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Abstract

The goal of the present study was to examine the neuroprotective and functional significance of targeting both
N-methyl-d-aspartate (NMDA) receptor–mediated excitotoxicity and oxidative stress using a dual-acting com-
pound, Neu2000, in rat model of moderate spinal cord injury (SCI). An initial set of experiments was conducted
in uninjured rats to study the pharmacokinetic profile of Neu2000 following intraperitoneal and intravenous
administration. A second experiment measured free radical production in mitochondria isolated from sham or
injured spinal cords of animals receiving vehicle or Neu2000 treatment. A third set of animals was divided into
three treatment groups consisting of vehicle treatment, a single dose of Neu2000 (50 mg=kg) administered at
10 min following injury, or a repeated treatment paradigm consisting of a single bolus of Neu2000 at 10 min
following injury (50 mg=kg) plus a maintenance dose (25 mg=kg) administered every 24 h for an additional 6
days. Animals were tested once a week for a period of 6 weeks for evidence of locomotor recovery in an open
field and kinematic analysis of fine motor control using the DigiGait Image Analysis System. At the end of the
testing period, spinal cord reconstruction was performed to obtain nonbiased stereological measures of tissue
sparing. The results of this study demonstrate that Neu2000 treatment significantly reduced the production of
mitochondrial free radicals and improved locomotor outcomes that were associated with a significant increase in
the volume of spared spinal cord tissue.
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Introduction

The temporal pattern of secondary injury following
acute spinal cord injury (SCI) is highly complex and en-

compasses a number of pathophysiological events including
glutamate-mediated excitotoxicity, mitochondrial dysfunc-
tion, oxidative damage, ischemia, edema, inflammatory re-
sponses, and necrotic and apoptotic cell death (Hall and
Springer, 2004). Many of these secondary events are inter-
related and there is clear evidence that a relationship exists
between glutamate-mediated excitotoxicity (Agrawal and
Fehlings, 1997; Liu et al., 1999; McAdoo et al., 1999; Wrathall
et al., 1992, 1996), mitochondrial dysfunction (Azbill et al.,
1997; Jin et al., 2004; McEwen et al., 2007; Ravikumar et al.,
2007; Sullivan et al., 2005, 2007), and oxidative damage (Azbill

et al., 1997; Blight and Zimber, 2001; Hall and Springer, 2004;
Hall et al., 1992; Mu et al., 2000b; Springer et al., 1997).

SCI results in a rapid increase in extracellular glutamate,
leading to calcium influx through voltage-dependent chan-
nels as well as glutamate receptor subtypes. The mitochon-
drial uptake of excessive levels of Ca2þ can lead to a failure of
aerobic energy metabolism, inhibition of ATP synthesis, dis-
ruption of the mitochondrial membrane potential, increased
reactive oxygen species (ROS) production, and onset of mi-
tochondrial permeability transition, which is thought to occur
in response to formation of the transition pore (Brown et al.,
2004; Brustovetsky et al., 2003; Friberg and Wieloch, 2002;
Hansson et al., 2003; Sullivan et al., 2005). Importantly,
glutamate-mediated excitotoxicity, increased intracellular
Ca2þ, and oxidative stress have all been shown to promote the
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onset of the permeability transition. Recent observations from
this and other laboratories have demonstrated that mitochon-
drial function and bioenergetics are severely compromised at
acute times following SCI (Azbill et al., 1997; Jin et al., 2004;
McEwen et al., 2007; Ravikumar et al., 2007; Sullivan et al.,
2005, 2007). As a consequence, cellular damage and death can
occur through necrosis-related events due to excitotoxicity, a
loss of energy production, and oxidative damage (Baines et al.,
2005; Basso et al., 2005; Nakagawa et al., 2005; Schinzel et al.,
2005), as well as apoptosis-related events, including the mito-
chondrial release of pro-apoptotic proteins (Brustovetsky et al.,
2002; Cande et al., 2002; Chai et al., 2000; Petronilli et al., 2001).

Given the central role of glutamate-related excitotoxicity,
oxidative damage, and mitochondrial dysfunction in sec-
ondary injury following SCI, strategies that target these
pathophysiological events, either directly or indirectly, have
potential clinical significance in the treatment of acute SCI.
Neu2000 [2-hydroxy-5-(2,3,5,6-tetrafluoro-4-trifluoromethyl-
benzylamino)-benzoic acid] is a recently developed derivative
of acetylsalicylic acid and sulfasalazine. Acetylsalicylic acid
and salicylic acid have been shown to indirectly prevent
NMDA receptor–mediated excitotoxicity by blocking nuclear
factor kB and c-Jun N-terminal kinase (Grilli et al., 1996; Ko
et al., 1998). Although of limited potency, acetylsalicylic acid
can also protect against ischemic neuronal death by inhibiting
voltage-gated Ca2þ channels, p44=42 mitogen-activated pro-
tein kinase, and glutamate release (De Cristobal et al., 2002;
Kim et al., 2001; Vartiainen et al., 2003). Sulfasalazine, another
anti-inflammatory drug, is a conjugate of 5-aminosalicylic
acid and sulfapyridine that inhibits NMDA neurotoxicity
more potently than acetylsalicylic acid. Sulfasalazine offers
additional neuroprotection as a scavenger of free radicals
(Gionchetti et al., 1990; Ryu et al., 2003). Therefore, by com-
bining the actions of these two compounds, Neu2000 exerts
dual neuroprotective actions by serving both as an uncom-
petitive NMDA receptor antagonist and a free radical scav-
enger. However, as indicated above, the precise molecular
mechanism(s) by which Neu2000 exerts its neuroprotective
properties may involve several interrelated signaling path-
ways (De Cristobal et al., 2002; Grilli et al., 1996; Kim et al.,
2001; Ko et al., 1998; Vartiainen et al., 2003).

In a recent study, Gwag et al. (2007) showed that Neu2000
more potently protected cultured cortical neurons against
NMDA-induced neurotoxicity than either acetylsalicylic acid
or sulfasalazine alone. Neu2000 was also more potent in
protecting glial cells as well as neurons from iron-induced free
radical injury than acetylsalicylic acid, sulfasalazine, vitamin
E, trolox, or the free radical scavenger edaravone. It is im-
portant to note that this study also reported that Neu2000
treatment did not exhibit neurotoxicity in the retrosplenial
cortex, which has been shown to occur in animals treated with
potent NMDA receptor antagonists such as MK-801 (Olney
et al., 1991). Additional in vivo studies revealed that infarct
volumes at 24 h following middle cerebral artery occlusion
were significantly reduced when Neu2000 was administered
5 min following reperfusion. The level of tissue sparing ob-
served with Neu2000 was significantly greater than the
neuroprotective effects of trolox or MK-801. Importantly,
Neu2000 was also found to have a clinically relevant thera-
peutic time window. Infarct volumes were significantly re-
duced when Neu2000 was administered as late as 8 h
following reperfusion, although not to the extent observed

when the drug was administered only 5 min after reperfusion
(Gwag et al., 2007). These findings are very encouraging and
suggest that Neu2000 has potent neuroprotective properties
in the reduction of cell death following central nervous system
injury.

While clinical trials are currently underway to test Neu2000
for human use in cerebral stroke, the efficacy of Neu2000 as a
neuroprotective agent in SCI has not been tested. We present
here a series of experiments in an animal model of SCI dem-
onstrating that post-injury treatment with Neu2000 reduces
mitochondrial free radical production and promotes signifi-
cant tissue sparing and functional recovery of open field and
fine locomotor behavior. The positive outcomes of these stud-
ies and the relative safety profile of Neu2000 provide addi-
tional justification to examine the therapeutic potential of this
dual-acting compound in the treatment of acute SCI.

Methods

Subjects

Adult female Long-Evans rats (Harlan Sprague-Dawley,
Indianapolis, IN) weighing 225 to 250 g at the time of surgery
were used in all experiments. The rats were housed in the
vivarium of the University of Kentucky College of Medicine
and maintained on a 12 h:12 h light=dark cycle with food and
water available ad libitum. Rats were acclimated to the facility
for 7 days prior to the start of the experiments. The animal unit
of the College of Medicine at the University of Kentucky
Medical Center is fully accredited by the Association for As-
sessment and Accreditation of Laboratory Animal Care. All
procedures were approved by the University of Kentucky
Institutional Animal Care and Use Committee, were con-
ducted in strict accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals and
the U.S. Public Health Service Policy on Humane Care and
Use of Laboratory Animals, and conformed to guidelines
of the Society for Neurotrauma and the Society for Neuro-
science.

Neu2000 pharmacokinetic study

The pharmacokinetic profile of Neu2000 in normal rats was
examined using intraperitoneal (ip) route of administration.
Rats were anesthetized by ether inhalation and the femoral
artery cannulated. Rats were placed into Bollman cages for 1 h
and then received injections (10, 25, or 50 mg=kg ip, n¼ 6 per
dose) of Neu2000 dissolved in sterile saline. Blood was col-
lected from the femoral artery at 15, 30, 60, 120, 240, 480, and
1440 min following injection. Plasma aliquots of 50mL were
spiked with 100 mL of internal standard solution (Neu2000IS,
10 mg=mL in acetonitrile). After vortex mixing for 1 min, the
samples were centrifuged at 12,000 g for 5 min. A total of 50mL
of the supernatant phase was separated and diluted with
50 mL of distilled water. Plasma concentrations relative to time
were obtained using liquid chromatography–mass spec-
trometry and fitted with the WinNonlin software (Pharsight,
Inc., St. Louis, MO).

Spinal cord contusion model

All surgical techniques were performed under aseptic
conditions. Using a randomized, blinded study design, rats
were anesthetized with 40 mg=kg (ip) sodium pentobarbital
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(Nembutal, Abbott Laboratories, North Chicago, IL), dorsal
incisions were made in the skin and underlying muscles, and
the muscles were retracted. A partial laminectomy was per-
formed at thoracic segment 10 (T10), and the vertebral column
was stabilized by clamping the vertebrae at T9 and T11 so that
the spinal cord remained in a horizontal position. The spinal
cord was then injured with the Infinite Horizons impactor
(Precision Systems and Instrumentation, Lexington, KY),
which has been described in detail (Scheff et al., 2003). As in a
previous report (McEwen et al., 2007), a stainless steel-tipped
probe (2.5 mm diameter) was rapidly lowered onto the dorsal
surface of the spinal cord until an impact force of at least
150 kdynes was achieved. This injury parameter produced a
mild to moderate SCI. A data acquisition program subse-
quently displayed the actual force applied to the spinal cord,
the maximum spinal cord displacement, and the velocity of
the probe at the time of peak force and peak displacement. The
incision site was closed in layers with 5–0 absorbable braided
suture (Ethicon, Somerville, NJ), and the skin was then closed
with 9 mm wound clips (Becton Dickinson, Sparks, MD).
Following surgery, animals were placed in an Isolette C100
Infant Incubator (Draeger Medical, Telford, PA) to maintain
body temperature and were closely monitored until they
completely recovered from the anesthesia. The animals were
then returned to the animal care facility and monitored daily
including expressing the bladder twice daily, checking for
bladder infections and providing antibiotic treatment if nec-
essary. Sham animals received the same surgical procedure
but did not sustain any contusion injury.

Effect of Neu2000 on mitochondrial reactive
oxygen species production

Animals received spinal cord contusions as described
above and were treated 10 min later with either 50 mg=kg
Neu2000 dissolved in sterile 0.9% saline (n¼ 6) or vehicle
(0.9% saline) alone (n¼ 6). Sham operated animals (n¼ 6)
were also included. At 24 h post-injury, rats were deeply an-
esthetized with 100 mg=kg (ip) sodium pentobarbital, de-
capitated, and 10 mm of thoracic spinal cord (centered on the
lesion=laminectomy site) was rapidly removed. The tissue
segment was immediately minced with scissors and homog-
enized in 2.0 mL of ice-cold isolation buffer (pH 7.2) contain-
ing 215 mM mannitol, 75 mM sucrose, 0.1% bovine serum
albumin, 1 mM ethylene glycol-bis(2-aminoethyl-ether)-
N,N,N0,N0-tetraacetic acid (EGTA), and 20 mM N-[2-
hydroxyethyl]piperazine-N0-[2-ethanesulfonic acid] (HEPES).
Homogenates were centrifuged at 1300 g at 48C for 5 min to
pellet blood and nuclei. The supernatant was carefully re-
moved and centrifuged at 13,000 g at 48C for 10 min to pellet
myelin, synaptosomes, and nonsynaptic mitochondria. The
supernatant was discarded and the crude mitochondrial pel-
let was immediately resuspended in 500mL of isolation buffer.
The suspension was carefully applied to a discontinuous
Ficoll gradient (Sigma, St. Louis, MO), and centrifuged at
100,000 g at 48C for 30 min. The synaptosomal layer was
carefully removed and incubated for 10 min on ice in 500 mL
isolation buffer with 0.1% digitonin (Sigma) to disrupt the
synaptosomal membranes and release the synaptic mito-
chondria. The digitonin in the samples was diluted with ad-
ditional isolation buffer (2 mL final volume) and the samples
were recentrifuged at 10,000 g at 48C for 10 min. The super-

natant was discarded, and the mitochondrial pellet was re-
suspended in 100mL of isolation buffer without EGTA and
kept on ice. The protein content of the final mitochondrial
fraction was determined with the BCA assay (Pierce, Rock-
ford, IL) by measuring absorbance at 560 nm with a Synergy
HT plate reader (Biotek, Winooski, VT).

The effect of Neu2000 on basal and oligomycin-induced
mitochondrial ROS levels was assayed according to a previ-
ously published study (McEwen et al., 2007). Synaptic mito-
chondria isolated from sham or injured spinal cords were
placed into a sealed, thermoregulated chamber (378C with
continuous stirring) in respiration buffer (215 mM mannitol,
75 mM sucrose, 0.1% bovine serum albumin, 2 mM magne-
sium chloride, 2.5 mM potassium phosphate monobasic
anhydrous, and 20 mM HEPES, pH 7.2) to yield a final pro-
tein concentration of 1 mg=mL. The respiratory chamber was
equipped with fluorescence=absorbance probes to allow
measurement of ROS production in real-time. Production of
basal mitochondrial ROS was assessed by adding the hy-
drogen peroxide indicator, 20,70-dichlorodihydrofluorescein
diacetate (H2DCFDA; Molecular Probes, Eugene, OR) to the
chamber. Specifically, 10mM H2DCFDA was added to the
chamber with the mitochondria, and fluorescence was mea-
sured with a fluorometric plate reader for 15 min (excitation
490 nm, emission 526 nm). An increase in fluorescence units
indicated an increase in ROS production. Oligomycin
(2.0 mmol=L) was added to maximize mitochondrial mem-
brane potential and induce maximum ROS production.

Behavioral studies

For all of the behavioral studies, animals received either
vehicle treatment (saline), a single dose (ip) of Neu2000
(50 mg=kg) administered 10 min following injury, or a re-
peated treatment paradigm consisting of a single bolus of
Neu2000 (50 mg=kg) at 10 min following injury plus a main-
tenance dose (25 mg=kg) administered every 24 h for an
additional 6 days. Rats were assessed in an open field for
overground locomotion using the Basso, Beattie, and Bres-
nahan (BBB) locomotor rating scale (Basso et al., 1995). The
open field test was conducted in a circular, molded plastic
swimming pool with a diameter of 100 cm and a wall height of
23 cm. Specific parameters of locomotion were quantified
using the DigiGait Image Analysis System (Amende et al.,
2005; Hampton et al., 2004; Kale et al., 2004; Li et al., 2005;
Sharma et al., 2005; Wooley et al., 2005). The DigiGait Image
Analysis System (Mouse Specifics, Quincy, MA) is an auto-
mated system that enables quantification of several spatial
and temporal indices of gait while rats walk on a motorized
treadmill held at a constant speed (35 cm=s). Data collection
for DigiGait analysis occurred on post-operative day 42 when
rats demonstrated consistent weight-supported hindlimb
stepping on the treadmill at a speed of 35 cm=s.

Tissue sparing

At the end of the behavioral testing period (6 weeks post
SCI), rats were deeply anesthetized with 100 mg=kg (ip) so-
dium pentobarbital (Abbott Laboratories) and perfused
transcardially with 100 mL of ice-cold 0.1 M phosphate-
buffered saline (PBS) followed by 400 ml of 4% para-
formaldehyde in PBS (pH¼ 7.4). The laminectomy site
was re-opened, and the T10 segment of spinal cord was
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demarcated with 0.4% bromophenol blue (Sigma). The lami-
nectomy was then extended in the rostral and caudal direc-
tions, and the spinal cords were transected rostrally at the T7

rootlet and caudally at the T13 rootlet. The spinal cord seg-
ment (approximately 20 mm) was removed from the vertebral
column, post-fixed in 4% paraformaldehyde for 1 h at 48C,
and then cryoprotected in 20% sucrose-PBS for 48 h at 48C.
Subsequently, four spinal cords (from different experimental
groups) were aligned at their rostral ends and co-embedded
in plastic cryomolds that contained tissue freezing medium
(Triangle Biomedical Sciences, Durham, NC). The molds were
subsequently snap-frozen in chilled acetone (�608C) and the
blocks were stored at�708C until cut into 20mm thick sections
on a Microm HM560 cryostat (Richard-Allan Scientific, Ka-
lamazoo, MI). Based on the Cavalieri principle (Mouton et al.,
2002; Reed and Howard, 1998), every fifth section was col-
lected on a series of 10 electrostatically charged glass slides
(Fisher Scientific) such that adjacent sections mounted on each
slide represented regions spaced 1 mm apart in the spinal
cord. After the sections air-dried, the slides were placed at 48C
overnight and then stored at �208C.

Slides were randomly chosen and the gray matter was
subsequently differentiated from the white matter by a
modified staining protocol for Eriochrome cyanine-R (Sigma),
as previously published (Rabchevsky et al., 2001; Ravikumar
et al., 2005). Briefly, sections were dehydrated at room tem-
perature in a graded ethanol series (5 min each), cleared in
Hemo-De (Fisher Scientific) for 5 min, and subsequently re-
hydrated in a reverse graded ethanol series followed by dis-
tilled water (5 min each). To stain myelinated fibers, the tissue
sections were placed for 10 min into a solution that contained
0.16% Eriochrome cyanine-R, 0.5% sulfuric acid, and 0.4%
iron chloride. Sections were rinsed under running tap water
for 10 min and then differentiated in 0.5% aqueous ammo-
nium hydroxide for 2 min. The reaction was terminated by
subsequently rinsing the sections in distilled water for 10 min.
Sections were then dehydrated in a graded ethanol series
(2 min each), cleared in Hemo-De (twice for 2 min), and cover-
slipped with Permount (Fisher Scientific, Pittsburgh, PA).
Using unbiased stereological techniques, stained tissue sec-
tions were examined using a Zeiss AxioPlan microscope
(Oberkochen, Germany). The lesion epicenter was designated
as the section containing the largest central core lesion with
the least myelin-stained tissue. Myelin staining was examined

under brightfield and images were captured with a Zeiss
AxioCam color digital camera (�50). Each section was viewed
with SCION Image software (National Institutes of Health),
and the outer border of the entire section was traced (tis-
sueþ lesion). Next, the lesion was outlined, followed by any
areas of intact gray matter. The area of white matter spared in
each section was calculated by subtracting the area of the
lesion plus remaining gray matter from the area of the entire
section. Based on the thickness of each section (20 mm) and the
distance between each analyzed section (1 mm), the area
measurements were converted to volume measurements. The
stereological analyses were conducted by an individual blin-
ded to the treatment conditions.

Statistical analyses

A two-factor ANOVA with one repeated measure was used
to assess the effects of drug and injury on open field locomotor
scores using the BBB scale. One-factor ANOVAs were used to
analyze changes in ROS levels and indices of locomotor
function on DigiGait and histological measures of tissue
sparing. Post hoc comparisons were made using the Bonfer-
roni test with corrections for multiple comparisons. A p value
of <0.05 is considered statistically significant.

Results

Neu2000 pharmacokinetic study

The results of the Neu2000 pharmacokinetic studies are
presented in Table 1. Pharmacokinetic analysis revealed that
the half-life of Neu2000 is 1.42, 2.14, and 1.79 h following
intraperitoneal administration of 10, 25, and 50 mg=kg, re-
spectively. In addition, the Cmax (maximum plasma con-
centration) was calculated as 3.86, 18.73, and 52.83mg=mL and
the AUC (area under the curve) was determined to be 7.37,
55.15, and 96.77mg=h=mL at the same respective doses.

Effects of Neu2000 on mitochondrial ROS production

Neu2000 has previously been shown to function as a non-
competitive NMDA receptor antagonist and block ROS-
mediated toxicity in cultures of cortical neurons (Gwag et al.,
2007). Therefore, we examined the effect of Neu2000 treat-
ment (50 mg=kg) on basal and induced ROS production
by mitochondria isolated from SCI animals. The levels of basal

Table 1. Pharmacokinetic Profile of Neu2000 in Normal Rats

following Intraperitoneal Route of Administration

IP injectionsb

Pharmacokinetic parametersa 10 mg=kg (n¼ 6) 25 mg=kg (n¼ 6) 50 mg=kg (n¼ 6)

Cmax (mg=mL) 3.86� 0.65 18.73� 2.45 52.83� 5.89
AUClast (mg=h=mL) 7.37� 1.59 55.15� 12.56 96.77� 11.51
t1=2 (h) 1.42� 0.27 2.14� 0.45 1.79� 0.34
CL=F (mL=h=kg) 1337.53� 174.13 554.66� 97.03 550.15� 65.72
MRTlast (h) 1.37� 0.25 1.89� 0.33 1.46� 0.18

aPharmacokinetic parameters were determined using liquid chromatography–mass spectrometry analysis from plasma concentrations
versus time (see text for methodology) using a non-compartment method (mean� SEM).

bIn saline.
IP, intraperitoneal; Cmax, maximum plasma concentration; AUClast, area under the curve versus time up to the last measurable

concentration; t1=2, elimination half-life; CL=F, total clearance; MRT, mean residence time.
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mitochondrial ROS were significantly elevated at 24 h post-
surgery in both the vehicle-treated (4.1-fold, p< 0.01) and
Neu2000-treated (2.9-fold, p< 0.01) groups compared to sham
controls (Fig. 1). The basal levels of ROS did not significantly
differ between mitochondria isolated from injured rats treated
with Neu2000 or vehicle ( p> 0.05). When oligomycin was
injected into the respiratory chamber to maximize the mito-
chondrial membrane potential, induced mitochondrial ROS
levels significantly increased in both the vehicle-treated (5.7-
fold, p< 0.01) and Neu2000-treated (3.4-fold, p< 0.01) groups
compared to sham controls. However, oligomycin-induced
ROS production by mitochondria from injured rats treated
with Neu2000 was significantly less ( p< 0.05) than that
measured in mitochondria from vehicle-treated rats.

Behavioral analyses

A total of four spinal cord–injured animals were removed
from the behavioral study due to mortality within 24 h after
injury. This resulted in the following group sizes that were
maintained throughout the remainder of the study; Sham
control, n¼ 8; Group A (vehicle), n¼ 11; Group B (repeated
Neu2000 treatment), n¼ 11; and Group C (single Neu2000
treatment), n¼ 10. The biomechanical parameters (peak force,
displacement, and impact velocity) of the injury produced by
the Infinite Horizons impactor were not different between the
three treatment groups (data not shown).

BBB Scoring

All animals received testing using the BBB scoring system
on days 0, 3, 7, 14, 21, 28, 35, and 42 following surgery. As
shown in Fig. 2, all sham animals received a score of 21 across
the entire 42-day testing period. All injured animals showed a

significant decrease ( p< 0.05) in overall BBB scores across the
42-day testing period compared to the sham group. The re-
sults of the BBB test also revealed significant changes in open
field locomotion in spinal cord–injured animals treated with
Neu2000 compared to vehicle-treated animals. Specifically,
post hoc analysis showed that animals treated with repeated
doses of Neu2000 had significantly higher BBB scores
( p< 0.05) compared to vehicle-treated animals on days 21, 28,
35, and 42 after injury. Repeated Neu2000 treatment also re-
sulted in a significant improvement on BBB scores ( p< 0.05)
on days 35 and 42 compared to the injured group receiving a
single dose of Neu2000. There were no significant differences
between the single treatment group and vehicle-treated ani-
mals at any of the time points examined.

DigiGait analysis

The DigiGait Image Analysis System generates data for
numerous (over 25) spatial and temporal indices of gait (see
Fig. 3A for representative traces of paw print patterns from
sham and injured animals). Analysis of the DigiGait data re-
vealed significant changes on certain indices across the dif-
ferent treatment groups. The percentage of the stride duration
spent in the swing phase was significantly decreased
( p< 0.01) in vehicle-treated animals (Fig. 3B), and this mea-
sure significantly improved ( p< 0.05) in both the single and
repeated Neu2000 treatment groups compared to vehicle. As
could be predicted, the percentage of the stride duration spent
in the stance phase was significantly increased ( p< 0.01) in
the injured vehicle group compared to sham animals, and this
was significantly reduced ( p< 0.05) following Neu2000
treatment (single or repeated) compared to vehicle-treated
animals (data not shown). In addition, the swing to stance

FIG. 2. Group mean (�SEM) Basso, Beattie, and Bresnahan
(BBB) scores in sham and spinal cord–injured animals treated
with vehicle or Neu2000. All injured animals showed an
initial deficit in locomotor scores that improved over time in
a pattern consistent with the level of injury. However, there
was a significant improvement (*p< 0.05) in the group mean
BBB scores in animals receiving repeated (but not single)
treatment with Neu2000 compared to vehicle treatment.

FIG. 1. Basal and oligomycin-induced reactive oxygen
species (ROS) production in mitochondria isolated from
sham, spinal cord injury (SCI)þ vehicle, and SCIþNeu2000
animals. Animals received 50 mg=kg Neu2000 at 10 min after
SCI, and spinal cord mitochondria were obtained 24 h later to
examine ROS production. The relative levels of ROS produced
under basal conditions were unaffected by Neu2000, while
ROS production induced by oligomycin was significantly
reduced compared to vehicle. *p< 0.01 compared to sham,
**p< 0.05 compared to vehicle and sham. DCF, dichlorodi-
hydrofluorescein.
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ratio was significantly increased ( p< 0.01) in the vehicle-
treated animals compared to shams (Fig. 3C). Single ( p< 0.05)
or repeated ( p< 0.01) Neu2000 treatment resulted in a de-
creased swing to stance ratio compared to vehicle-treated
animals.

The hindlimb paw angle during peak stance was signifi-
cantly ( p< 0.01) rotated outwards in vehicle-treated SCI an-
imals compared to shams (Fig. 3D). This is shown in the
representative trace image shown in Fig. 3A. In addition, the
paw area at peak stance was significantly decreased ( p< 0.05)
in the vehicle-treated animals (Fig. 3E). Both of these hindlimb
measures were ‘‘normalized’’ in animals treated with either
single or repeated Neu2000 treatment. Finally, stance width
(the width between the centroids of homologous set of paws
during peak stance) was significantly reduced ( p< 0.05) in
vehicle-treated animals and animals receiving a single treat-
ment with Neu2000, but not in injured animals receiving
repeated Neu2000 treatment (data not shown).

Stereological assessment of lesion volume
and tissue sparing

Representative transverse spinal cord sections at the epi-
center show the typical morphological changes observed at
42 days post-injury (Fig. 4). Histological examination revealed
that the lesion epicenter of all injured rats was characterized
by a peripheral, and in some cases incomplete, rim of residual
tissue. In addition, cavitation and vacuolization in gray and
white matter was observed as far as 5 mm rostral and caudal
to the epicenter. Post-injury treatment with a single (Group C)
or repeated (Group B) dose of Neu2000 was found to signif-
icantly increase tissue sparing compared to vehicle treatment
(Group A), as reflected by a decrease in overall lesion volume
(Fig. 4). Repeated treatment with Neu2000 resulted in a 45.6%
decrease ( p< 0.01) in overall lesion volume compared to ve-
hicle treatment, while a single administration of Neu2000 re-
sulted in a 36.8% decrease ( p< 0.05) in overall lesion volume.
While there was an apparent trend towards greater tissue
sparing following repeated treatment compared to single
administration, the differences were not statistically signifi-
cant (Fig. 4B). However, repeated treatments with Neu2000
significantly increased the total volume of white matter
sparing compared to vehicle-treated animals and animals
receiving a single treatment with Neu2000 (Fig. 4C, 4D). This
is clearly apparent in the series of photomicrographs pre-
sented in Fig. 4, especially in spinal cord sections around the
injury epicenter (also see graphs in Fig. 4A, 4C).

Discussion

The complex nature of secondary injury after SCI requires
the use of pharmacological strategies targeting multiple
pathophysiological events (Baptiste and Fehlings, 2006; Bap-
tiste et al., 2009; Blight and Zimber, 2001; Hall and Springer,
2004; Mu et al., 2000a). Several properties of Neu2000 make it
an attractive candidate, including its dual action, safety, small
molecular weight, high solubility, and stability. The phar-
macology of Neu2000 is based on its actions as a free radical
scavenger and an uncompetitive NMDA receptor antagonist.
In animal models of cerebral ischemia, Neu2000 has been
shown to exhibit a wide therapeutic time window and was
comparable to the combined effects of the NMDA receptor
antagonist MK-801 plus the antioxidant trolox (Gwag et al.,

2007). The overall results of the current study provide evi-
dence that treatment with a small molecule targeting both
oxidative damage and excitotoxicity has therapeutic potential
in the treatment of acute SCI. As a first step in this direction,
Phase I trials conducted in the United States have resulted in
promising safety and pharmacokinetic profiles.

The precise mechanism(s) by which Neu2000 exerts its
neuroprotective actions was not the major focus on the cur-
rent study, and several possible signaling pathways may
contribute to its efficacy (De Cristobal et al., 2002; Grilli et al.,
1996; Kim et al., 2001; Ko et al., 1998; Vartiainen et al., 2003).
Regardless, our results show that a single treatment with
50 mg=kg Neu2000 reduced ROS produced by mitochondria
isolated from the injured spinal cord. This dose of Neu2000
was used as the single bolus in the behavioral studies and
chosen based on the results of our pharmacokinetic studies.
Mitochondria isolated from the injured spinal cord exhibit a
significant increase in ROS production when membrane po-
tential is maximized by the presence of oligomycin ( Jin et al.,
2004; McEwen et al., 2007; Sullivan et al., 2005, 2007). The
induction of mitochondrial ROS by oligomycin provides
a method for studying mitochondria under conditions of
maximum membrane potential similar to what would be ex-
pected to occur at acute times following SCI (McEwen et al.,
2007; Sullivan et al., 2007). It is interesting to note that
Neu2000 treatment had no significant effect on ex vivo mito-
chondrial ROS production under basal or resting conditions.
This suggests that Neu2000 treatment is effective in limiting
mitochondrial ROS production only under conditions that
mimic cellular stress associated with ongoing secondary in-
jury events. Future studies will be required to test whether
Neu2000 treatment also improves mitochondrial integrity
and bioenergetics and whether the actions observed ex vivo
reflect what is occurring in vivo.

In a recently published study, Neu2000 was found to re-
versibly suppress NMDA currents with fast binding kinetics
(Noh et al., 2009). This study reported that Neu2000 acts
as an NMDA receptor 2B (NR2B)-specific low-affinity gating
modifier in an uncompetitive manner that enhances NMDA
desensitization and stabilizes the closed state of NMDA re-
ceptor. In contrast to psychosis and neurotoxicity induced by
competitive and noncompetitive NMDA antagonists includ-
ing phencyclidine, ketamine, and MK-801, such adverse ef-
fects are not observed with low-affinity uncompetitive and
NR2B-specific NMDA antagonists such as memantine (Chen
et al., 1998). Thus, these observations suggest that Neu2000
prevents NMDA receptor–mediated neuronal death in the
absence of adverse side effects.

The major focus of the present study was to ascertain the
functional and neuroprotective potential of using a single
versus repeated Neu2000 treatment paradigm. The doses and
treatment windows were based on our pharmacokinetic
studies and previous experiments demonstrating a positive
outcome for Neu2000 in rat models of cerebral ischemia
(Gwag et al., 2007). Using these dosing parameters, we were
able to observe significant effects of Neu2000 on several
measures of functional recovery. Compared to injured ani-
mals receiving vehicle, animals treated with repeated doses
of Neu2000 exhibited a relatively rapid and significant im-
provement in measures of locomotion as assessed using the
BBB open field rating scale. The improvement in BBB scores
was first observed at 21 days post-injury and persisted for
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FIG. 3. (A) Representative DigiGait traces of sham and injured rats treated with vehicle. Effects of Neu2000 treatment was
observed on several indices of locomotor function at 42 days following injury including (B) percentage of stride in swing, (C)
swing to stance ratio, (D) degree of hindpaw external rotation, and (E) hindpaw area. *p< 0.05 compared to sham and
Neu2000 treatment, **p< 0.01 compared to sham and Neu2000 treatment.
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at least 42 days, the experimental end-point of this study.
Based on the BBB scores, these animals exhibited consistent
weight-supported plantar stepping, hindlimb–forelimb coor-
dination, and appropriate paw position during the stance
phase. Appropriate paw position refers to the paw being
nearly parallel to the body during stance versus rotated out-

ward or inward, both of which are typically observed in spi-
nal cord–injured animals. At no time following injury was
there a significant improvement in BBB scores in animals re-
ceiving a single dose of Neu2000 compared to vehicle.

Several key measures of gait were significantly altered in
injured animals treated with vehicle compared to sham. Saline

FIG. 4. Representative photomicrographs of spinal cord sections demonstrating the effects of vehicle or repeated or single
Neu2000 treatment on tissue sparing (upper set of panels). Note the pronounced effect of repeated Neu2000 treatment (Group
B) on tissue sparing compared to vehicle (Group A) and single Neu2000 treatment (Group C). The images across the
treatment groups correspond to spinal cord sections equidistant rostral and caudal to the injury epicenter. Panels A–D
demonstrate the results of the stereological analysis of total lesion volume and spared white matter. A 20 mm segment from
each animal was used for the stereological studies. The X axis refers to the spinal cord section being analyzed relatively to the
injury epicenter, with 1 referring to the most rostral section and 20 the most caudal section. (A) The lesion area and (C) spared
white matter area at each millimeter along the 20 mm segment demonstrate the pattern of tissue sparing due to vehicle
(Group A), repeated (Group B), or single (Group C) Neu2000 treatment. Calculation of (B) total lesion volume and (D) spared
white matter volume demonstrate a significant decrease ( *p< 0.05) in lesion volume in both Neu2000 treatment groups,
while only the repeated Neu2000 treatment showed a significant increase ( *p< 0.05) in white matter sparing.
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was used as vehicle and, therefore, we do not attribute any
injury-related gait differences to be related to saline treatment.
In our evaluation of the DigiGait data, many of these key gait
indices were significantly improved in animals receiving ei-
ther single or repeated treatments with Neu2000. We found
that the percentage of the stride spent in the swing phase
(percentage of the stride duration that the paw is in the air)
was significantly decreased with injury and that Neu2000
treatment significantly increased this measure. As can be
predicted from this result, the converse was also found to
occur. Specifically, the percentage of stride spent in the stance
phase (percentage of the stride duration that the paw is in
contact with the treadmill) was significantly improved in in-
jured animals treated with Neu2000, but not with vehicle. The
ratio of swing phase time to stance phase time is a temporal
measure of gait configuration at a specific stride frequency.
We found that the swing to stance ratio increased by ap-
proximately 25% following injury and that the ratio was
normalized by Neu2000 treatment.

Other DigiGait parameters affected by injury and Neu2000
treatment related to hindlimb measures including the degree
of external rotation, hindpaw area, and stance width. Some of
these results are consistent with a previous study utilizing
footprint analysis to examine spontaneous recovery following
experimental SCI (McEwen and Springer, 2006). However, as
pointed out in the previous study, normal rats will use dif-
ferent gaits depending upon the speed at which they traverse
the runway. This makes it difficult to compare results across
groups and across studies and was the incentive for utilizing
the DigiGait, which provides a constant treadmill speed. The
SCI model used in this study typically results in the outward
rotation of the hindpaws, in this case approximately 128. This
can be observed in the traces shown in Fig. 3 in which the right
hindpaw of the SCI animal (in red) shows a high degree of
outward rotation. In addition, hindpaw area, defined as the
maximum paw area at peak stance, is significantly reduced
following SCI (green paw print in Fig. 3). While the BBB and
DigiGait have the capacity to measure different locomotor
outcomes, these results support the use of multiple testing
paradigms when examining functional changes following
SCI. However, these two scoring systems are not mutually
exclusive and, on some measures, are complementary. In
particular, both scoring systems showed that paw position
during stance was ‘‘normalized’’ in animals receiving re-
peated treatments with Neu2000. Therefore, using these
complementary measures of locomotor and gait activity
provides a stronger argument for the therapeutic potential
of Neu2000.

The ability of Neu2000 to improve tissue sparing over the
42-day recovery period was clearly evident. Stereological as-
sessment of the histological sections revealed that Neu2000
treatment resulted in a significant reduction in overall lesion
volume compared to vehicle-treated animals (Rabchevsky
et al., 2001; Ravikumar et al., 2007). While there was a trend
toward a reduction in lesion volume in the repeated Neu2000
treatment group compared to single treatment, it did not
reach statistical significance. Subsequent examination of the
histological staining revealed that the significant decrease in
lesion volume in the repeated Neu2000 treatment group was
due primarily to an increase in white matter sparing. This was
more pronounced near the injury epicenter, which is typically
the most affected region in this animal model of SCI. An in-

crease in white matter sparing has been associated with im-
proved scoring on the BBB scale and this is consistent with our
current findings (Basso et al., 1996). However, there was no
clear correlation between white matter sparing and the Digi-
Gait data. Specifically both the single and repeated Neu2000
treatment groups showed significant improvement on several
gait parameters; however, only the repeated dosing with
Neu2000 resulted in significant white matter sparing. These
observations support the need for using multiple dosing and
testing paradigms to examine treatment efficacy on recovery
of function and tissue sparing following SCI.

In conclusion, Neu2000 has previously been shown to sig-
nificantly reduce secondary injury associated with glutamate
excitotoxicity and oxidative damage and to improve functional
outcomes associated with cerebral ischemia (Gwag et al., 2007).
Secondary pathophysiological events involving glutamate ex-
citotoxicity and oxidative damage also occur following SCI
(Azbill et al., 1997; Grossman et al., 2000; Hall and Springer,
2004; Liu et al., 1999; McAdoo et al., 1999; Springer et al., 1997;
Wrathall et al., 1992). The results of this study demonstrate
the efficacy of Neu2000 on limiting mitochondrial ROS pro-
duction, promoting tissue sparing, and improving locomotor
outcomes in a well-defined experimental model of SCI. Given
that Neu2000 is moving towards Phase II trials in stroke, there
is clear therapeutic potential for the use of Neu2000 in SCI and
future studies need to be performed to identify the optimal
therapeutic time window, cell types affected, and the level of
efficacy at different injury severities.
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