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Peroxynitrite formation and the subsequent activation of
the nuclear enzyme, poly (adenosine diphosphate [ADP]-
ribose) synthetase (PARS), has been implicated in the
pathogenesis of several neurodegenerative disorders.
Here, we demonstrate that nitrotyrosine, an indicator of
peroxynitrite generation, and poly (ADP) ribose, a
marker of PARS activation, were selectively localized
within tissues from spinal cord-injured rats. Our data
implicate a role for peroxynitrite production and PARS
activation in the development of spinal cord trauma.
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Studies on the progression of spinal cord injury have
indicated that mechanical trauma to the spinal cord
triggers a series of sequential events that lead to further
neuronal tissue destruction and paralysis. Although the
precise secondary pathophysiological changes that oc-
cur after mechanical injury remain undefined, a role
for free radicals in the neurodestructive processes of
spinal cord injury has been proposed.'” Free radicals
are thought to mediate neurodegeneration in spinal
cord trauma via lipid peroxidation.> More recent stud-
ies have demonstrated that free radical-induced neuro-
nal injury may be related to the formation of peroxyni-
trite,” a cytotoxic oxidant generated by the reaction of
nitric oxide and superoxide.

Peroxynitrite has been shown to induce cell death
through a number of mechanisms, including via DNA
single-strand breakage and the subsequent activation of
the nuclear enzyme, poly (adenosine diphosphate
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[ADP]-ribose) synthetase (PARS), also known as poly
(ADP-ribose) polymerase (EC 2.4.4.30).” PARS activa-
tion depletes the intracellular level of its substrate
NAD, slowing the rate of glycolysis, electron transport,
and adenosine triphosphate formation. Ultimately, this
process leads to cellular dysfunction and cell necrosis.®
As peroxynitrite production and PARS activation
have been implicated in the pathogenic mechanisms of
other neurodegenerative conditions,”® we have investi-
gated the involvement of peroxynitrite and PARS acti-
vation in spinal cord trauma. In the present study, we
have examined, by immunohistochemistry, peroxyni-
trite formation and PARS activation in spinal tissues
from animals that have undergone contusion-induced
spinal cord injury. ’

Materials and Methods

Female Sprague-Dawley rats (250-280 g) were anesthetized
with an intraperitoneal bolus of ketamine hydrogen chloride
(60 mg/kg) and xylazine (10 mg/kg). A single-level laminec-
tomy was then performed at spinal cord level T8, and injury
was induced using an electromagnetic impact device.” Spinal
cords were contused at the exposed laminectomy site by
rapid displacement (20 msec) of the spinal cord 1.1 mm
from the original surface. Displacement and force were ob-
served and recorded continuously throughout the injury pro-
cedure. Superficial wounds were then closed, and animals
were allowed to recover in separate cages. Once animals re-
gained consciousness, they were placed in cages (cwo or three
per cage) and allowed free access to food and water.

Animals were sacrificed at either day 1 or day 7 postinjury
by transcardiac perfusion of phosphate-buffered saline (PBS)
followed by 4% paraformaldehyde. Spinal cords were re-
moved and postfixed for 2 hours in 4% paraformaldehyde,
then transferred to 0.2-M phosphate buffer overnight, and
equilibrated in 30% sucrose for 48 hours. The cryoprotected
cords were then sequentially blocked, using the injury epi-
center as the central reference point, in the transverse plane
into 2-mm segments on dry ice. Of these blocks, 12 were
placed at regular rostral-to-caudal intervals (every 4—8 mm)
in cryomolds, embedded in Tissue-Tek embedding medium
(Sakura Finetek USA Inc, Torrence, CA) and frozen on dry
ice. Sections were cut at a 20-um thickness on a cryostat and
thaw-mounted onto superfrost-coated slides.

Nitrotyrosine was detected immunohistochemically in spi-
nal cord sections as an indicator of the presence of peroxyni-
trite and other nitrosylating agents. Endogenous peroxidase
was quenched for 15 minutes with 0.3% H,O, in methanol.
Nonspecific binding was minimized by incubating the sec-
tions in 2% normal goat serum in PBS for 1 hour. Sections
were then incubated overnight with a 1:500 dilution of pri-
mary anti-nitrotyrosine antibody (Upstate Biotechnology,
Lake Placid, NY), and specific labeling was detected with a
biotin-conjugated goat anti-rabbit IgG and avidin-biotin per-
oxidase complex (Vectastain Elite ABC kit; Vector Labora-
tories, Burlingame, CA).

Spinal cord sections were analyzed for the presence of poly
(ADP) ribose as an indicator of PARS activity. Endogenous
peroxidase was quenched for 15 minutes with 0.3% H,O, in
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methanol. Nonspecific binding was minimized by incubating
the sections in 2% normal horse serum in PBS for 1 hour.
Sections were then incubated overnight at 4°C with a 1:500
dilution of primary anti-poly (ADP-ribose) antibody (Biomol
Research Laboratories, Plymouth Meeting, PA). Specific la-
beling was detected with a biotin-conjugated anti-mouse IgG
and avidin-biotin peroxidase complex (Vector Laboratories).
Data presented show representative sections from rats (n =
3) from each group.

Results

Nitrotyrosine staining and poly (ADP-ribose) immuno-
reactivity were undetectable in spinal cord tissues ob-
tained from laminectomy control rats (Fig la and b).
In contrast, diffuse nitrosylation and poly (ADP) ribo-
sylation were observed following spinal cord injury (see
Fig 1c—j). Less immunoreactivity was demonstrated at
day 7 postinjury, however (see Fig le, f, i, and j).

Although nitrotyrosine staining and poly (ADP) ri-
bose were detected within epicenter sections from spi-
nal cord-injured animals at days 1 and 7 postinjury,
the precise cellular pattern cannot be readily distin-
guished (see Fig lc—f). By comparison, both nitrosyla-
tion and poly (ADP) ribose were observed within dis-
tinct anatomical regions in spinal cord sections rostral
to the injury site (see Fig 1g—j). Interestingly, immu-
noreactivity was demonstrated within the dorsal and
ventral horns as well as in the fasiculus cuneatus of the
spinal cord in tissues from day 1 postinjury rats (see
Fig 1g and h), whereas staining was detected mainly
within the fasiculus gracilis region of the spinal cord in
sections from animals 7 days postinjury (see Fig 1i and
j). Furthermore, in most cases, nitrotyrosine staining
and poly (ADP) ribose were colocalized within the tis-
sues. In general, however, more poly (ADP) ribose
than nitrotyrosine could be observed in the spinal cord
sections.

On further examination using higher magnification,
both nitrotyrosine staining and poly (ADP) ribose were
associated with areas of necrosis within epicenter sec-
tions from animals at days 1 and 7 postinjury (Fig 2a—
f). Moreover, nitrotyrosine and poly (ADP) ribose were
detected within activated microglial cells in rostral spi-
nal cord sections 1 day postinjury (see Fig 2g and h).
In addition, neuronal staining of nitrotyrosine was
demonstrated in rostral tissues from rats 1 day postin-
jury, although no corresponding PARS activation was
observed. Similar to results obtained in epicenter spinal
cord sections, nitrotyrosine and poly (ADP) ribose
were localized to necrotic areas in rostral tissues from
day 7 postinjury animals (see Fig 2i and j).

Discussion

The results of the present study demonstrate, for the
first time, peroxynitrite production and PARS activa-
tion during spinal cord injury. Moreover, both nitro-

tyrosine, an indicator of peroxynitrite production, and
poly (ADP) ribose, a marker of PARS activation, were
localized in spinal cord sections from rats that had un-
dergone spinal cord trauma but not in laminectomy
control tissues. Therefore, based on the current find-
ings, we suggest that the generation of peroxynitrite
and the subsequent activation of PARS may be impor-
tant events in the development of spinal cord injury.

To date, the precise role of peroxynitrite formation
and PARS activation in the mediation of the secondary
pathophysiological changes associated with spinal cord
trauma remains largely undefined. Nevertheless, a re-
cent investigation has implicated a role for peroxyni-
trite and PARS activation in the death of spinal cord
cells in vitro."” In addition, it has been shown that
PARS activation is involved in the pathogenesis of
other neurodegenerative disorders,”®'" ™ including
traumatic brain injury,’® which, similar to spinal cord
trauma, is thought to be mediated by cytotoxic pro-
cesses triggered after injury has occurred. Therefore, it
is possible that peroxynitrite formation and PARS ac-
tivation may initiate cell necrosis during spinal cord
injury.

Nitrotyrosine formation, and its detection by immu-
nostaining, was initially proposed as a relatively specific
means for the detection of peroxynitrite.’> Recent evi-
dence indicates that certain other reactions can also
induce tyrosine nitration, including one catalyzed by
myeloperoxidase.'® Therefore, increased nitrotyrosine
staining is considered to be an indication of “increased
nitrosative stress” rather than a specific marker of per-
oxynitrite. Although the formation of nitrotyrosine can
no longer be accepted as an equivalent of peroxynitrite
formation, our current finding that nitrotyrosine stain-
ing is present after spinal cord trauma is more likely to
be related to peroxynitrite formation than to
myeloperoxidase-related reactions, as the staining was
not associated with infiltrating neutrophils in the area
of injury.

PARS activation is triggered by DNA single-strand
breaks which can be induced by free radicals and per-
oxynitrite. Following activation, PARS catalyses the at-
tachment of ADP-ribose units to nuclear proteins us-
ing NAD as a substrate.'” PARS activation decreases
the intracellular NAD level, which slows the rate of
glycolysis, electron transport, and adenosine triphos-
phate formation. Indeed, extensive activation of PARS
leads to cell necrosis via an energy failure mecha-
nism.>"*'” Therefore, similar events may be occurring
during spinal cord injury, as the observed PARS activ-
ity was associated with areas of active necrosis.

In conclusion, we have presented evidence of per-
oxynitrite formation and PARS activation in tissues
from animals that have undergone spinal cord injury.
Thus, peroxynitrite production and the subsequent ac-
tivation of PARS may contribute to the development
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