irradiation in the
present study did not significantly benefit the locomotor
recovery following injury, but caused a slight delay in
body weight recovery. The reason for the discrepancy is
not clear. Following contusion injury, the locomotor
recovery depends on spared spinal cord tissue; greater

tissue sparing is highly correlated with final locomotor
performance using the BBB rating scale (Basso et al.,
1995, 1996). Accordingly, injured rats with spared cord
tissue around 20% and 50% should have a higher BBB
score (at least 11 and 19 respectively); rats receiving 25
mm drop contusion should have about 10% spared tissue
and BBB score of 10 (Basso et al., 1995, 1996; Young,
2002). In the cited report, however, rats with 25 mm
drop contusion had more than 20% spared tissue and
BBB score of 2.3 in the control rats (unirradiated) six
weeks after injury, in comparison with X-irradiated rats
with spared tissue more than 40% and BBB score of 8.2
(Zeman et al., 2001). It seems quite different from the
results by Beattie’s group (Basso et al., 1996).

After contusion injury to the rat spinal cord, the
connective tissue scar and glial scar formed within the
first two weeks. In pilot studies, X-irradiation at early
time points (2-3 days post-injury) was much more
effective than later time points (7 day and 18 day post-
injury) in minimizing glial scar formation (data not
shown). In addition, a number of mitotic cells, which
possibly include astrocytes, were observed at the injury
site two days after spinal cord contusion injury,
consistent with the effects of X-irradiation at this time
point. X-irradiation reduced the cell density in the spared
tissue, more than likely due to a decrease in astrocytes
within the glial scar. It has been reported that, the two-
day time point after rat spinal cord compression injury
was considered as the optimal time for X-irradiation
(Ridet et al., 2000).

A response to SCI is the appearance of collagenous
connective tissue at the injury site. This has been
described as “connective tissue scarring”, “fibrocytic
scar”, or “connective tissue mass”, and has been reported
to occur in injured spinal cords in humans, rats, and mice
(Bunge et al., 1994, 1997; Fujiki et al., 1995; Croul and
Flanders, 1997). The connective tissue scarring occurred
in all SCI cases of rat contused using NYU impactor
with a 25 mm height setting in our studies. The scar
tissue consists primarily of reactive fibroblasts and
collagen fibers with a rich supply of blood vessels. The
fibroblasts are thought to originate from outside of the
CNS after breakdown of the spinal cord glia limitans
(Fernandez and Pallini, 1985; Maxwell et al., 1990). Our
results are in agreement with those findings. We
observed that following a contusion injury, the
connective tissue of the pia mater or arachnoid was
activated, and numerous reactive fibroblasts invaded the
damaged spinal cord tissue through the breakdown of the
dorsal glia limitans. No boundary between the invading
connective tissue and the arachnoid tissue could be seen,
suggesting that the glia limitans was no longer present in
this area. Because the dura mater was intact in all cases
we observed, it is improbable that the fibroblasts were
derived from the epidural tissue (Krikorian et al., 1981).
The present study confirmed that fibroblasts are one of
the cell types that produce CSPGs in the injured spinal
cord. We also observed that fibroblasts in the thickened
dura mater over the injury site expressed strong CSPG
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immunoreactivity. The dense connective tissue of the
scar and its CSPGs may function as both physical and
molecular barriers to the regeneration of injured axons.
Our results revealed that the connective tissue scar was
susceptible to X-irradiation. Fibroblasts, which separated
Schwann cells to aid in forming small fascicles, may be
beneficial to the endogenous structure recovery after
SCI, but also contribute to dense scar tissue. X-
irradiation delayed, but did not block, the migration of
Schwann cells, which migrate into the injury site and
myelinate or ensheath the injured axons following SCI
(Bresnahan, 1978; Beattie et al., 1997; Bunge et al.,
1997; Franklin and Barnett, 1997). 

In normal spinal cords, astrocytes play an important
role in the maintenance of tissue structure, provide
neurons with metabolic support, and help regulate the
extracellular ionic milieu (Hatten et al., 1991).
Following SCI, astrocytes produce interleukin-3 and
other cytokines that stimulate microglia to divide
(Gimenez y Ribotta et al., 1995; Sugita et al., 1999). The
microglia may have both beneficial and detrimental
effects on recovery from injury (Streit et al., 1999). The
glial scar might play two different roles in the injured
spinal cord, preventing further tissue damage and
providing neurotrophic support and acting as a physical
barrier for axonal regeneration (Davies et al., 1999). The
CSPGs produced by the glial scar are likely the key
reason, that scarring results in the failure of axonal
regeneration (Davies et al., 1997, 1999). Astrocytic
hypertrophy may also restore the blood-brain barrier
after injury (Bush et al., 1999). It might be necessary for
astrocytes in CNS to restore some degree of structural
and physiological integrity at the lesion site (Reier et al.,
1989; Gimenez y Ribotta et al., 2002). Thus, a moderate
dose of X-irradiation (40 Gy) was chosen to reduce
astrocytic number sufficiently to attenuate glial scar
formation, but to maintain sufficient numbers of
astrocytes for structural integrity and neurotrophic
support.

Treatment with chondroitinase ABC to degrade
CSPGs reduced growth inhibition associated with many
CSPGs, and profoundly enhanced axonal regeneration
(Zuo et al., 1998; Chung et al., 2000; Asher et al., 2001;
Bradbury et al., 2002; Morgenstern et al., 2002).
Enzymatic inactivation of inhibitory CSPGs may
provide a means to convert the injured spinal cord to a
microenvironment more permissive to axonal
regeneration (Zuo et al., 1998; Asher et al., 2002). 

The lesion scars also represent a major barrier to
axonal growth from transplanted neurons in the injured
spinal cord (Davies et al., 1999). While insufficient to
promote locomotor recovery in itself, our findings
suggest that X-irradiation may help establish or maintain
a microenvironment for axonal regeneration or
elongation. Thus, combination of X-irradiation with
transplantation or strategies to promote axonal
regeneration may provide improved functional recovery
after SCI. 
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