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Abstract
Purpose—To evaluate the therapeutic efficacy of two antiepileptic compounds, RWJ-333369 and
RWJ-333369-A in a well-established experimental model of lateral fluid percussion (FP) traumatic
brain injury (TBI) in the rat.

Methods—Anethestized Male Sprague-Dawley rats (n = 227) were subjected to lateral FP brain
injury or sham-injury. Animals were randomized to receive treatment with RWJ-333369 (60 mg/kg,
p.o.) or its analog RWJ-333369-A (60 mg/kg, p.o.), or vehicle (equal volume) at 15 minutes, 4, 8,
and 24 hours post-injury. In Study I, animals were assessed at 48 hours for acute motor and cognitive
function and then sacrificed to evaluate regional cerebral edema. In Study II, animals were evaluated
post-injury for motor function at 48 hours and weekly thereafter from 1 to 4 weeks. Post-traumatic
learning ability was assessed 4 weeks post-injury, followed by evaluation of hemispheric tissue loss.

Results—In Study I, no improvement in acute memory or motor function was observed following
administration of either RWJ-333369 or RWJ-333369-A in brain-injured animals compared to
vehicle-treated, brain-injured animals. However, brain-injured animals receiving treatment with
RWJ-333369-A had a significant reduction in post-traumatic cerebral edema in both injured and
contralateral hippocampus compared to brain-injured, vehicle-treated controls (p < 0.05). In Study
II, treatment with either compound did not result in any improvement of neuromotor function,
learning ability or change in lesion volume following brain injury.

Conclusions—These results indicate that the novel antiepileptic compound RWJ-333369-A
reduces post-traumatic hippocampal edema without affecting neurobehavioral or histological
outcome. It remains unclear whether this small effect on hippocampal edema is related to the ability
of this compound to attenuate seizure activity.
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1. Introduction
Approximately 1.4 million individuals sustain a traumatic brain injury (TBI) in the United
States annually, resulting in 5.3 million Americans currently living with long-term disabilities
(Centers for Disease Control and Prevention; Centers for Disease Control and Prevention). The
difficulty in finding a “cure” for TBI is due, in part, to the heterogeneous nature of injuries that
are sustained following TBI due to differences in age, sex, injury site, force of impact, as well
as the complexity of the molecular and cellular response to injury. The physical or primary
injury causes a number of secondary or delayed processes to occur at the cellular level
ultimately leading to acute neuronal death (Graham, Gennarelli & McIntosh, 2002;
Lowenstein, Thomas, Smith & McIntosh, 1992). These pathological cascades include the
release of excitatory amino acids (EAAs), such as glutamate (Faden, Demediuk, Panter & Vink,
1989; Hayes, Jenkins & Lyeth, 1992; Katayama, Becker, Tamura & Ikezaki, 1990). The
subsequent influx of calcium into neurons via activation of N-methyl-D-aspartate (NMDA)
channels, results in the breakdown ofthe cytoskeleton (Hayes, Yang, Whitson, et al. 1995;
Saatman, Bozyczko-Coyne, Marcy, Siman & McIntosh, 1996), secondary axotomy (Maxwell,
Donnelly, Sun, Fenton, Puri & Graham, 1999; Povlishock & Pettus, 1996), release of reactive
oxygen species (ROS) (Marklund, Clausen, Lewander & Hillered, 2001; Povlishock & Kontos,
1992) and sustained mitochondrial damage (Lifshitz, Friberg, Neumar, et al. 2003; Sullivan,
Keller, Mattson & Scheff, 1998). The release of glutamate also contributes to the accumulation
of water (cytotoxic and vasogenic edema) in different brain regions by contributing to the
increased permeability of the blood brain barrier (BBB) (Mayhan & Didion, 1996). The
secondary response to the TBI also involves the release of pro-inflammatory cytokines such
as IL-6, IL-1 and TNF-alpha (Fan, Young, Barone, Feuerstein, Smith & McIntosh, 1995; Fan,
Young, Barone, Feuerstein, Smith & McIntosh, 1995; Morganti-Kossmann, Rancan, Stahel &
Kossmann, 2002). These cellular and molecular changes are known to be associated with
prolonged and continuing cell death, which has been documented up to 1 year in experimental
models (Kaplanski, Pruneau, Asa, et al. 2002; Pierce, Smith, Trojanowski & McIntosh,
1998; Smith, Chen, Pierce, et al. 1997).

These data suggest that there is a window of opportunity during which the administration of
neuroprotective drugs can act on secondary or delayed processes to improve outcome following
TBI, by either attenuating excitotoxicity or acting on other deleterious downstream pathways.
A number of strategies have been pursued to develop a novel neuroprotective treatment for
TBI. Previous studies have reported that administration of the Ca2+-channel blockers, (R,S)-
(3,4-dihydro-6,7-dimethoxy-isoquinoline-1-yl)-2-phenyl-N, N-di[2-(2,3,4-trimethoxyphenyl)
ethyl]-acetamide (LOE 908) or (S)-emopamil, following lateral fluid percussion (FP) injury in
rats can improve motor function at acute time points in rats (Cheney, Brown, Bareyre, et al.,
2000; Okiyama, Smith, Thomas, McIntosh, 1992). Several glutamate antagonists have also
been shown to be efficacious in a variety of experimental TBI models (for review see (Royo,
Schouten, Fulp, et al. 2003). When assessed acutely, the NMDA receptor blockers CP-98,113;
CP-101,581; and CP-101,606 significantly attenuated the effects of injury on spatial memory
while CP-98,113 significantly reduced cerebral edema following lateral FP brain injury in rats
(Okiyama, Smith, White, Richter & McIntosh, 1997).

In addition to contributing to cell death after TBI, the activation of excitotoxic mechanisms
has been associated with the induction of seizures and epileptogenesis (Urbanska, Czuczwar,
Kleinrok & Turski, 1998; Yeh, Bonhaus, Nadler & McNamara, 1989). To date, only a few
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studies have evaluated the potential beneficial effects of antiepileptic drugs (AEDs) in animal
models of TBI despite the finding that many of these compounds exert effects on those
mechanisms known to mediate the deleterious consequences of TBI, including agents that
antagonize various types of glutamate receptors, increase GABAergic inhibition, or block
Na+ or Ca2+ channels (for review see (Czapinski, Blaszczyk & Czuczwar, 2005). Enhancement
of GABA-A receptor function by diazepam has been demonstrated to decrease excitotoxic
effects in a model of midline FP injury in rats (O'Dell, Gibson, Wilson, DeFord & Hamm,
2000). Topiramate, which blocks sodium channels (DeLorenzo, Sombati & Coulter, 2000;
Zona, Ciotti & Avoli, 1997), inhibits KA/AMPA receptors (Shank, Gardocki, Streeter &
Maryanoff, 2000), and increases GABA (White, Brown, Woodhead, Skeen & Wolf, 2000),
was found to improve gross motor function (4 weeks) and rotating pole scores (1 and 4 weeks)
when administered after lateral FP brain injury in rats (Hoover, Motta, Davis, et al., 2004).
Remacemide hydrochloride, an NMDA receptor antagonist that also acts on sodium channels,
has also been reported to decrease cortical lesion following a parasagittal FP brain injury in
rats (Smith, Perri, Raghupathi, Saatman & McIntosh, 1997).

Hernandez (Hernandez, 1997) reported that early administration of many AEDs after TBI could
compromise the patients' recovery. Therefore, information about both the beneficial and
harmful effects of novel AEDs on post-traumatic recovery is of critical importance before they
are administered to patients to treat early clinical post-traumatic seizures. In the present study,
two novel antiepileptic compounds, RWJ-333369 (S-2-O-carbamoyl-1-o-chlorophenyl-
ethanol) and its derivative RWJ-333369-A, were assessed for their therapeutic utility using the
lateral FP model of experimental brain injury to produce injuries similar to human TBI
(Graham, Raghupathi, Saatman, Meaney & McIntosh, Thompson, Lifshitz, Marklund, et al.,
2005). The novel compound RWJ-333369 has recently been shown to protect the hippocampal
CA1 region, thalamus, amygdala and ventral cortices in the lithium-pilocarpine model of
epilepsy and delay or prevent recurrent seizures (Francois, Ferrandon, Koning & Nehlig,
2005). Nehlig et al. (2005) also reported that RWJ-333369 displays potent antiepileptic
properties in genetic models of both absence and audiogenic epilepsy. Although these results
demonstrate the ability of this compound to protect against seizures and cell death in models
of epilepsy, nothing is known regarding their potential neuroprotective and/or behavioral
efficacy in TBI. For this study, we hypothesized that acute administration of the antiepileptics
RWJ-333369 or its structurally-related compound, RWJ-333369-A, would attenuate
behavioral deficits, regional brain swelling and/or protect selectively vulnerable brain regions
from cell death following experimental TBI in rats.

2. Methods
2.1. Animals

Adult male Sprague-Dawley rats (324−403 g, n = 227; Harlan, Inc., Indianapolis, IN) were
used. The animals were housed in humidity/temperature-regulated colony, two animals per
cage. The colony lights were on a 12-hour light/dark cycle and the rats were supplied food and
water ad libitum. All investigators were blinded to injury and treatment status during behavioral
testing. All procedures were approved by the Institutional Animal Care and Use Committee
(IACUC) of the University of Pennsylvania and were conducted according to standards
published by the National Research Council (1996).

2.2. Surgery and fluid percussion injury: (Study I & Study II)
All animals were anesthetized with sodium pentobarbital (65 mg/kg, i.p.) and placed in a
stereotaxic frame. The scalp and temporal muscle were reflected over the left parietal lobe and
a five-mm craniectomy was made centered between lambda and bregma. The dura remained
intact. A stainless steel screw was placed anterior to the craniectomy to increase the fixation
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of the luer-lok to the skull. A modified luer-lok cap was fixed over the craniectomy opening
using dental acrylic (DentSply®, Dentsply International Inc., York, PA, USA) and then filled
with saline. Sham-injured (control) animals (n = 83 in total for Study I and II) received
anesthesia and surgery without injury and were placed on heating pads to maintain
normothermia while the cement was allowed to dry at which time the cap was removed and
the skin sutured. A second group of animals were subjected to lateral FP brain injury (n = 144
in total for Study I and II) of moderate-to-severe level (2.36 ± 0.12 atm). The brain injuries
were induced by a rapid bolus of saline (22 ms) striking the dura and causing brain deformation
as originally described (McIntosh, Smith, Voddi, Perri & Stutzmann, 1996). The peak pressure
in atmospheres was noted for each injury along with the seizure and apnea of each animal
immediately following injury. Animals were excluded from the study if their apnea exceeded
60 seconds. The caps were removed and the incisions sutured. Sham-injured and brain-injured
animals remained on heating pads until they were able to walk and hold their heads erect.

2.3. Drug Dosing and Administration
Brain-injured and sham-injured animals for both Study I and Study II were randomly assigned
to receive either one of the two antiepileptic compounds or vehicle. RWJ-333369-A (60 mg/
kg, n = 35 brain-injured, n = 28 sham-injured) or RWJ-333369 (60 mg/kg, n = 34 brain-injured,
n = 27 sham-injured), kind gifts of R.W. Johnson Pharmaceutical Research Institute, Spring
House, PA, or vehicle [equal volume of 5% Solutol® HS 15 (BASF, Germany) in 5%
Methylcellulose (n = 35 brain-injured, n = 28 sham-injured) via oral gavage (p.o.)] were
administered at 15-minutes post-injury followed by additional oral doses of drug or vehicle at
4, 8, and 24 hours post-injury. Dose and timing of administration were determined from
previous studies showing efficacy of these compounds in experimental models of epilepsy
(Francois, et al., 2005; Nehlig, et al., 2005).

2.4. Study I: Evaluation of acute post-traumatic motor and cognitive deficits and brain water
content in the acute post-traumatic period

2.4.1. Morris water maze: Assessment of acute post-traumatic retrograde
memory—To examine the cognitive effects of RWJ-333369-A and RWJ-333369 in the acute
post-traumatic period, animals (sham-injured, vehicle-treated n = 15; sham-injured,
RWJ-333369-A-treated n = 14; and sham-injured, RWJ-333369-treated n = 14; brain-injured
vehicle-treated n = 17, brain-injured, RWJ-333369-A-treated n = 16, and brain-injured,
RWJ-333369-treated n = 16) were assessed for post-injury visuospatial memory deficits at 48
hours using a 1-meter Morris water maze (MWM) test, following the paradigm originally
described by Smith et al. (1991). This paradigm has been used successfully to detect both injury
and treatment effects on cognition following experimental brain injury in rats (Hernandez,
1997; Marklund, Clausen, McIntosh & Hillered, 2001; Okiyama, Smith, White & McIntosh,
1998). The animals were trained prior to injury over 2 consecutive days, 10 trials a day
(maximum 60 seconds per trial), to locate the platform using external visual cues. The rats
were placed into a black-painted, circular pool measuring 1 meter across filled with water (20
−24°C), from which they could escape onto a hidden platform (11.5 cm × 11.5 cm) sub-merged
one centimeter below the water surface. The training was performed in the afternoon on the
day before surgery/injury and then the morning on the day of surgery/injury. Following the
last trial, the animals were given a fixed 90-minute interval before the first pentobarbital
injection. At 48 hours post-injury, the animals were placed again in the MWM for two separate
trials, but without the platform. The animals swim patterns were tracked over a 60 second time
period using a computerized video system (Accutrak®, San Diego, CA, USA) and a score was
calculated based on the set divided zones as previously described (Smith, et al., 1991).
Following each trial, the animals were placed in bins with overhead ceramic heating lamps to
help them maintain normothermia.
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2.4.2. 48 hour Composite Neuroscore: Assessment of acute post-traumatic
neurologic motor function—Immediately following cognitive testing at 48 hours post-
injury animals were assessed for acute post-traumatic motor function using a previously
reported composite neuroscore test (Cheney, Weisser, Bareyre, et al., 2001; McIntosh, Vink,
Noble, Yamakami, Fernyak & Faden, 1989; Sanderson, Raghupathi, Martin, Millerm &
McIntosh, 1999). These tests have been shown to be sensitive indicators of the severity of
injury (Dixon, Lyeth, Povlishock, et al., 1987; Faden, O'Leary, Fan, Bao, Mullins &
Movsesyan, 2001). The neuroscore test consisted of seven separate tests, all scored using a
four point system (zero being severly impaired and four being normal) for a maximum total
score of 28. The seven tests included were: left and right forelimb flexion, left and right
hindlimb flexion, left and right lateral pulsion, and angle board. The angle board test assessed
the animals' ability to remain standing on an incline in both the horizontal and vertical positions.
For this test, the score of zero through four was calculated by first recording the maximum
angle that the animal can remain on the incline for five seconds. This score was compared to
a pre-surgery baseline and the final score was calculated using the degree of change when a
score of four equals no change and one point is subtracted from four for each 2.5 degree change
from baseline with zero being the lowest possible score.

2.4.3. Acute Edema: Assessment of regional brain water content—Following
cognitive and motor function testing, all brain-injured and sham-injured animals were
euthanized for measurement of cerebral edema formation at 48 hours post-injury, the optimal
time to measure brain water content following experimental FP injury (Soares, Thomas,
Cloherty & McIntosh, 1992). The animals were anesthetized with sodium pentobarbital (65
mg/kg, i.p.), decapitated, and the brains were removed from the skull as quickly as possible.
A three mm coronal section was removed from the occipital-parietal level (Bareyre, Wahl,
McIntosh & Stutzmann, 1997), which included the injury site over the left parietal cortex. First,
the different brain areas were dissected out on the ipsilateral side (side of injury) on a cold,
glass plate in the following order: (I) hippocampus, (2) injured parietal cortex, (3) adjacent
parietal cortex, and (4) thalamus. The contralateral side was then dissected out in the same
order. Edema was measured using the wet weight-dry weight technique (Soares, et al., 1992).
After each individual part was dissected out, sections were weighed (scale used: Denver
Instrument Company, TR-104) on aluminum foil to obtain the wet weight of the tissue. The
tissue was then placed in a 104°C oven (Fisher Scientific, Isotemp Oven) for 24 hours. The
tissue was then reweighed to obtain the dry weight of each brain area. The percentage of water
content was calculated using the following equation: [% of water [(wet weight – dry weight)/
wet weight]/× 100].

2.5. Study II: Evaluation of long-term (48 hours to 4 weeks) post-traumatic vestibular motor
function and visuospatial learning and neuroprotection

2.5.1. Composite Neuroscore: Assessment of gross neurologic motor function
—The animals (sham-injured, vehicle-treated n = 13; sham-injured, RWJ-333369-A-treated
n = 14; and sham-injured, RWJ-333369-treated n = 13; brain-injured vehicle-treated n = 18,
brain-injured, RWJ-333369-A-treated n = 19, and brain-injured, RWJ-333369-treated n = 18)
were evaluated for motor function at 48 hours and weekly for 1 to 4 weeks post-injury.
Composite neuroscore testing was performed at 48 hours and weekly from one to four weeks
as previously described for Study I.

2.5.2. Beam Balance: Assessment of vestibulomotor function—The assessment of
vestibulomotor function was conducted at 72 hours and weekly from one to four weeks post-
injury using the beam balance test. This test has previously been shown to be a good measure
of deficits in vestibulomotor function following lateral FP injury (Dixon, Ma, Kline, et al.,
2003; Wagner, Willard, Kline, et al., 2004). Animals were trained on the task prior to injury,
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which involved placing the animal on the beam for 60 second intervals until the animal was
able to meet criteria: ability to maintain posture (gripping with all four limbs) and balance
(using tail) for a full 60 seconds. At testing, the sham-injured and brain-injured rats posture
and ability to balance on a 35 centimeter long, 1.5 centimeter wide wooden beam for up to 60
seconds was scored on a zero (severely impaired) to four (normal) scale as follows: 4 = balances
with steady posture and exhibits exploratory behavior, 3 = balances with steady posture, no
exploratory activity, 2 = shaky movements, exhibiting strength in limbs, 1 = shaky, using belly
to balance, flaccid limbs, 0 = immediately slips and begins hanging with forelimbs from beam.
The paradigm consists of three trials. A score was given for each trial, which were then averaged
together for one final score.

2.5.3. Rotating Pole: Assessment of coordination and integration of movement
—Evaluation of the rats' motor capabilities on the rotating pole test was performed at 72 hours
and weekly from one to four weeks post-injury. This test has been shown to be a sensitive
measure of motor deficits induced by the lateral FP injury (Mattiasson, Philips, Tomasevic,
Johansson, Wieloch & McIntosh, 2000). Animals were acclimated with two daily trials, prior
to surgery. On the first day, the animals were trained on a non-rotating, wooden pole (four
centimeters diameter, 150 centimeters long). The second day of acclimation, the animals were
trained on a pole that was rotating to the left direction. Following the sham or brain-injury, the
animal was assessed in its ability to walk across the wooden pole, rotating at five rpm in the
left direction. A score was determined based on the rats' ability to traverse the pole. For each
of three trials, the animals were scored using a grading system based on whether and where
the animal fell off of the pole (score 0 or 1 is given depending on the area on the pole where
the animal fell off) or the number of footfaults (slips and hops) where a score of 2 = able to
traverse the 150 centimeters pole with 4 or more footfaults, a score of 3 = 2−3 footfaults while
traversing the entire pole and a score of 4 = 0−1 footfaults while traversing the 150 centimeters
distance. The average score for the three trials is presented.

2.5.4. Assessment of visuospatial learning—Learning was evaluated in the 1.83 meter
MWM at four weeks post-injury. The rats were placed into a black-painted, circular pool
measuring 1.83 meters across filled with water (20−24°C), from which they could escape onto
a hidden platform (11.5 cm × 11.5 cm) submerged one cm below the water surface. There was
no pretraining of the animals on the task to locate the platform. The learning paradigm consisted
of eight trials per day for three days. The amount of time each animal took to locate the platform
was recorded, with the maximum time being 60 seconds. Animals that did not find the platform
in that time period were recorded as having a 60-second latency and were placed on the platform
by the experimenter for 15 seconds. Following each trial, the animals were warmed and dried
using ceramic thermal lamps anchored above a wire mesh cage in between each trial.

2.5.5. Assessment of neuroprotection—After finishing the behavioral testing at four
weeks post-injury, rats were deeply anesthetized with sodium pentobarbital (65 mg/kg, i.p.).
The thoracic cavity and peritoneum were opened, aorta clamped, and animals were
transcardially perfused with heparinized 0.9% saline followed by 10% formalin (total volume
200 ml at room temperature). The brains were removed and immersed in 10% formalin and
then stored at 4°C until processed for histology.

Brains were embedded in paraffin and cut on a coronal plane (40 μm thick sections) by using
a rotary microtome (ThermoShandon, Pittsburgh, PA). All sections between the coronal planes
−0.3 mm to −7.3 mm posterior from bregma (atlas coordinates according to (Paxinos & Watson,
1990) were collected and mounted on Superfrost slides. The sections were stained with
hemotoxylin and eosin (H & E). For measurement of the lesion volume, 8 H&E stained sections
were chosen at one mm intervals beginning at −0.3 mm from Bregma (Paxinos & Watson,
1990). Pre-review of the H&E stained preparations indicated that the entire extent of the cortical
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lesion was confined within these 8 rostrocaudal levels. The sections were photographed using
a computerized image analysis system (MCID M4, St. Catherines, Ontario, Canada). For each
section, the investigator drew an outline around the ipsilateral hemisphere. Thereafter, the
contralateral hemisphere was outlined as described previously by Hoover et al. (2004). The
lesion volume as a percent was calculated using [(contralateral hemispheric volume – ipsilateral
hemispheric volume)/(contralateral hemispheric volume) × 100% (Hoover, et al., 2004). All
histological analyses were performed by a researcher blinded to animal injury and treatment
status.

2.6. Statistical analyses
For both studies, all data were analyzed using Statistica '98 (StatSoft, Tulsa, OK). A p-value
<0.05 was considered to be statistically significant; correction was made for multiple tests
where appropriate. In Study I, 48-hour neuroscore ordinal, nonparametric data were assessed
using Kruskall-Wallis ANOVA, followed by the Mann-Whitney U-test. The median values of
these scores are presented. Parametric data including 48-hour MWM memory testing and 48
hour regional cerebral edema are presented as a mean ± standard deviation (SD) and were
analyzed using a two-way ANOVA, followed by Student Neuman-Keuls post-hoc if
appropriate. For all tests, we analyzed one drug versus vehicle for both sham and injured
groups.

In Study II, ordinal, nonparametric data including neuroscore, rotating pole, and beam balance
were analyzed using a Kruskall-Wallis ANOVA. If the p-value was <0.05 then a Mann-
Whitney U-test was performed. The learning latencies (parametric data) were analyzed using
two-way repeated measures ANOVA, if the p-value was <0.05 then the data were analyzed
using a Student Neuman-Keuls post-hoc test. The latencies are presented as a mean ± SD.
Lesion volume was assessed using a one-way ANOVA.

3. Results
3.1. Mortality

Of the 152 brain-injured animals (both studies I and II), 40 died immediately following injury,
resulting in an acute injury-related mortality of 26% which was consistent with the moderate-
to-severe level of injury previously reported from our laboratory (Hoover, et al., 2004). Brain-
injured animals that experienced weight loss of more than 30% of their pre-injury weights (n
= 8 for Studies I and II; 1 received RWJ-333369-A, four received RWJ-333369, three received
vehicle) were euthanized and excluded from the behavioral data analyses. No mortality was
observed subsequent to the immediate post-injury/pre-drug period (after 24-hours postinjury)
and therefore long-term changes in mortality rates following administration of the experimental
compounds could not be assessed.

3.2. Study I
3.2.1. Acute post-traumatic motor (neuroscore) and cognitive (MWM) function
—At 48 hours post-injury, brain-injured, vehicle-treated animals were observed to have both
motor and memory deficits in comparison to the sham-injured, vehicle-treated controls (p <
0.05; Figss 1A and 1B). After treatment with either RWJ-333369-A or RWJ-333369 (60 mg/
kg, p.o.), there was no attenuation of the motor deficit observed at the 48 hour time point (p =
n.s.; Fig. 1A). Moreover, treatment with either RWJ-333369-A or RWJ-333369 did not
attenuate the injury-induced cognitive deficits in comparison to the brain-injured animals given
vehicle at the 48 hour time point (p = n.s.; Fig. 1B).

3.2.2. Acute post-traumatic regional cerebral edema—In sham-injured, vehicle-
treated animals, the average brain water content in the ipsilateral hippocampus was 77.08%,
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in the ipsilateral injured cortex 78.41%, and in the ipsilateral thalamus 76.35% (Fig. 2A).
Lateral FP brain injury increased brain water content of vehicle-treated animals in the ipsilateral
hippocampus to 79.64% (p < 0.05), in the injured cortex to 82.24% (p < 0.05), and in the
ipsilateral thalamus to 76.73% (p < 0.05; Fig. 2A). These numbers were consistent with
previous sham and injured values obtained in our laboratory (Bareyre, et al., 1997;Hoover, et
al., 2004;Soares, et al., 1992). Treatment with RWJ-333369-A significantly reduced brain
water content measured at 48 hours in both the injured ipsilateral hippocampus (drug 78.61 ±
1.14% vs. vehicle 79.64 ± 0.95%; p < 0.05; Fig. 2A) and contralateral hippocampus (drug 76.69
± 0.81% vs. vehicle 78.31 ± 0.83%; p < 0.05; Fig. 2B). Treatment with RWJ-333369 at 48
hours post-injury had no effect on water content in any brain region (p = n.s.; Fig. 2C).

3.3. Study II
3.3.1. Composite Neuroscore: Assessment of gross neurologic motor function
—At 48 hours post-injury through the 4-week time point, brain-injured, vehicle-treated animals
were observed to have significant motor deficits in comparison to the sham-injured, vehicle-
treated animals (p < 0.05; Fig. 3A). Neither treatment with RWJ-333369-A nor RWJ-333369
attenuated motor deficits at any time point compared to the brain-injured groups administered
with vehicle (p = n.s.; Fig. 3A).

3.3.2. Beam Balance: Assessment of vestibulomotor function—Regardless of
treatment status, brain-injured animals exhibited a decrease in beam balance function in
comparison to sham-injured animals at all time points (p < 0.05; Fig. 3B). Treatment with either
drug did not improve vestibulomotor function of brain-injured animals (Fig. 3B). By the fourth
week of testing, all injured groups median scores were equivalent (Fig. 3B).

3.3.3. Rotating Pole: Assessment of coordination and integration of movement
—Brain-injured, vehicle-treated animals performed worse on the rotating pole task than sham-
injured, vehicle-treated animals at all time points (p < 0.05; Fig. 3C). No treatment effect was
observed for either compound (p = n.s.; Fig. 3C), although injured animals treated with
RWJ-333369 performed significantly worse on the rotating pole in comparison to brain-
injured, vehicle-treated animals (p < 0.05; Fig. 3C).

3.3.4. Assessment of visuospatial learning—At four weeks post-injury, brain-injured,
vehicle-treated animals were observed to have a cognitive deficit when compared to sham-
injured, vehicle-treated animals (p < 0.05; Fig. 4). Overall, regardless of group (treatment/
vehicle, injured/sham), all animals were able to learn (p < 0.05; Fig. 4). Treatment with either
RWJ-333369-A or RWJ-333369 did not attenuate the cognitive deficits observed in brain-
injured animals at four weeks post-injury when compared with vehicle-treated, brain-injured
groups (p = n.s.; Fig. 4).

3.3.5. Assessment of neuroprotection—Measurements at four weeks post-injury of
hemispheric tissue volume showed that brain-injured animals treated with either RWJ-333369-
A or RWJ-333369 did not have a significant decrease in lesion volume in comparison to brain-
injured, vehicle-treated animals (p = n.s.).

4. Discussion
In designing this study, we hypothesized that acute administration of the novel antiepileptic
compounds, RWJ-333369 and RWJ-333369-A, would improve functional outcome, reduce
regional brain edema and cell death following experimental brain injury in rats. Our
observations demonstrate that although acute administration of RWJ-333369-A produced a
small but significant reduction in acute cerebral edema in the ipsilateral and contralateral

Keck et al. Page 8

Restor Neurol Neurosci. Author manuscript; available in PMC 2008 May 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



hippocampus in the brain-injured animals, no behavioral efficacy of either compound was
observed on motor and cognitive deficits measured during the first four weeks post-injury.
Moreover, rats treated with RWJ-333369 showed a slight but significant worsening of motor
deficits at four weeks post-injury on the rotating pole task. Neither treatment attenuated cortical
cell death (lesion volume) measured at four weeks post-injury. Although a reduction of 1%
water content in the hippocampus is not apparently profound, it is, in fact, highly significant
and reductions of this magnitude have been previously shown to be temporally associated with
highly beneficial effects on cognitive outcome (Okiyama, et al., 1992; Okiyama, et al., 1997;
Zhang, Raghupathi, Saatman, Smith & Stutzmann, 1998). Since the mechanistic association
between a reduction in regional hippocampal swelling and cognitive improvement has not been
established in experimental models of TBI, it is possible that beneficial cognitive effects of
RWJ-333369-A may be detectable in the more chronic (later than 1 month) post-injury period.

RWJ-333369-A and RWJ-333369 were administered systemically over the first 24 hours post-
injury. The half-life of RWJ-333369 has been determined to be approximately 12 hours in
healthy volunteers (B. Zhou, personal communication). Previous studies have demonstrated
that administration of RWJ-333369 at escalating doses of 60 mg/kg, 90 mg/kg or 120 mg/kg
showed a dose-response neuroprotective effect in reducing the amount of regional cell death
in the lithium-pilocarpine model of status epilepticus (Francois, et al., 2005). The two higher
doses of RWJ-333369 when administered during status epilepticus, and thereafter for 6 days,
delayed or prevented the occurrence of spontaneous, recurrent seizures. Since the present study
evaluated these compounds at only a single dose of 60 mg/kg, it is possible that future use of
higher doses of these antiepileptic compounds could reveal neurobehavioral and/or
neuroprotective efficacy in models of experimental TBI.

The administration of RWJ-333369-A decreased regional edema in the injured and
contralateral hippocampus measured at 48 hours post-injury. Following lateral FP brain injury,
edema formation can be classified as vasogenic (caused by the breakdown of the BBB) or
cytotoxic (associated with neurotoxic cascades) (Unterberg, Stover, Kress & Kiening, 2004).
Using this model, cyotoxic edema formation has been shown to begin as early as one hour
post-injury in the ipsilateral hippocampus (Soares, et al., 1992). Edema formation peaks at 48
hours post-injury in the ipsilateral brain following lateral FP injury with hippocampal swelling
returning to normal by three days post-injury (Soares, et al., 1992). Since the half-life of
RWJ-333369-A is approximately 12 hours with the last dose being at 24 hours post-injury, the
compound was likely remaining in the central nervous system (CNS) at 48 hours. The positive
efficacy of RWJ-333369-A on attenuation of hippocampal edema could be due to an anti-
excitotoxic action of this compound or some currently unknown mechanism. Although a trend
towards reduced cortical swelling was observed, the lack of significant effect on regional edema
in the injured/peri-injured cortex is not surprising, given that a component of this swelling is
likely related to intracerebral hemorrhage and vasogenic edema.

Interestingly, the effect of RWJ-333369-A on hippocampal edema was bilateral. Previous
studies investigating the effects of anticonvulsant drugs on edema in the lateral FP model in
rats have also shown positive results in both injured and contralateral hemispheres. The NMDA
receptor blocker, CP-98,113, significantly reduced bilateral cerebral edema in rats at 48 hours
post-injury (Okiyama, et al., 1998; Okiyama, et al., 1997), while the Ca2+ channel blocker,
(S)-emopamil caused a bilateral reduction in edema at 48 hours following injury (Katayama,
et al., 1990). Following closed head trauma in rats, Kaplanski et al. (2002) showed that
administration of bradykinin B2 receptor antagonist LF 16−0687 Ms during the first 4 hours
post-injury reduced edema in both the ipsilateral and contralateral hemispheres. The finding
that RWJ-333369-A, at the dose employed, significantly reduces hippocampal edema, despite
the lack of effect of a large magnitude, may be of importance in terms of clinical outcome since
post-traumatic edema is associated with increased intracranial pressure and secondary injury
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cascades. In humans, acute reduction of edema in individuals that suffer from a head injury
decreases mortality and improves clinical outcome (Unterberg, et al., 2004).

Although a reduction in hippocampal edema would be unlikely to produce changes in post-
traumatic motor dysfunction, we were not able to observe corresponding improvements in
cognitive outcome associated with small but significant bilateral reductions in hippocampal
edema. The possibility exists that the animals may not have been followed long enough to
detect cognitive improvements associated with acute reduction of regional hippocampal
edema. Future studies employing increased doses and extended time points for edema
assessment may reveal more positive efficacy on neurobehavioral outcome. The mechanisms
underlying the reduction of post-traumatic hippocampal edema by RWJ-333369-A remain to
be elucidated.

Administration of either RWJ-333369-A or RWJ-333369 did not result in improvement in
motor function. Previous studies with other anticonvulsants have, however, shown positive
effects on post-traumatic neuromotor deficits following TBI. Administration of topiramate
attenuated neuromotor deficits at one week and one month post injury in the lateral FP model
of brain injury (Hoover, et al., 2002). Following lateral FP brain-injury in rats, animals treated
with the NMDA antagonist, CP-98,113, were found to have an improvement of gross motor
function for up to two weeks following injury (Okiyama, et al., 1998). The sodium channel
blocker, Riluzole, has also been shown to be effective in attenuating gross motor deficits
following lateral FP brain injury in rats up to two weeks post-injury (McIntosh, et al., 1996).

Administration of either RWJ-333369-A or RWJ-333369, at the doses employed, also did not
result in a significant decrease in post-traumatic cortical cell loss (lesion volume). Following
lateral FP injury, tissue loss due to excitotoxicity, inflammation and other secondary
mechanisms results in a decreased hemispheric tissue volume in the injured hemisphere
(Bramlett & Dietrich, 2002; Hicks, Soares, Smith & McIntosh, 1996; Scheff & Sullivan,
1999; Soares, et al., 1992). Neuronal cell death begins almost immediately following the injury
and has been shown to continue for up to a year (Pierce, et al., 1998; Smith, Chen, Pierce, et
al., 1997). Previous research has shown that AEDs and similar compounds can attenuate
cortical cell death due to their neuroprotective properties. Belayev et al. (2001). reported that
talampanel, a noncompetitive AMPA antagonist, administered acutely following lateral FP
brain-injury, reduced lesion area through its neuroprotective properties. In an earlier study,
remacemide hydrochloride, administered acutely, was reported to decrease cortical lesion
volume at 48 hours following a lateral FP brain injury in rats (Smith, et al., 1997). While both
RWJ-333369-A and RWJ-333369 had no positive effect on motor deficits in brain-injured
animals, the lack of effect on cortical/thalamic edema and the absence of neuroprotective
efficacy with respect to cortical cell death suggests that, at the doses employed, these
compounds would not likely improve functional motor outcome. Based on the recent studies
of Francois et al. (2005) and Nehlig et al. (2005), it is possible that the administration of higher
doses of RWJ-333369 or RWJ-333369-A would demonstrate neuroprotection and associated
neurobehavioral efficacy on motor function in experimental models of TBI.

The observation that RWJ-333369-A did not negatively impact behavior at any time points
may be important for clinical studies. Since AEDs are used to prevent seizures during the early
post-traumatic period. Many AEDs can worsen post-injury recovery, and consequently, their
use in the treatment of acute post-traumatic seizures has been questioned (Hernandez, 1997).
As the present data shows, RWJ-333369-A did not negatively affect motor or cognitive
performance of brain-injured rats, suggesting that it has no deleterious effects on post-traumatic
recovery. Future studies with this compound should employ increased/more chronic dosing
paradigms and neurobehavioral evaluation for at least 8−10weeks post-injury to reveal
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potentially significant behavioral and cognitive effects. Further work with these compounds
in TBI models is warranted.
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Fig. 1.
(A) Effects of RWJ-333369-A and RWJ-333369 on 48-hour post-injury neurological inotor
function. For both RWJ333369-A vs. vehicle groups and RWJ-333369 vs. vehicle groups,
there were significant differences among groups. On post hoc analysis, there was an injury
effect at 48 hours between sham-injured, vehicle-treated animals and brain-injured, vehicle-
treated animals (p < 0.05*); however, there were no treatment effects (p = n.s.) between either
RWJ-333369-A or RWJ-333369 and vehicle-treated animals in brain-injured groups. (B)
Effects of RWJ-333369-A and RWJ-333369 on 48-hour post-injury cognitive function. There
was a significant brain-injury impairment of retrograde memory in the 1 M Morris water maze
at 48 hours post-injury (sig ANOVA p < 0.05, post hoc p < 0.05* sham-injured vehicle versus
brain-injured vehicle). There was no improvement in memory seen with the administration of
RWJ-333369-A or RWJ-333369 (p = n.s.) in brain-injured animals compared to vehicle. Morris
water maze scores are presented as mean.
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Fig. 2.
Effects of RWJ-333369-A and RWJ-333369 on 48 hour post-injury ipsilateral edema. At 48
hours post-injury, there were significant injury effects (p < 0.05*) in the ipsilateral
hippocampus, ipsilateral injured cortex, and the ipsilateral thalamus. In addition, brain water
content was significantly reduced in the ipsilateral and contralateral hippocampi of brain-
injured animals treated with RWJ-333369-A compared to injured vehicle-treated animals (p <
0.05#). Edema values are presented as mean ± SD.
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Fig. 3.
(A) Effects of RWJ-333369-A and RWJ-333369 on 48 hour, 1, 2, 3, and 4 weeks post-injury
on composite neuroscore test. For both RWJ-333369-A vs. vehicle groups and RWJ-333369
vs. vehicle groups, there were significant differences among groups. On post hoc analysis,
there was an injury effect at all time points (p < 0.05*); however, there were no treatment
effects (p = n.s.) between neither RWJ-333369-A or RWJ-333369 and vehicle-treated animals
in the brain-injured groups. (B) Effects of RWJ-333369-A and RWJ-333369 on 72-hour, 1, 2,
3, and 4 weeks post-injury on the beam balance test. For both RWJ-333369-A vs. vehicle
groups and RWJ-333369 vs. vehicle groups, there were significant differences among groups.
On post hoc analysis, there was an injury effect at all time points (p < 0.05*); however, there
were no treatment effects (p = n.s.) between neither RWJ-333369-A or RWJ-333369 and
vehicle-treated animals in the brain-injured groups. (C) Effects of RWJ-333369-A and
RWJ-333369 on 72-hour, 1, 2, 3, and 4 weeks post-injury on the rotating pole test, left rotation.
For both RWJ-333369-A vs. vehicle and RWJ-333369 vs. vehicle groups, there were
significant differences among groups. On post hoc analysis, there was an injury effect at all
time points (p < 0.05*). There were no significant treatment effects for RWJ-333369-A (p =
n.s). At all time points, 72 hours up until four weeks post-injury, injured animals treated with
RWJ-333369 performed worse in comparison to brain-injured, vehicle-treated animals. At the
4 week time point; the difference between the two groups was statistically significant (p <
0.05#).
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Fig. 4.
Effects of RWJ-333369-A and RWJ-333369 on 4 weeks post-injury 1.83 M Morris water maze
leading test. For both RWJ-333369-A vs. vehicle and RWJ-333369 vs. vehicle groups there
was significant brain-injury related impairment on learning in the Morris water maze (p < 0.05).
Overall, all groups showed significant learning (p < 0.05). There was no improvement
(decrease) in learning latencies seen with administration of RWJ-333369-A or RWJ-333369
(p = n.s.) in brain-injured animals compared to vehicle. Latencies are presented as mean ± SD.
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