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tors (Winkler et al., 1998). Most important biochemi-
cal factors are products of membrane breakdown
like arachidonic acids, leukotrienes, thromboxane that
contribute to lipid peroxidation and formation of free
radicals (Cuzzocrea et al., 2001). In addition, several
other neurochemicals such as, monoamines, neurope-
ptides and excitatory amino acids are also involved in
these processes. One of the early changes seen within
minutes following spinal cord injury is the release of
glutamate and aspartate (Liu et al., 1991). It is be-
lieved that increased release of glutamate contributes
to cell injury via intracellular accumulation of Ca2�

and activation of N-methyl-D-aspartate (NMDA)
receptors (Schwab and Bartholdi, 1996).

The glutamate acts as a primary afferent neuro-
transmitter in the spinal cord (Broman, 1994; Danbolt,
2001) in both large myelinated primary afferent fibres
(Salt and Hill, 1983), as well as in thinly myelinated
and unmyelinated fibres (Schneider and Perl, 1988;
Zhong et al., 2000). Using anterograde transport of
horseradish peroxidase technique, the presence of
glutamate is detected in primary afferent terminals in
the laminae I and III–V (Broman et al., 1993) as well
as in the deep dorsal horn (Valtschanoff et al., 1994).
In these terminals, the levels of glutamate were 2–3
times higher than the levels detected in the inhibitory
terminals. The glutamate uptake is diminished in the
dorsal horn following dorsal rhizotomy or by blockade
of transmission between primary afferent terminals
and dorsal horns neurons using excitatory amino acids
receptor antagonists (Willis and Coggeshall, 1991;
Broman et al., 2000).

Summary. The involvement of the excitatory amino acid glutamate
and the inhibitory amino acid gamma-amino butyric acid (GABA)
in the pathophysiology of spinal cord injury is not known in details.
This investigation is focused on the role of glutamate and GABA in
a rat model of spinal cord trauma using immunohistochemistry.
Spinal cord injury produced by a longitudinal incision of the right
dorsal horn of the T10–11 segments resulted in profound edema and
cell damage in the adjacent T9 segment at 5 h. Pretreatment with
H-290/51 (50 mg/kg, p.o.), a potent antioxidant compound, effec-
tively reduced the blood-spinal cord barrier (BSCB) permeability,
edema formation and cell injury following trauma. At this time,
untreated traumatised rats exhibited a marked increase in glutamate
immunoreactivity along with a distinct decrease in GABA immuno-
staining in the T9 segment. These changes in glutamate and GABA
immunoreactivity in traumatised rats were considerably attenuated
by pretreatment with H-290/51. These results suggest that (i)
oxidative stress contributes to alterations in glutamate and GABA
in spinal cord injury, (ii) glutamate and GABA are important fac-
tors in the breakdown of the BSCB, edema formation and cell
changes, and (iii) the antioxidant compound H-290/51 has a poten-
tial therapeutic value in the treatment of spinal cord injuries.

Keywords: Glutamate – GABA – Spinal cord injury – Immunohis-
tochemistry – Antioxidant – H-290/51 – Ultrastructure – Edema –
Blood-spinal cord barrier

Introduction

The pathophysiology of spinal cord injury is a complex
phenomenon (Schwab and Bartholdi, 1996; Winkler et
al., 1998). Clinical or experimental spinal cord injury
initiates a series of secondary injury cascade that in-
cludes ischemia, disruption of the blood-spinal cord
barrier (BSCB) permeability followed by necrosis and
inflammation (Sharma and Olsson, 1990; Sharma et
al., 1990, 1995a,b, 1998a, Stålberg et al., 1998; Sharma
2000). This secondary injury induced changes are me-
diated by several neurochemical and biochemical fac-
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In the spinal cord, glutamate is co-localised with
many other neurotransmitters (Danbolt, 2001). The
glutamate is present together with glycine and GABA
in axon terminals of dorsal horn interneurons
(Maxwell et al., 1997). High levels of glutamate are
also present in the corticospinal terminals in the dorsal
horn (Valtschanoff et al., 1993). The glutamate is
also present in the spinal cord neurons known to be
positive for GABA, monoamines and acetylcholine
(Somogyi et al., 1986; Torrealba and Müller, 1999).
This indicates that interaction of amino acid neuro-
transmitters plays important role in physiology or even
in the pathology of the spinal cord.

The glutamate is present in nerve cell bodies in
brain stem neurons projecting to the spinal cord
(Mooney et al., 1990; Nicholas et al., 1992; Liu et al.,
1995). In these terminals, apart from monoamines,
inhibitory amino acids GABA and glycine are also
detected (Ottersen and Storm-Mathisen, 1984, 2000;
Holstage and Bongers, 1991). Spinal transection re-
sults in a lower level of glutamate (Morrison et al.,
1989) and a low density of glutamate-immunoreactive
terminals in the spinal cord, caudal to the lesion site
(Llewellyn-Smith et al., 1997). However, very little is
known regarding changes in GABA levels in the spi-
nal cord following rhizotomy, peripheral nerve lesion
or spinal trauma. It seems likely that a balance be-
tween excitatory and inhibitory neurotransmission in
the CNS plays important role in determining the ex-
tent of cell injury or survival under several experimen-
tal or clinical conditions.

Recently, oxidative stress is shown to influence
glutamatergic neurotransmission in the CNS (Azbill
et al., 1997; Kowluru et al., 2001). The oxidative stress
is induced following noxious insults to the CNS
such as, ischemia, trauma, hypoxia, stroke, and infarc-
tion (Cuzzocrea et al., 2001). Upregulation of gluta-
mate receptors and transporters occur in these
conditions (Danbolt, 2001). There are evidences that
excitatory effects of glutamate and activation of
NMDA receptors influence nitric oxide production
(Ottersen and Storm-Mathisen, 2000). The nitric oxide
is a free radical gas that can induce cell injury either
directly or through production of reactive oxygen spe-
cies and peroxynitrite (Cuzzocrea et al., 2001). Gen-
eration of free radicals induces a direct damage to the
DNA as well as the cell membranes of neurons, glia
and the microvascular endothelium (Danbolt, 2001).

Previous studies from our laboratory demonstrate
that upregulation of nitric oxide is injurious to the cord

following trauma (Sharma et al., 1996, 1998a,b). These
cell injuries and upregulation of nitric oxide following
trauma can be prevented by pretreatment with a
new antioxidant compound, H-290/51 (Sharma et al.,
1998b, 2000a). This indicates that reduction in oxida-
tive stress is neuroprotective in spinal cord injury.

Since, oxidative stress influences glutamatergic
neurotransmission (Cuzzocrea et al., 2001; Kowluru et
al., 2001), a possibility exists that H-290/51 may induce
changes in the glutamate levels in the spinal cord fol-
lowing injury. The glutamate is found co-localised with
GABA within the same nerve terminals in the spinal
cord (Broman et al., 2000). Thus, it is quite likely that a
focal spinal cord trauma will also influence the GABA
levels in the cord. Keeping these views in considera-
tion, we examined the glutamate and GABA levels in
the spinal cord in the untreated and H-290/51 pre-
treated traumatised rats using immunohistochemistry
at light microscopic level. In addition, microvascular
permeability disturbances, edema formation, and cell
injury were also investigated in this group of animals.

Materials and methods

Animals

Experiments were carried out on 71 male Sprague Dawley rats
housed at controlled room temperature (21 � 1°C) with 12 h light
and dark schedule. The rat food and tap water were supplied ad
libitum before the experiments.

Spinal cord injury

Under equithesin anaesthesia (3 ml/kg, i.p.) one segment laminec-
tomy was done at the T10–11 segments. Spinal cord injury (n � 20)
was inflicted by making a longitudinal incision into the right dorsal
horn of the T10–11 segments (Fig. 1). The wound was covered with
cotton soaked in saline at room temperature to avoid a direct expo-
sure of air to the cord (Sharma and Olsson, 1990). The Equithesin
anaesthetised normal rats (n � 18) were used as controls. This
experimental condition is approved by the Ethical Committee of
Uppsala University.

H-290/51 pretreatment

In separate group of rats (n � 33), H-290/51 (Astra-Zeneca,
Mölndal, Sweden) was administered 50 mg/kg (p.o.) as described
earlier (Mustafa et al., 1995). This dose of the compound is effective
in inhibiting lipid peroxidation (Svensson et al., 1993; Mustafa et al.,
1995). The spinal cord injury was made in 17 rats 30 min after the
treatment. The remaining 16 rats were used as drug-treated controls
(Table 1).

Mean arterial blood pressure and physiological variables

The mean arterial blood pressure (MABP) and physiological vari-
ables were measured in separate group of animals (Table 1). The
MABP was recorded from the arterial catheter implanted into the
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right carotid artery. At the time of recording, the arterial catheter
was connected to a Strain-Gauge pressure transducer (Statham,
P23, USA). The output from the transducer was fed to a chart
recorder (Electromed, UK). Immediately before recording of the
MABP, a sample of arterial blood wad withdrawn for the measure-
ments of blood gasses and arterial pH using a Radiometer apparatus
(Copenhagen) (Sharma and Olsson, 1990).

Blood-spinal cord barrier permeability

The blood-spinal cord barrier (BSCB) permeability was examined
using Evans blue (2% in sterile saline solution, pH 7.4) and [131]Io-
dine as protein tracers. The dye was injected (0.3 ml/100 g) together
with radioactive iodine (10 µCi/rat) into the right femoral vein
through a needle puncture and was allowed to circulate for 10 min.
The intravascular tracer was washed-out with 0.9% saline through
heart followed by perfusion with the formalin based fixative
(Sharma, 1999). The spinal cord tissue was removed, examined and
photographed immediately for Evans blue extravasation. The tissue
pieces were then weighed and counted in a 3-in well type Gamma
counter (Packard, USA) at the energy window 25–50 KeV (Sharma
et al., 1990). For high resolution counting, the T9 segment was
bisected and divided into several pieces and counted separately. The
extravasation of radiotracer was expressed as percentage of blood
radioactivity over the tissue radioactivity. Whole blood was with-
drawn from the left ventricle immediately before saline perfusion to
obtain blood radioactivity (Sharma, 1987). After counting the radio-
activity, the Evans blue dye was extracted from the tissue samples by
homogenising them in a mixture of n-butanol (pure grade 1.4 ml)
and sodium sulphate (0.5% 0.6 ml). The Evans blue dye extracted in
the supernatant after centrifugation (�900 g) was measured using a
spectrophotometer (620 nm) (Sharma, 1987).

Spinal cord edema formation

Spinal cord edema was measured using water content of the T9
segment. For this purpose rats were killed by decapitation and the
T9 segment was removed quickly. The T9 segment was bisected and
each half was weighed separately on a pre-weighed filter paper using
a precision digital microbalance (Meltzer, sensitivity 0.0001 g) to
obtain wet weight of the samples. The filter papers containing spinal
cord samples were then placed in an oven maintained at 90°C for at
least 72 h to obtained dry weight. The dry weight of the sample was
considered final if the three consecutive measurements were con-
stant (Sharma and Olsson, 1990). The water content of the spinal
cord was calculated from the difference in the wet weight and the
dry weight of the sample (Sharma et al., 1990).

Immunohistochemistry of glutamate and GABA

Immunohistochemistry of glutamate and GABA were examined on
free floating vibratome sections (40 µm thick) using commercial
antibodies (Sharma et al., 1995b).

Antisera

Polyclonal glutamate (Sigma Chemical Co., USA, 1:2000) and
GABA antisera (Calbiochem, USA, 1:2000) were used in this inves-
tigation. The binding of antibodies to antigens was visualised using
peroxidase-antiperoxidase technique (Sharma et al., 1995b).

Perfusion and fixation

Animals were perfused with cold 2.5% paraformaldehyde contain-
ing 0.5% glutaraldehyde and 2.5% picric acid in the phosphate

buffer saline (PBS, 0.1 M, pH 7.4) at the rate of 20 ml/min for
10 min. The intravascular blood was washed-out before fixation by
0.1 M PBS (20 ml/min for 5 min). The perfusion pressure was main-
tained at 100 torr during these procedures (Sharma and Olsson,
1990). After perfusion, the animals were wrapped in aluminium foil
and kept overnight at 4°C. On the next day, the spinal cord T9
segment was dissected out and kept in the same fixative at 4°C
(Sharma et al., 1995a,b).

Vibratome sections and immunostaining

Tissue pieces from the T9 segment were mounted on a Vibratome
(Oxford instruments, UK) and multiple 40 µm thick sections were
cut from each block (Sharma et al., 1995b). These multiple sections
(3 sections from each block) were processed for Glutamate and
GABA immunostaining (Schaffar et al., 1997; Broman et al., 2000).
In brief, Vibratome sections were collected in PBS and processed
free-floating (Sharma et al., 1995b). The sections were washed in
PBS and incubated overnight (18 to 20 h) with glutamate or GABA
antiserum (1 : 2000 diluted in PBS containing 0.2% Triton-X) at
room temperature under gentle agitation with goat anti-rabbit IgG
linked to horseradish peroxidase diluted 1 : 100 in PBS-X (see
Fallon and Ciofi, 1990). The sections were washed in PBS-X and
then rapidly rinsed in distilled water (30 to 45 sec). The peroxidase
activity was revealed by incubation of the sections for 1–3 min in
0.1 M Tris buffer (pH 7.6) containing 0.015% H2O2 and 0.03% 3-3�

diaminobenzidine tetra hydrochloride (Sigma Chemical Co., USA).
The reaction was stopped by a 1 min wash in distilled water. These
sections were then dehydrated, mounted and observed under bright
field Leica microscope.

Quality control of immunostaining methods

To understand the specificity of our immunohistochemical methods,
in one group of sections, the primary antisera were omitted and rest
of the processing was done as described above. These negative
controls do not show immunostaining of nerve cells or nerve
fibres (Fig. 3) indicating specificity of the antisera used in this
investigation.

Microphotography and processing of digital images

Microphotographs were taken on Kodak Supra 100 ASA Colour
negative film under a Leica bright field microscope. The digital
images (size 52 cm � 32 cm, 80 pixels/inch) were processed on a CD
by Kodak Colour laboratories (Stockholm, Sweden). These digital
images were modified using Adobe Photoshop 3.5 programme on a
G-4 Macintosh computer. The images obtained from the control,
spinal cord injured and/or drug-treated control or injured groups
were processed (final image size 8 � 13 cm, 300 pixels/inch) using
identical colour filter and colour balance (Sharma, 1999).

Semiquantitative analysis of immunohistochemical data

The semiquantitative analysis of immunostaining in the control,
spinal cord injury, H-290/51 treated injured and control rats were
done manually in a blind fashion. The number of immunostained
cells per section was counted in each half of the T9 segment ob-
tained from different group of rats for comparison (Fig. 3).

Statistical analysis

The quantitative or semiquantitative data were analysed using
ANOVA followed by Dunnett test for multiple group comparison.
A P-value less that 0.05 was considered significant.
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Results

Physiological variables

The results are shown in Table 2. A focal trauma to the
spinal cord resulted in a significant hypotension (mean
30 mmHg) at 5 h compared to the control group. At
this time, the PaO2 showed a mild increase and the
PaCO2 exhibited a slight decline compared to the con-
trol group. The arterial pH did not show any signifi-
cant change at 5 h injury. Pretreatment with H-290/51
did not influence these physiological variables either
in normal rats or animals subjected to 5 h cord trauma
(Table 2).

Blood-spinal cord barrier permeability

In normal rats, the permeability of Evans blue or
[131]Iodine in the T9 segment of the cord is very low
(Fig. 2). In this group, there was no significant differ-
ences in the extravasation of tracers in the right or left
side of the cord (Fig. 2). A focal trauma to the spinal

cord on the T10–11 segments significantly increased
the BSCB permeability to Evans blue and [131]Iodine in
the T9 segments of the cord (Fig. 2). This increase in
BSCB permeability was significantly higher in the ipsi-
lateral (right) cord compared to the contralateral (left)
side (Fig. 2). Pretreatment with H-290/51 markedly
attenuated the extravasation of these protein tracers in
the T9 segment. This effect was most pronounced in
the contralateral side of the cord (Fig. 2). However,
this drug treatment alone did not alter the BSCB per-
meability to Evans blue or radioactive iodine in the
normal cord (Fig. 2).

Spinal cord edema formation

A focal trauma to the cord on the T10–11 level re-
sulted in a significant increase in the water content in
the rostral T9 segment (Fig. 2). This increase in the
water content was most pronounced in the ipsilateral
side compared to the contralateral half of the cord.
Pretreatment with the H-290/51 significantly attenu-
ated trauma induced increase in the water content in
the T9 segment (Fig. 2). This effect of the compound
was most prominent in the contralateral side com-
pared to the ipsilateral cord (Fig. 2). On the other
hand, pretreatment with H-290/51 did not influence
the cord water content in normal animals (Fig. 2).

Glutamate immunohistochemistry

Glutamate immunostained neurons were normally
present in the gray matter of normal rats (Fig. 3). The
dorsal and ventral horns exhibit dense immunos-
taining of nerve cells containing glutamate (Fig. 3).
This pattern of glutamate immunostaining is almost
identical in both right and left sides of the cord (Fig. 2).

Table 1. Experimental protocol

Parameters measured Experimental group (n � 71)

Control H-290/51 5 h SCI H-290/51 � SCI
Group I Group II Group III Group IV

Immunohistochemistrya 6 5 6 5
BSCBb 6 5 8 6
Edema 6 6 6 6
Ultrastructure 5a 5a 5a 5a

Physiological variables 6b 5b 8b 6b

18 16 20 17

a data obtained from same group of animals; b data obtained from same group of animals

Fig. 1. Spinal cord injury model (a). Spinal cord injury was made on
the right dorsal horn of the T10–11 segment (horizontal bar � 5 mm,
b). The tissue for morphological examination, edema and BSCB
permeability was taken from the T9 segment, rostral to the lesion
site (3 mm thick) (b). Cross section of the spinal cord (a) showing
depth of lesion (vertical bar � 2 mm). The deepest part of the lesion
is usually located between the lamina VII to X (a)
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Fig. 2. Extravasation of tracers (upper panel, left) and spinal cord water content (upper panel, right) in the ipsilateral and contralateral sides
of the T9 segment of the cord following trauma and their modification with the H-290/51 pretreatment. The lower panel shows
semiquantitative analysis of Glutamate (left) and GABA (right) immunostaining in the T9 segment following trauma and its modification
with the H-290/51 pretreatment. * � P � 0.01 compared from the control group; � � P � 0.05; �� � P � 0.01 compared from the spinal
cord injury group, ANOVA followed by Dunnet test for multiple group comparison. SCI, spinal cord injury

A focal trauma to the cord markedly increased the
glutamate immunostaining in the T9 segment of the
cord (Fig. 3). Thus, a marked upregulation of gluta-
mate immunostaining can be seen in the spinal cord
ventral horn that was much more intense and compact
compared to the control group (Fig. 3). This immunos-
taining was most pronounced in the ipsilateral right
half compared to the contralateral left side (Fig. 2).
The glutamate immunostaining was mainly seen in the
damaged or distorted nerve cell bodies. However,
many nerve fibres in the ventral horn of the cord were
also glutamate positive after 5 h injury. The magnitude
and intensity of immunostained fibres were much
more prominent in the ipsilateral side.

Pretreatment with H-290/51 alone did not influence
the glutamate immunostaining in normal animals (Fig.
2). However, this drug treatment was able to markedly
attenuate the glutamate immunostaining in the cord
after 5 h injury (Fig. 3). This effect of the compound
was most marked in the contralateral side of the cord
(Fig. 2). In these drug-treated traumatised rats, im-
munostaining of nerve fibres were also considerably
reduced compared to the untreated injured group.

GABA immunohistochemistry

GABA immunostained cells were present in the spinal
cord gray matter in normal animals (Fig. 3). The
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GABA immunostaining is very rich in the dorsal horn.
A diffuse staining of GABA positive nerve cells can be
seen in the lateral horn. However, many nerve cells in
the ventral horn exhibited pronounced GABA
immunostaining (Fig. 3).

A focal trauma to the spinal cord resulted in a pro-
found decrease in GABA immunostaining in the spi-
nal cord gray matter (Fig. 3). Thus, in the untreated
traumatised rats, the number of GABA positive cells
were significantly decreased (Fig. 2). The intensity of
decrease in GABA immunostaining was most evident
in the ventral gray matter. However, the magnitude of
GABA immunostaining was also considerably re-
duced in the dorsal horn. This decrease in GABA
immunoreactivity was most pronounced in the ipsilat-
eral spinal cord compared to the contralateral side.

Pretreatment with H-290/51 in normal animals
did not alter the pattern of normal GABA immunosta-
ining (Fig. 2). However, subjection of H-290/51 treated
rats to 5 h injury did not result in downregulation of
GABA immunostaining in the cord (Fig. 3). Thus, in
H-290/51 treated and traumatised rats, the GABA
immunostaining was still much intense in the dorsal,
lateral and ventral horns of the T9 segment. The inten-
sity of GABA immunostaining was much more evi-
dent in the contralateral side compared to the
ipsilateral cord in this drug-treated group (Fig. 2).

Gross morphology of the spinal cord

Examination of toludine stained 1 µm thick spinal
cord sections from the T9 segment of untreated trau-
matised rats revealed profound expansion of the cord
that was most marked in the ipsilateral side (Fig. 4a).
In this group, the distinction between gray and white
matter is lost. The spinal cord was spongy in appear-
ance and loss of nerve cells was evident (Fig. 4a).

Pretreatment with H-290/51 in the normal spinal
cord did not influence the gross morphology of the
cord (results not shown). However, in the H-290/51
treated animals the general expansion of the cord and
sponginess were mainly absent 5 h after injury (Fig.
4b). The spinal cord appeared much less swollen com-
pared to the untreated traumatised group. A clear
distinction between gray and white matter in the spinal
cord in this group can easily be seen. This effect was
however, most pronounced in the contralateral side
(Fig. 4b).

Fine structure of the spinal cord

Paraffin embedded 3 µm thick sections stained with
Nissl or Haematoxyline and Eosin revealed wide-
spread edema, sponginess, nerve cell damage and
chromatolysis in the untreated traumatised spinal cord
(Fig. 4c). Many nerve cells were swollen and the others
were shrunken (Fig. 4c). This effect was most marked
in the ipsilateral side compared to the contralateral
cord. Microhaemorrhages, edema and sponginess
were quite frequent in the gray matter. In the white
matter, myelin vesiculation can be seen profoundly in
this group.

Pretreatment with H-290/51 markedly attenuated
the general expansion, edema and sponginess of the
spinal cord. Thus, many nerve cells were quite normal
in appearance (Fig. 4d). The dark stained nucleus and
the distorted nerve cells were mainly absent in this
group of drug-treated traumatised rats (Fig. 4d). This
effect was most pronounced in the contralateral side
compared to ipsilateral cord. In these animals, micro-
haemorrhages, signs of myelin vesiculation and wide-
spread damage to the neuropil was much less common
(Fig. 4).

Table 2. Physiological variables in control and 5 h spinal cord traumatised rats and their
modification with H-290/51 pretreatment (for details see text)

Parameters measured Control H-290/51 5 h SCI H-290/51 � SCI
n � 6 n � 5 n � 8 n � 6

MABP mmHg 110 � 8 112 � 6 80 � 6** 88 � 8**a

Arterial pH 7.38 � 0.02 7.37 � 0.04 7.36 � 0.07 7.36 � 0.08
PaO2 mmHg 80.23 � 0.13 80.08 � 0.43 81.46 � 0.64 81.26 � 0.45
PaCO2 mmHg 34.65 � 0.21 34.78 � 0.23 33.23 � 0.54 33.67 � 0.43

Values are mean � SD, ** � P � 0.01, a significantly different from SCI. P � 0.05, Others not
significant, ANOVA followed by Dunnet test for multiple group comparison
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Ultrastructural observation of the spinal cord

Ultrastructural changes in the untreated traumatised
cord exhibited frequent membrane damage, vacuola-
tion, perivascular edema, swollen nerve cells, glial cells
and axons (Fig. 5a). Damage to myelin and distortion
of the myelin sheaths were quite frequent in this group
of rats. Microhaemorrhages, membrane disruption,
myelin vesiculation were most frequent in the dorsal
horn (Fig. 5a). However, vacuolation and cell swelling
were common throughout the neuropil.

Pretreatment with H-290/51 significantly attenuated
myelin vesiculation (Fig. 5b). In this group of animals,
vacuolation, perivascular edema, swelling of nerve
cells and glial cells were much less frequent. Micro-
haemorrhages in the neuropil and myelin vesiculation
were not much frequent. The neuropil is condensed

and membrane disruption was not a common finding.
This effect was most marked in the contralateral side
of the cord.

Discussion

The salient new findings of the present study show that
a 5 h spinal cord trauma has the capacity to induce an
upregulation of glutamate in the spinal cord rostral to
the lesion site. At this time, there was a marked reduc-
tion in the GABA immunostaining in this segment.
This segment exhibited profound increase in edema
formation, breakdown of the BSCB and cell damage.
These observations suggest that an upregulation of
glutamate and a downregulation of GABA in the spi-
nal cord are injurious to the cell. Our observations are

Fig. 4. Gross morphology of the T9 segment of the spinal cord in a 5 h spinal cord injured (a) rat and its modification with the H-290/51
pretreatment (b). General expansion of the cord in untreated injured spinal cord is clearly apparent (a). High power light micrograph shows
many distorted and damaged nerve cells (arrows) in the ventral horn of one spinal cord traumatised rat (c). In this animal, edema and
sponginess is clearly seen (*). Pretreatment with H-290/51 markedly attenuated nerve cell damage (arrow heads). The signs of edema and
sponginess are not present (d). Bar: a,b � 3 mm, c,d � 40 µm
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the first to show that spinal cord trauma induced in-
creased excitotoxicity and a decrease in the inhibitory
activity appears to be important contributing factors in
cell injury. Obviously, a balance between excitatory
and inhibitory amino acid neurotransmitters is crucial
for cell injury or survival.

Another important finding of this study is the obser-
vation that pretreatment with the new antioxidant
compound H-290/51 was able to restore the balance
between glutamate and GABA in the spinal cord after
trauma. Thus, in the H-290/51 treated animals, a focal
spinal cord injury did not result in glutamate upregu-

lation. Moreover, the downregulation of GABA in the
spinal cord in the traumatised animals was also pre-
vented by this drug treatment. These observations sug-
gest that antioxidant compounds are able to influence
the glutamate and GABA levels in the cord following
injury, not reported earlier.

Spinal cord injury activates calcium-dependent
phospolipases leading to phospholipid hydrolysis and
release of fatty acids (Janssen and Hansebout, 1987).
The rapid accumulation of polyunsaturated fatty acids
occurs between 5 and 15 min after trauma (Liu et al.,
1991). These elevated levels become normal within 1 h
after the insult. However, at 4 h and onwards, tissue
fatty acid increased again and reaches its peak level
within 24 hours (Katayama et al., 1991). This second
increase in fatty acids correlates well with the tissue
injury (Faden et al., 1987). Phospholipid hydrolysis
results in the release of free radicals followed by
ischemia, tissue destruction and disruption of the
BSCB.

In the spinal cord injury, oxidative stress plays one
of the important roles in inducing free radical forma-
tion and production of nitric oxide (Schwab and
Bartholdi, 1996; Azbill et al., 1997; Sharma et al.,
1998a,b). Free radicals are molecules with unusual re-
activity due to the presence of unpaired electrons in
the outer orbits. This reactivity further propagates
through chain reactions (Del Maestro, 1980). The bio-
logical membranes of neurons, glial cells and endothe-
lial cells are highly susceptible to damage by these free
radicals.

Thus, any compound that is able to either scavenge
the free radicals or to break the chain reaction will
induce neuroprotection. In this regard, H-290/51 is
the compound of our choice (Svensson et al., 1993;
Mustafa et al., 1995; Alm et al., 2000; Sharma et al.,
2000a,b). The H-290/51 is able to inhibit lipid
peroxidation by breaking the chain reaction (Svensson
et al., 1993; Mustafa et al., 1995). This activity of the
compound seems to be most important for achieving
neuroprotection in spinal cord injury. Previous studies
from our laboratory suggest that this compound is also
able to induce neuroprotection following hyperther-
mic brain injury (Sharma 1999). These observations
suggest that oxidative stress plays important role in
the cell and tissue injuries following trauma or other
noxious insults to the CNS.

We observed marked reduction in edema formation
and breakdown of the BSCB following trauma in rats
pretreated with H-290/51. This indicates that the com-

Fig. 5. Low power electron micrograph from the right dorsal horn
of the T9 segment of the spinal cord in one untreated 5 h spinal cord
traumatised rat (a) and its modification with the H-290/51 pretreat-
ment (b). Membrane damage, vacuolation (*) and edema is quite
frequent in the untreated injured rat. Myelin vesiculation (arrows) is
quite common (a). Pretreatment with H-290/51 significantly attenu-
ated the membrane disruption, vacuolation (*) and edema. The
vesiculation of myelin is less frequent in this drug-treated trauma-
tised rat. Bar: a � 800 nm, b � 600 nm
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pound is able to prevent membrane damage of the
nerve cells, glial cells and the microvascular endothe-
lium. Apart form a direct membrane damage, several
other biochemical and neurochemical factors are in-
volved in edema formation and the microvascular
permeability disturbances following cord trauma. A
reduction in glutamate level and an increase in GABA
activity in the spinal cord following trauma in these
drug-treated animals suggest that these amino acids
also contribute to the edema formation and disruption
of the BSCB.

The glutamate induced neurotoxicity is mediated
via formation of reactive oxygen species and lipid
peroxidation (Evans, 1993; Hall and Braughler, 1989;
Ikeda et al., 1989). In ischemic injury, glutamate
release and activation of glutamatergic receptors
result in increased accumulation of intracellular Ca2�

(Fineman et al., 1993: Globus et al., 1995; Katayama,
1991). Activation of glutamate receptors and increase
in the intracellular Ca2� induces the formation of reac-
tive oxygen species and lipid peroxidation (Bondy and
LeBel, 1993; Dugan et al., 1995). Increased intracellu-
lar Ca2� will act through NMDA receptors and voltage
gated-Ca2� channels to impair the mitochondrial elec-
tron transport system causing the formation of free
radicals. These free radicals will induce a direct dam-
age to the cell membranes, nuclear proteins and
phospholipids (Hall, 1993).

Thus, scavengers of free radicals like superoxide
dismutase, catalases and glutathione are neuroprotec-
tive in several models of traumatic and ischemic brain
injuries. Furthermore, transgenic mice overexpressing
superoxide dismutase gene exhibit potential resistance
to ischemia injury and glutamate neurotoxicity in vitro
(Chan, 1992). These observations suggest that reactive
oxygen species and superoxide play important roles in
cell death probably via glutamate induced neurotoxic-
ity (Beal, 1995; Azbill et al., 1997).

Our present findings in spinal cord injury are in line
with the above hypothesis. Thus, similar to ischemic
injuries, release and accumulation of glutamate also
occur in the spinal cord following trauma. This obser-
vation indicates that glutamate excitotoxicity plays
major role in spinal cord injury induced free radical
formation and cell damage. An increased glutamate
may act through the NMDA receptors and induce in-
tracellular Ca2� accumulation (Balentine, 1988) result-
ing in formation of free radicals.

However, in vivo situation, no single chemical com-
pound is alone responsible for the cell injury or

survival. Several endogenous neurodestructive and
neuroprotective agents are released simultaneously in
the CNS injuries. A balance between these neurodes-
tructive and neuroprotective elements will finally de-
termine the extent of cell injury or cell survival in such
conditions.

Spinal trauma induces a release of GABA in the
cord to neutralise the excitotoxicity of glutamate.
However, a decline in the GABA activity occurs 5 h
after trauma. Thus, the glutamate induced excitoto-
xicity is no longer neutralised or counteracted by the
low level of GABA activity present in the spinal cord
at this time. An increased excitotoxicity and a de-
crease in inhibitory activity will thus contribute to cell
injury. This idea gets further support by the results
obtained with the H-290/51 treatment in this study.
Pretreatment with this compound significantly re-
stored the balance between the excitatory and inhibi-
tory amino acids in the cord after trauma. Thus, in this
drug treated animals no increase in glutamate or no
decrease in GABA was observed. Obviously, without
glutamate excitotoxicity, the sequence of events lead-
ing to the formation of free radicals and cell damage
may not take place. Since this drug-treatment attenu-
ated the glutamate release, it appears that production
of free radicals or lipid peroxidation is also reduced in
spinal trauma. A decrease in edema formation and
reduction in the BSCB permeability are in line with
this idea. Obviously, in the absence of edema forma-
tion and breakdown of the BSCB permeability the cell
changes are considerably reduced.

In conclusion, our results clearly suggest that in the
spinal cord injury, the balance between glutamate and
GABA is essential to minimise cell injury. A focal
trauma upregulates glutamate immunostaining and si-
multaneously downregulates the GABA activity in the
cord. The antioxidant compound H-290/51 is able to
restore the balance between excitotoxicity and inhibi-
tory activity in the spinal cord following trauma by
inhibiting the glutamate activity and by facilitating the
GABA neurotransmission in the traumatised cord.
This effect of the compound appears to be another
important factor in inducing neuroprotection in the
traumatised spinal cord. Taken together, our results
strongly indicate that the compound H-290/51 has a
potential therapeutic value in the treatment of spinal
cord injuries in the future.
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