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Abstract

Inducible nitric oxide synthase (iNOS) is a key mediator of inflammation and oxidative stress produced during
pathological conditions, including neurodegenerative diseases and central nervous system (CNS) injury. iNOS is
responsible for the formation of high levels of nitric oxide (NO). The production of highly reactive and cytotoxic
NO species, such as peroxynitrite, plays an important role in secondary tissue damage. We have previously
demonstrated that acute administration of iNOS antisense oligonucleotides (ASOs) 3 h after moderate contusive
spinal cord injury (SCI) potently inhibits iNOS-mediated increases in NO levels, leading to reduced blood–spinal
cord barrier permeability, decreased neutrophil accumulation, and less neuronal cell death. In the current study
we investigated if iNOS ASOs could also provide long-term (10-week) histological and behavioral improve-
ments after moderate thoracic T8 contusive SCI. Adult rats were randomly assigned to three groups (n = 10/
group): SCI alone, SCI and mixed base control oligonucleotides (MBOs), or SCI and iNOS ASOs (200 nM).
Oligonucleotides were administered by spinal superfusion 3 h after injury. Behavioral analysis (Basso-Beattie-
Bresnahan [BBB] score and subscore) was employed weekly for 10 weeks post-SCI. Although animals treated
with iNOS ASOs demonstrated no significant differences in BBB scores compared to controls, subscore analysis
revealed a significant improvement in foot positioning, trunk stability, and tail clearance. Histologically, while
no gross improvement in preserved white and gray matter was observed, greater numbers of surviving neurons
were present adjacent to the lesion site in iNOS ASO-treated animals than controls. These results support the
effectiveness of targeting iNOS acutely as a therapeutic approach after SCI.
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Introduction

Spinal cord injury (SCI) results in the progressive death
of neurons and glia for days to weeks after the initial

mechanical trauma. The secondary phase of tissue damage
occurs in response to a range of cytotoxic and degradative
molecules, including proinflammatory cytokines, intracellu-
lar proteases, neurotransmitters, and free radicals, which
leads to a further loss of tissue and function (Schwab and
Bartholdi, 1996; Sipski and Pearse, 2006). Nitric oxide (NO) is
a gaseous biomolecule that plays a role in neurotransmission,
vasodilation, and modulation of inflammatory responses

(Laroux et al., 2001; MacMicking et al., 1997; Taylor and
Bishop, 1993); high and persistent NO generation, however,
appears to be deleterious in central nervous system (CNS)
injury and disease (Knowles and Moncada, 1994). The phys-
iological and pathological actions of NO are often linked, but
not limited to, the various isoforms of nitric oxide synthase
(NOS), the enzyme responsible for the production of NO.
There are three known isoforms of NOS: endothelial (eNOS),
neuronal (nNOS), and inducible (iNOS) (Bredt and Snyder,
1994). Both eNOS and nNOS are constitutively expressed
in the cells for which they are named, and are both calcium-
and calmodulin-dependent (Garthwaite and Boulton, 1995).
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Unlike the constitutive forms of NOS, iNOS is not consistently
expressed and is not calcium- or calmodulin-dependent. In-
stead, iNOS expression can be induced by lipopolysaccharide
and other inflammatory cytokines, often leading to high and
persistent increases in NO (Iadecola et al., 1997). Uncontrolled
NO production can lead to tissue injury and damage to cel-
lular constituents through the generation of reactive nitrogen
species, such as peroxynitrite, which is involved in the nitra-
tion of proteins and lipids that prevents their normal func-
tioning (Liu et al., 2001; Rubbo and Radi, 2008; Xiong et al.,
2007). Peroxynitrite may also be a major trigger of lipid
peroxidation (Radi et al., 1991); after CNS insults studies
have shown a similar spatial and temporal localization of
3-nitrotyrosine (3-NT), a marker for protein nitration, and
4-hydroxynonenal (4-HNE), which is used to identify lipid
peroxidation following both traumatic brain injury (Hall et al.,
2004) and SCI (Carrico et al., 2009). Peroxynitrite has addi-
tionally been shown to inhibit mitochondrial respiration
(Bolaños et al., 1995), as well as produce DNA strand break-
age, which can trigger cell death through the activation of
poly(ADP-ribose) polymerase (PARP; Szabó, 2003).

Inducible NOS has been implicated in potentiating the
proinflammatory responses of immune cells, including neu-
trophils and monocytes, particularly after injury (Armstrong,
2001; Cifone et al., 1999; Satake et al., 2000). Studies have
demonstrated that targeting iNOS following SCI using phar-
macological, molecular, or transgenic knockout approaches is
beneficial (Orihara et al., 2001; Paramentier-Batteur et al., 2001;
Pearse et al., 2003; Isaksson et al., 2005). Previously we have
shown that antisense oligonucleotides (ASOs), specific for
iNOS mRNA, can reduce iNOS protein and activity, and in-
hibit neutrophil infiltration and myeloperoxidase (MPO)
production, as well as reduce blood–spinal cord barrier
(BSCB) permeability, astrogliosis, and neuron loss after SCI
(Pearse et al., 2003). The iNOS ASOs were more effective than
the pharmacological inhibitors 1400W or aminoguanidine in
producing these beneficial effects. Therefore, as a continuation
of our previous work, the present investigation sought to
determine the long-term anatomical and functional benefit of
acute iNOS ASO administration following contusive SCI.

Methods

Adult female Fischer rats (n = 32; 180–200 g; Harlan La-
boratories, Livermore, CA) were housed according to the
National Institutes of Health (NIH) guide for the care and use
of laboratory animals. The Institutional Animal Care and Use
Committee of the University of Miami approved all animal
procedures. Following anesthesia (45 mg/kg ketamine and
5 mg/kg xylazine), the animals received a moderate
(12.5 mm) thoracic T8 contusion injury using the MASCIS
weight drop device as described previously (Gruner, 1992).
The contusion impact velocity and compression were moni-
tored to guarantee consistency between animals. Animals
(n = 2) were excluded immediately when height or velocity
errors exceeded 6%, or if the compression distance was not
within the range of 1.35–1.75 mm. The iNOS ASOs used in this
study were prepared as previously described (Parmentier-
Batteur et al., 2001; Pearse et al., 2003). This ASO is a 21-mer
oligodeoxyribonucleotide that consists of phosphothiolated
(PT) bonds between the last three nucleotides on each end of
the molecule: 5¢-CTTCAGAGTCTGCCCATTGCT-3¢. The

random nonsense sequence of the oligodeoxynucleotide was
used as a mixed base control oligonucleotide (MBO): 5¢-
TCTCAGTGAGCCCTCATTCTG-3¢. At 3 h after SCI, the rats
were anesthetized, the previous laminectomy site was re-
exposed, and 200 nM iNOS ASOs or MBOs were delivered by
spinal cord superfusion according to previously described
methods (Pearse et al., 2003). After SCI and random allocation
to treatment groups (n = 10 SCI control; n = 10 SCI + MBOs;
n = 10 SCI + iNOS ASOs), animals received weekly open-field
locomotor testing for evaluation of hindlimb performance
using the Basso-Beattie-Bresnahan (BBB) score developed
by Basso and colleagues (1996). All behavioral scoring
was carried out by two observers who were blinded to the
experimental procedures performed on each animal. BBB
subscore analysis was also employed to examine the recovery
of hindpaw placement as described elsewhere (Pearse et al.,
2007).

Rats were perfused at 10 weeks post-SCI, and the brain and
spinal cord were removed for paraffin embedding and hori-
zontal sectioning at 10 lm. Sections were collected in 10 series
(each section was separated by a 100-lm space) onto Snow-
coat X-tra slides (Surgipath, Winnipeg, Manitoba, Canada).
One series of sections was stained with hematoxylin, eosin,
and Luxol fast blue, while another was used for immunohis-
tochemical staining for NeuN, a neuronal cell marker, as de-
scribed previously (Pearse et al., 2004; 2005). All volume
analysis and profile counts were conducted by individuals
who were blinded to the experimental procedures performed
on each animal. Hematoxylin, eosin, and Luxol fast blue-
stained sections were used to quantify volumes of normal-
appearing gray and white matter within the spinal cord sec-
tion using computer-assisted microscopy and image analysis
software (Neurolucida 5.04.3; MicroBrightField, Williston,
VT) at a magnification of 400 · as described previously
(Pearse et al., 2005). Likewise neuronal counts at specific
distances rostral and caudal to the injury were performed
according to previously published methods (Pearse et al.,
2003). Representative histological images from each group
were taken with an Olympus BX51 microscope and processed
with Meander scan software (MicroBrightField). The tonal
range and sharpness (smart sharpen, 0.9 pixel) of the TIFF files
were then normalized in range with Adobe Photoshop CS2
(Adobe Systems Inc., San Jose, CA). A one-way analysis of
variance (ANOVA), and the Bonferroni post-hoc test was used
for comparing tissue volumes and NeuN counts among the
groups. For weekly analysis of BBB score and subscore data, a
mixed factorial (repeated-measures) ANOVA followed by the
Tukey-Kramer test was used (Scheff et al., 2002). Differences
were accepted to be statistically significant at p < 0.05* and
p < 0.01** compared to injury-only controls. All errors are re-
ported as the standard error of the mean.

Results

All animals exhibited a characteristic recovery in their lo-
comotor behavior in the open-field over the course of the
study as measured using the BBB score (Basso et al., 1996). The
SCI control, MBO control, and iNOS ASO-treated animals
showed joint movements of the hindlimbs with no weight
support at 1 week post-injury (BBB scores: SCI, 6.1 – 0.9; MBO,
7.8 – 0.5 iNOS ASO, 7.5 – 0.3; p > 0.05; Fig. 1A). By week 10, the
SCI control and mixed base control animals had frequent to
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consistent weight-supported plantar steps with no forelimb-
hindlimb (FL-HL) coordination (BBB scores: 11.1 – 0.4 and
11.3 – 0.3, respectively), while iNOS ASO-treated animals
showed frequent to consistent weight-supported plantar
steps with some FL-HL coordination (BBB score: 12.3 – 0.3;
Fig. 1A). While no significant differences were found in end-
point BBB scores between groups using a one-way ANOVA
( p < 0.05), the iNOS ASO group trended toward higher scores
from weeks 8–10 post-SCI. BBB subscore analysis was em-
ployed to assess finer features of movement and hindpaw
placement during open-field locomotion (Pearse et al., 2007).
Although a temporal recovery of hindpaw placement was
observed post-SCI, similarly to the BBB score, animals re-
ceiving iNOS ASOs demonstrated a significant improvement
in BBB subscores over both control groups from 5–10 weeks
post-injury (Fig. 1B). At week 10, animals receiving iNOS
ASOs acutely exhibited a BBB subscore of 10.4 – 1.1, signifi-
cantly higher than both the SCI only (5.6 – 0.9, p < 0.05) and
MBO controls (2.6 – 0.7, p < 0.05).

At 10 weeks post-SCI, the animals exhibited characteristic
cyst/cavity formation with evidence of neuronal loss, im-
mune cell infiltration, and demyelination, rostral and caudal
to the injury epicenter, in hematoxylin-, eosin-, and Luxol fast
blue-stained horizontal tissue sections (Fig. 2A–C). Compar-
ison of tissue volumes (total, spared white and gray matter,
and lesion) revealed no significant differences between the
SCI control, MBO control, and iNOS ASO treatment groups
( p > 0.05; Fig. 2D). Specific examination of the numbers of
NeuN-positive neurons at a distance of up to 3 mm rostral and

caudal to the center of the injury cyst showed a significant
increase (127% rostral and 121% caudal versus SCI only; Fig.
2E) in the number of preserved neurons in the iNOS ASO
treatment group compared to the SCI and MBO controls
( p < 0.01 for both comparisons).

Discussion

We have previously reported that molecular perturbation
of iNOS with ASOs is an effective approach for antagonizing
iNOS production and activity as well as decreasing BSCB
permeability, neutrophil accumulation, astrogliosis, and
neuron death after SCI (Pearse et al. 2003). The present study
shows that the neuroprotection provided by acute iNOS ASO
delivery is persistent, with increased neuron preservation
through 10 weeks post-SCI, and leads to improved functional
recovery as evidenced by an enhanced BBB subscore.

Acute spinal cord superfusion of iNOS PT ASOs, which
exhibit high stability and long half-lives within the CNS
compartment (Dash et al., 1987; Karras et al., 2007), amelio-
rates iNOS levels and activity after SCI (Pearse et al., 2003),
during the peak of injury-induced iNOS production (Chatzi-
panteli et al., 2002). Accompanying this reduction is a signif-
icant enhancement of neuron preservation within the injury
penumbra through perturbation of both necrotic and apo-
ptotic cell death (Pearse et al., 2003), which we now demon-
strate persists long-term after SCI. Inhibition of iNOS can
produce neuroprotection by (1) dampening proinflammatory
signaling in immune cells, and limiting subsequent activation
of neuronal death receptors (Wen et al., 2006); (2) reducing
hyperemia, microvascular injury, and BSCB permeability,
and the ensuing leakage of toxic metabolites and degradative
proteases from the blood, as well as the accumulation of cir-
culating immune cells within the injured CNS (Belenky et al.,
1993; Okamura et al., 2001); and (3) abating oxidative stress by
preventing the formation of the toxic metabolite peroxynitrite
(ONOO - ), and its ensuing nitration and dysfunction of pro-
teins and lipids (Cassina et al., 2002), as well as lipid perox-
idation (Radi et al., 1991). In addition to exacerbating tissue
damage and cell death, NO can also increase neurological
dysfunction by inducing conduction block of demyelinated
axons (Redford et al., 1997; Smith and Lassmann, 2002). The
antagonism of NO generation by iNOS ASOs may also en-
hance function by improving axon conduction of these de-
myelinated axons.

Although modest, long-term improvements in neuronal
preservation and behavioral outcome were observed follow-
ing acute iNOS inhibition with ASOs, the effectiveness of the
approach may have been limited by several factors. The
length of iNOS inhibition was acute ( < 72 h), due to the use of
a single administration paradigm and the limited stability of
iNOS PT ASOs (previous work has shown that iNOS ex-
pression persists beyond 7 days post-SCI; Xu et al., 2001).
Also, the restriction of iNOS antagonism to the spinal cord
injury site may have had a limiting effect (greater efficacy
might be possible with the use of systemic delivery to addi-
tionally target circulating immune cell populations before
their accumulation at the site of SCI, as a major cellular source
of iNOS in the acute injury phase is from invading polymor-
phonuclear leukocytes; Chatzipanteli et al., 2002). In addition,
NO functions not only to generate peroxynitrite and oxidative
stress, it can also act as a potent antioxidant, inhibiting lipid

FIG. 1. The administration of iNOS ASOs improved loco-
motion in the open-field following SCI as measured by the
BBB subscore. (A) Weekly assessment of open-field loco-
motion using the BBB score revealed no significant differ-
ences between SCI and MBO controls and iNOS ASO-treated
animals from weeks 1–10 post-injury. (B) The use of BBB
subscore analysis to examine hindpaw placement and posi-
tioning during open-field locomotion revealed a significant
improvement in walking following iNOS ASO treatment
versus controls from weeks 5 to 10 post-SCI. Statistical sig-
nificance indicated at *p < 0.05 (iNOS, inducible nitric oxide
synthase; ASO, antisense oligonucleotide; SCI, spinal cord
injury; BBB, Basso-Beattie-Bresnahan scale; MBO, mixed base
control oligonucleotide).
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peroxidation by scavenging either lipid peroxyl (LOO* +
*NO/LOONO), or lipid alkoxyl (LO* + *NO/LONO) rad-
icals (O’Donnell et al., 1997; Rubbo et al., 1994). The use of
approaches that specifically target peroxynitrite rather than
NO, such as uric acid (Scott et al., 2005), or that enhance

peroxynitrite decomposition (Genovese et al., 2009), could
therefore prove to be more effective strategies. Indeed both of
these approaches have been shown to be neuroprotective after
SCI and significantly reduce functional deficits. Finally, if
iNOS inhibition produces neuronal preservation but not
white matter sparing after thoracic SCI, the modest im-
provements in BBB scores we observed might be limited due
the lack of involvement of the thoracic motoneurons in direct
control of the hindlimbs. These motoneurons innervate the
chest and back muscles as well as abdominal organs. Ex-
amination of iNOS ASO animals after SCI of the cervical or
lumbar cord may produce more pronounced behavioral im-
provements, as these neuronal pools are directly involved in
limb function.

The current study demonstrates that the acute inhibition of
iNOS can lead to long-term anatomical and functional im-
provements after SCI. Future work to optimize iNOS ASO
dosing through the examination of different ASO concentra-
tions, the lengthening of the administration window, en-
hanced ASO stability, or the investigation of systemic
administration to target circulating immune cell populations,
may further enhance the effectiveness of this antisense ther-
apeutic approach against iNOS after CNS injury. Determining
the extent to which iNOS ASOs may abate protein nitration
and lipid peroxidation, through the evaluation of 3-NT and 4-
HNE levels during the acute injury phase, may improve our
understanding of the mechanism by which iNOS ASOs are
neuroprotective. Furthermore, comparative studies to inves-
tigate the neuroprotective and functional efficacy of targeting
iNOS or peroxynitrite after SCI, or testing these agents in a
cervical SCI contusion model (Pearse et al., 2005), could also
aid in identifying the optimal therapeutic target for retarding
oxidative damage and neurological dysfunction post-SCI.
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cance indicated at **p < 0.01 (iNOS, inducible nitric oxide
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