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Summary

The neuroprotective efficacy of post-injury treatment with the
antioxidant compound H-290/51 (10, 30, and 60 minutes after
trauma) on immediate early gene expression (c-fos), blood-spinal
cord barrier (BSCB) permeability, edema formation, and motor dys-
function was examined in a rat model of spinal cord injury (SCI).
SCI was produced by a longitudinal incision into the right dorsal
horn of the T10-11 segment under Equithesin anesthesia. Focal SCI
in control rats resulted in profound up-regulation of c-fos expression,
BSCB dysfunction, edema formation, and cell damage in the adja-
cent T9 and T12 segments at 5 hours. Pronounced motor dysfunction
was present at this time as assessed using the Tarlov scale and the
inclined plane test. Treatment with H-290/51 (50 mg/kg, p.o.) 10
and 30 minutes after SCI (but not after 60 minutes) markedly attenu-
ated c-fos expression and motor dysfunction. In these groups, BSCB
permeability, edema formation, and cell injuries were mildly but sig-
nificantly reduced. These observations suggest that (i) antioxidants
are capable of attenuating cellular and molecular events following
trauma, and (ii) have the capacity to induce neuroprotection and im-
prove motor function if administered during the early phase of SCI, a
novel finding.

Keywords. Spinal cord injury; gene expression; c-fos; blood-spinal
cord barrier; edema; oxidative stress; antioxidants; H-290/51.

Introduction

Oxidative stress appears to play an important role
in inflammatory damage to myelin sheaths and axons
following spinal cord injury (SCI), multiple sclerosis,
and in pathogenesis of several other neurodegenerative
diseases, e.g., hypertension, stroke, Alzheimer’s, and
Parkinson’s disease [3, 4, 6-9]. Micro-hemorrhages

and extravasation of blood components into the cen-
tral nervous system compartment is associated with
oxidative stress and generation of free radicals causing
cell injury [11]. In addition, alterations in the balance
between cellular oxidants and antioxidants in chronic
disecases are also responsible for neurodegenerative
changes [6]. Altered expression of several antioxidant
enzymes, such as superoxide dismutase, glutathione
peroxidase, gamma-glutamylcysteine synthase, cata-
lases, glutathione S-transferase, and quinone reductase
in central nervous system injuries and in neurodegener-
ative diseases are in line with this hypothesis [6-10,
13-15].

Oxidative stress induces breakdown of the blood-
spinal cord barrier (BSCB) and up-regulates heat
shock protein (HSP 72) response [16, 25, 26]. Release
of cytokines and immunoglobulins following oxidative
and/or cellular stress contributes to cell injury or cell
death through mechanisms involving apoptosis and/
or necrosis [27, 31, 36]. Furthermore, oxidants are ca-
pable of enhancing expression and/or DNA binding of
several immediate early genes (IEG) and transcription
factors that are involved in inflammation and DNA
damage including fos, jun, myc, erg-1, heat shock fac-
tor, and nuclear factor kappa-B [5-7, 10]. One of the
IEG, cellular-fos (c-fos), is a primary response gene
that can be detected within 20 to 90 minutes after neu-
ronal excitation [3, 4, 6, 16, 23]. Prolonged expression
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of c-fos precedes programmed cell death in vitro [23,
27, 34, 36]. Thus, it is likely that c-fos up-regulation
following trauma may represent a neuronal marker
for cell injury [23]. However, the detailed involvement
of oxidative stress-induced IEG expression and cell
death in SCI is unclear.

There are reasons to believe that antioxidants and
lipid peroxidation inhibitors play important roles in
attenuating spinal cord cell and tissue injury follow-
ing SCI[12, 16, 18, 20-22, 24-26]. A significant reduc-
tion in BSCB permeability, edema formation, and cell
damage in SCI in animals pretreated with a potent
chain-breaking new antioxidant compound, H-290/51
(Astra-Zeneca, Molndal, Sweden), further supports
this hypothesis [24, 26]. However, it is unclear whether
the compound is still effective in reducing trauma-
induced IEG expression, motor dysfunction, and spi-
nal cord pathology, if given at various time intervals
after SCI.

The first few hours following SCI are crucial for out-
come as the early events following the primary insult
set the stage for later development of spinal cord cell
and tissue injury leading to long-term deficit and dis-
ability [16—19, 26]. Suitable therapeutic intervention
initiated within the first 3 hours in spinal cord injury
victims improves functional recovery, whereas delayed
pharmacological treatment beyond 3 hours is largely
ineffective [16, 18]. Thus, further studies on the cellular
and molecular mechanisms of early events following
SCI are necessary to explore new therapeutic strategies
to minimize later development of spinal cord cell and
tissue injury.

The present study was undertaken to investigate the
effects of a potent antioxidant compound H-290/51
[28, 30, 33] on c-fos expression, motor dysfunction,
and cord pathology when given 10, 30, and 60 minutes
after SCI in a rat model.

Materials and methods

Animals

Experiments were carried out on 60 male Sprague Dawley rats
(200-250 g) housed at controlled room temperature of 21 + 1°C
with a 12-hour light, 12-hour dark schedule. Food and tap water
were supplied ad libitum before the experiment.

Spinal cord injury

SCI was induced by making a longitudinal incision (about 5 mm)
over the right dorsal horn of the T10—11 segments under Equithesin
anesthesia (0.3 mL/100 g, i.p.). The deepest part of the lesion was
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mainly located around the Rexed’s laminae VIII to X [18, 19, 26].
Experiments were approved by the Ethical Committee of Uppsala
University, Uppsala, Sweden, and Banaras Hindu University, Vara-
nasi, India.

H-290/51 treatment

H-290/51 (Astra-Zeneca, Molndal, Sweden) was dissolved in water
and administered 50 mg/kg, p.o. by gastric tube [20, 24-26] in sepa-
rate groups of rats (n = 5) at 10, 30, or 60 minutes after SCI.

Functional paralysis

Functional paralysis of the hind limb was determined using a
semiquantitative analysis during open field walking using the modi-
fied Tarlov scale: 0 = total paraplegia; 1 = no spontaneous move-
ment but responds to pinch; 2 = spontaneous movement; 3 = able
to support weight but unable to walk; 4 = walking with gross defi-
cits; 5 = walking with mild deficits; 6 = normal walking [19, 26, 29].

Inclined plane test

Motor disturbances in the rat after SCI were determined using the
inclined plane test. Each rat was trained on a plane using an angle in
such a way that the rats could stay on it for 5 seconds without falling
[19, 26].

Perfusion and fixation

Five hours after SCI, rats were perfused through the heart with
0.1 mol phosphate buffer (pH 7.0) followed by 4% buffered parafor-
maldehyde in 0.1 mol phosphate buffer. Perfusion pressure was
maintained at 90 torr throughout the process [17-19].

c-fos immunohistochemistry

Immunohistochemistry for c-fos was performed on free-floating
vibratome sections obtained from the T9 segment of the cord using
monoclonal c-fos antiserum (Calbiochem, Boston, MA) according
to the manufacturer’s protocol [23].

BSCB permeability and edema formation

BSCB permeability was measured using Evans blue (0.3 ml/
100 g) and 3UTodine (10 pCi/100 g) as described previously [26].
Spinal cord edema formation was examined by measurement of the
spinal cord water content [16, 20, 24, 25].

Spinal cord pathology

Spinal cord pathology was examined by light and electron micros-
copy. Spinal cord tissue pieces were embedded in paraffin or Epon
and examined by light microscopy. Epon-embedded tissue pieces
were processed for transmission electron microscopy [16, 20]. The
cell changes were graded from 1 (minimum) to 4 (maximum) and
analyzed [17].

Statistical evaluation

The quantitative or semiquantitative data obtained were analyzed
using ANOVA followed by Dunnet’s test for multiple group com-
parison from one control group. A p-value less than 0.05 was consid-
ered significant.
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Table 1. Post-trauma treatment with H-290[51 on the SCI-induced motor dysfunction, c-fos expression, BSCB permeability, spinal cord edema

formation, and cell injury in T9 segment in rats

Parameters measured n Control 5 hSCI H-290/51 treatment in 5 h SCI§

+10 min +30 min +60 min
Motor dysfunction
Tarlov scale 5 6+0 2 4 1** 5+1° 441 241"
Capacity angle 5 60 +0 30 4 2%* 43 +4* 40 + 6* 32 4+ 6*
BSCB permeability
Evans blue mg % 6 0.24 +0.04 1.65 + 0.12%* 0.68 + 0.12* 0.79 + 0.12* 1.58 + 0.42™
31 odine % 5 0.35 + 0.06 1.96 + 0.14** 0.72 + 0.08* 0.91 + 0.09* 1.88 +0.48™
Edema formation
Cord width mm 6 3405 54 0.5%* 440.5* 44 1™ S+ 1™
Water content % 5 66.12 + 0.18 69.34 + 0.23** 66.64 +0.18° 67.38 +0.12° 69.73 +0.28™
Structural changes
c-fos positive cells 6 nil 34+ 8 8 + 4# 12 + 6# 28 + 8™
Neuronal damage 5 nil 4 24+ 1# 3+ 1# 4 4 1™
Glial cell injury 5 nil 4 1+ 1# 34 1# 341"
Myelin damage 5 nil 4 24+ 1# 24+ 1# 4 4+ 1™
Endothelial injury 6 nil 4 24 1# 24 2# 44+ 1™

Cord width was measured in formalin fixed spinal cord specimens before embedding in paraffin [16]. § H-290/51 (50 mg/kg, p.o.) was admin-
istered 10 min, 30 min or 60 min after SCI. The cell changes were graded from 1 (minimum) to 4 (maximum) and analyzed in blinded fashion

[see 16].
Values are Mean + SD of 5-6 rats in each group.

BSCB Blood-spinal cord barrier; SCI spinal cord injury; * = p < 0.05; ** p < 0.01 (compared from control); a = p < 0.05; aa = p < 0.01
(compared with 5-hour SCI), ANOVA followed by Dunnett’s test from one control. # = p < 0.05, Chi-square test from 5-hour SCI group;

ns = not significant (from 5-hour SCI group).

Results

Effect of H-290/51 on motor function

Animals subjected to SCI showed profound motor
dysfunction at 5 hours. Administration of H-290/51
to rats either 10 or 30 minutes after SCI significantly
improved hind-limb function using the Tarlov scale or
the capacity angle derived from the inclined plane test
(Table 1). However, when the compound was adminis-
tered 60 minutes after SCI, no significant improvement
in motor function was seen.

Effect of H-290/51 on c-fos immunohistochemistry

Untreated SCI rats exhibited marked up-regulation
of c-fos expression in neurons of the injured as well as
adjacent segments in the edematous region of the spi-
nal cord. Administration of H-290/51 10 or 30 minutes
after SCI significantly attenuated c-fos expression in
the cord. This reduction in c-fos expression was most
marked in the ventral gray matter on the contralateral
side. In contrast, no apparent reduction in c-fos expres-

sion was seen in rats treated with H-290/51 60 minutes
after injury (Fig. 1).

Effect of H-290/51 on BSCB permeability

SCI rats that received H-290/51 either 10 or 30 mi-
nutes after injury showed a significant reduction in
Evans blue, radioiodine, or lanthanum extravasation
across the BSCB. However, treatment received 60
minutes after SCI did not reduce BSCB breakdown to
these tracers.

Effect of H-290/51 on spinal cord edema formation

Rats that received H-290/51 either 10 or 30 minutes
after injury did not exhibit much swelling and/or
increase in spinal cord water content. However, drug
administration 60 minutes after SCI failed to reduce
spinal cord water content or swelling.

Effect of H-290[51 on cell injury

Treatment of rats with H-290/51 either 10 or 30 min
following SCI reduced the gross expansion of the cord
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Fig. 1. c-fos expression (a,b) and cell changes (c,d) in the spinal cord ventral horn of the T9 segment 5 hours after SCI in control (b,d) H-290/
51 treated rats (a,c). H-290/51 was given 30 minutes after SCI. Administration of H-290/51 was neuroprotective. Marked up-regulation of c-fos
expression (arrows) was seen in the edematous area (*) after 5 hours SCI in control rats (b), but this was attenuated by H-290/51 (arrowheads)
(a). H-290/51 also induced neuroprotection (c). Only a few damaged nerve cells can be seen (arrowheads) after drug treatment compared to no

treatment (d)

edema, and micro-hemorrhages and damage to neuro-
pil were considerably attenuated. A clear distinction
between the gray and white matter was visible in these
rats. Several nerve cells with distinct were present and
swelling of neurons, astrocytes, and damage to myelin
were much less evident in the treatment groups than in
controls (Fig. 1, Table 1). At the ultrastructural level,
signs of vacuolation, perivascular edema and myelin
vesiculation were much less evident. On the other
hand, H-290/51 failed to exert any neuroprotective ef-
fects on the spinal cord cell injury seen either at the
light or electron microscopic level 60 minutes after
SCI (results not shown).

Discussion

The salient new findings of the present study are that
the chain-breaking antioxidant compound H-290/51,
if administered within 30 minutes after SCI, attenuates
motor dysfunction and spinal cord pathology at 5
hours. These observations suggest that oxidative stress

during the early hours of SCI plays an important role
in the secondary injury cascade that results in sensory
motor dysfunction and spinal cord cell and tissue in-
jury. However, when the antioxidant compound is ad-
ministered 60 minutes after SCI, no significant neuro-
protection or improvement in motor function was
noted. This suggests that blockade of lipid peroxida-
tion and/or generation of free radicals within the first
hour after trauma is neuroprotective in SCI.

Previous reports from our laboratory indicate that
treatment with H-290/51 requires 30 minutes to inhibit
lipid peroxidation and, thus, block generation of free
radicals [12, 20, 24]. The compound H290/51 in the
present study has a short time to onset, reaching pro-
tective concentrations in the central nervous system
within 30 minutes, with maximal effect lasting more
than 6 hours [12]. Thus, administration of H-290/51
10 and 30 minutes after SCI is likely to inhibit further
production of free radicals around 40 minutes to 1
hour after trauma. On the other hand, administration
of the compound 1 hour after SCI exerts its influence
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on free radical generation around 90 minutes after in-
jury, suggesting that blockade of lipid peroxidation
and/or generation of free radicals within 1 hour after
SCI is beneficial in nature, whereas later blockade of
free radical formation is ineffective. The detailed cellu-
lar and molecular mechanisms of such time-related
neuroprotection with the antioxidant in SCI are not
known and require additional investigation.

The antioxidant compound H-290/51 was able to
attenuate IEG expression in the cord as seen using c-
Jfos immunostaining. Since, the up-regulation of c-fos
was mainly located within the edematous expansion
of the spinal cord [23], a reduction in cell and tissue in-
jury with H-290/51 is probably responsible for the di-
minished IEG expression in drug-treated spinal cord
injured rats. These findings indicate that generation of
free radicals and lipid peroxidation are important fac-
tors in the c-fos up-regulation, a novel finding. The
fact that no reduction in c-fos expression was found
in spinal cord injured animals that received H-290/51
treatment 60 minutes after injury is in line with this
hypothesis.

Trauma to the spinal cord results in the release of
numerous molecules, free radicals, vasoactive com-
pounds, neurochemicals, growth factors, cytokines
and other proteins/factors in a cascade of events lead-
ing to cell and tissue injury [16-19, 25, 26]. It is be-
lieved that several endogenous compounds/factors re-
leased after trauma may have the ability to induce
neuroprotection, whereas numerous other endogenous
factors/elements increased after injury are likely to
have neurodestructive capabilities [16, 18]. Thus, a bal-
ance between endogenous neuroprotective and neuro-
destructive elements is crucial for cell injury and/or
survival. It remains to be seen whether an interaction
among different compounds/factors will synergisti-
cally potentiate or neutralize the neurodestructive
and/or neuroprotective capabilities of certain elements
in vivo. Thus, pharmacological blockade of release
and/or synthesis of endogenous neurodestructive
elements before the injury are likely to achieve neuro-
protection [1-3, 7]. However, when the same com-
pound is administered after the insult, the neuro-
protective effect is either diminished or neutralized, as
several other endogenous compounds/factors are
likely to influence the outcome [32, 35]. Time-related
neuroprotection induced by H-290/51 treatment after
SCI in our present investigation is consistent with this
hypothesis.

Our results suggest that generation of free radicals
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and oxidative stress plays an important role in SCI-
induced cell and tissue injury. Recent evidence has
shown that oxidative stress, generation of free radicals,
and nitric oxide can up-regulate vascular endothelial
growth factor (VEGF) expression in the microvascu-
lar endothelium [1, 2, 13, 14, 27, 32, 34-36]. An up-
regulation of VEGF is associated with breakdown of
microvascular permeability [32]. VEGF is a 45-kD gly-
coprotein secreted in the vascular wall by endothelial
and smooth muscle cells [14, 32]. VEGF is a major reg-
ulator of angiogenesis and increased microvascular
permeability [5, 7, 8]. Thus, VEGF up-regulation by
oxidative stress and generation of free radicals could
be one of the important factors in BSCB disruption in
SCI. The BSCB breakdown following SCI in this in-
vestigation and its amelioration with H-290/51 is in
line with this idea. However, further studies on expres-
sion of VEGF in SCI and its modification with H-290/
51 are needed to confirm this hypothesis.

A reduction in BSCB permeability to macromole-
cules in the spinal cord microenvironment results in ei-
ther quick resolution of edema or prevention of water
accumulation in the spinal cord [21, 24]. Alternatively,
in the absence of direct cell membrane damage, ac-
cumulation of water in the spinal cord extra- or intra-
cellular compartments is less likely [24]. Obviously, a
reduction in the BSCB permeability and edema forma-
tion by H-290/51 will induce neuroprotection [1, 2, 20].

Our observations show a close parallelism between
improvement in motor function and spinal cord cell
and tissue injury, indicating improvements in motor
function are related to spinal cord pathology [19, 26].
Improvement in motor function by antioxidants sug-
gests that cell and membrane damage by free radicals
is likely to contribute to functional paralysis. The
mechanisms by which antioxidants improve sensory
and motor functions are not known. However, it ap-
pears that antioxidant-induced stimulation of neuro-
trophins and/or growth factor receptors might play
some role.

Oxidative stress is known to stimulate VEGF and
other neurotrophins that are involved in necrosis/
apoptosis and to down-regulate neuroprotective neu-
rotrophins, such as brain-derived neurotrophic factor,
glial-derived neurotrophic factor, and nerve growth
factor [3, 5-8, 10]. Exogenous supplement of neuro-
trophins, e.g., brain-derived neurotrophic factor and
glial-derived neurotrophic factor in SCI, improves
motor function and cell injury and is consistent with
this idea [17]. However, further studies on expression
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of neurotrophins and/or their receptors in H-290/51-
treated SCI animals are needed to clarify these points.

Conclusion

The results presented in this investigation show for
the first time marked neuroprotection and improve-
ment of motor functions when the antioxidant com-
pound H-290/51 is administered 10 to 30 minutes after
SCI. These observations suggest that blockade of lipid
peroxidation and/or generation of free radicals within
the first hours after trauma is crucial for spinal cord
function. However, the antioxidant was ineffective
when administered 60 minutes after SCI, suggesting
that late blockade of lipid peroxidation and/or genera-
tion of free radicals are incapable of attenuating spinal
cord pathology. Understanding the cellular and mo-
lecular mechanisms of time-related neuroprotection
with the antioxidant requires additional investigation.
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