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Abstract

OBJECTIVE—Increases in brain cyclooxygenase-2 (COX2) are associated with the central
inflammatory response and with delayed neuronal death, events that cause secondary insults after
traumatic brain injury. A growing literature supports the benefit of COX2-specific inhibitors in
treating brain injuries.

METHODS—DFU [5,5-dimethyl-3(3-fluorophenyl)-4(4-methylsulfonyl)phenyl-2(°H)-furanone]
is a third-generation, highly specific COX2 enzyme inhibitor. DFU treatments (1 or 10 mg/kg
intraperitoneally, twice daily for 3 d) were initiated either before or after traumatic brain injury in a
lateral cortical contusion rat model.

Reprint requests: Kenneth I. Strauss, Ph.D., Department of Neurosurgery, University of Cincinnati College of Medicine, 231 Albert
Sabin Way, ML515, Cincinnati, OH 45267-0515. Email: kstrauss@uc.edu.
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RESULTS—DFU treatments initiated 10 minutes before injury or up to 6 hours after injury
enhanced functional recovery at 3 days compared with vehicle-treated controls. Significant
improvements in neurological reflexes and memory were observed. DFU initiated 10 minutes before
injury improved histopathology and altered eicosanoid profiles in the brain. DFU 1 mg/kg reduced
the rise in prostaglandin E, in the brain at 24 hours after injury. DFU 10 mg/kg attenuated injury-
induced COX2 immunoreactivity in the cortex (24 and 72 h) and hippocampus (6 and 72 h). This
treatment also decreased the total number of activated caspase-3—immunoreactive cells in the injured
cortex and hippocampus, significantly reducing the number of activated caspase-3—immunoreactive
neurons at 72 hours after injury. DFU 1 mg/kg amplified potentially anti-inflammatory
epoxyeicosatrienoic acid levels by more than fourfold in the injured brain. DFU 10 mg/kg protected
the levels of 2-arachidonoyl glycerol, a neuro-protective endocannabinoid, in the injured brain.

CONCLUSION—These improvements, particularly when treatment began up to 6 hours after
injury, suggest exciting neuroprotective potential for COX2 inhibitors in the treatment of traumatic
brain injury and support the consideration of Phase I/11 clinical trials.
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2-Arachidonoyl glycerol; Caspase-3; COX2 inhibitor; Eicosanoids; Endocannabinoid,;
Neuroinflammation; Rat behavior

Traumatic brain injury (TBI) initiates a central inflammatory response that results in the
increased production of prostaglandins and reactive oxygen species. These products may cause
secondary insults to the brain (55,90,94). Cyclooxygenases catalyze the first step in the
formation of prostaglandins from arachidonic acid, producing reactive oxygen species in the
process. Cyclooxygenase-1 (COX1), present normally in most tissues, is thought to maintain
essential physiological functions, such as gastric mucosal integrity, renal function, and platelet
homeostasis (87,101). COX2, the inducible isoform, is expressed in the normal brain (30,87)
but is rare or absent in most organs under normal conditions. As in the periphery (32,79), COX2
in the brain can be regulated by inflammatory cytokines (87), and prostaglandin production
increases in response to pathological conditions of the central nervous system (3,70,72,89,
107). COX2 overexpression can also exacerbate neuroinflammatory responses (91).

Brain COX2 can also be induced by excitotoxicity in vivo (1,16,42,52,106) and in vitro (38,
95,99). Recent findings demonstrate the prolonged overexpression of COX2 in the brain after
TBI (96). In fact, COX2 has been associated with the delayed cell death that occurs after many
types of brain injuries (9,20,47,103). Thus, it is not surprising that cyclooxygenase inhibitors
may benefit the injured central nervous system (11-13,22,47,80,85). However, the protective
mechanisms of COX2-specific inhibitors have not been elucidated.

In the nervous system, arachidonic acid itself has electrophysiological and anticholinergic
properties (44,65). Its eicosanoid metabolites are numerous, possessing a variety of
neurophysiological activities. Prostaglandins have been associated with many neural
mechanisms (8,29,64), including long-term potentiation (65), which is implicated in memory
consolidation. Some evidence exists for prostaglandin neurotoxicity (67,68,97,110). In
addition, there isa small literature on the neuroprotective and anti-inflammatory role of selected
arachidonic acid metabolites. These include endocannabinoids (anandamide and 2-arachidony!
glycerol [24,60]), energy modulation (hydroperoxyeicosatetraenoic acid [5-HPETE] [31]),
anti-inflammatory effects (11,12-epoxyeicosatrienoic acid [EET] [66]), lipoxygenase-
mediated analgesia (19,61), and circadian modulation (100). The formation of these
metabolites may be favored when the COX2 pathway is blocked. Our hypothesis proposes that
the beneficial effects of COX2 inhibitors are mediated, at least in part, by increased formation
of neuroprotective arachidonic acid metabolites.

Neurosurgery. Author manuscript; available in PMC 2006 July 24.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gopez et al.

Page 3

5,5-Dimethyl-3(3-fluorophenyl)-4(4-methylsulfonyl)phenyl- 2(°H)-furanone (DFU) is a
third-generation, highly COX2-specific enzyme inhibitor that is analogous to rofecoxib in
structure and pharmacology (15,81). DFU inhibits 100% of lipopolysaccharide-induced
prostaglandin E, (PGE,) synthesis in whole-blood assays (7) and shows efficacy in various in
vivo models of acute and chronic systemic inflammation with an approximate EDsgq value of
1 mg/kg given orally (14,102). At this dose, the plasma concentration of DFU is below that
required to inhibit platelet COX1. Thus, at least in animal models, inhibition of COX1 is not
required to achieve anti-inflammatory, antipyretic, and analgesic effects.

No therapeutic strategy has proved effective for the treatment of human TBI. COX2 inhibitors
can ameliorate neuro-toxicity in vitro (47,95) and in vivo (10,85). Their anti-inflammatory
effects, relative safety profile, and hydrophobic chemical structure led us to investigate DFU
therapy for experimental TBI. We have examined the effects of DFU on functional recovery,
brain eicosanoid biochemistry, and histopathology in a rat model of cortical contusion TBI.

MATERIALS AND METHODS

Animals

TBI Model

Male Sprague-Dawley rats, each weighing 300 to 400 g, were studied. Animals were cared for
in accordance with the United States Public Health Service regulations. All protocols were
approved by the Temple University Institutional Animal Care and Use Committee.

In the lateral cortical impact (LCI) rat model of TBI, moderate levels of injury result in a
temporary loss of strength and coordination in the limbs contralateral to the injury, significant
retrograde amnesia, learning deficits, induction of central inflammatory responses, and delayed
loss of cortical and subcortical neurons. The relevance of the LCI model to clinical head trauma
has been validated by several groups with respect to common histopathological findings and
cognitive-behavioral outcome measures (26,34,56).

Surgical Preparation

Drug Dosing

The animals were preanesthetized with 2% isoflurane, then given oxygen with 0.75%
isoflurane through a fixed face mask on a stereotactic platform. The skull was exposed, and a
craniectomy was made laterally, midway between lambda and bregma, between the central
suture and the left temporal ridge with a 6-mm trephine. The exposed dura was subjected to a
5-mm-diameter piston impact (bregma —2 to —7 mm, according to the coordinates of Paxinos
and Watson [74]) of 3.0-mm depth, 4-m/s velocity, and 100-millisecond duration. The scalp
was closed without replacement of the bone flap. Anesthesia was discontinued, and the animal
was assessed for exclusion criteria (latency of pinna and corneal reflexes and righting
response).

In the initial study, DFU (1 mg/kg) was injected intraperitoneally (i.p.) in a twice-daily dosage
starting 10 minutes before and continuing for 3 days after LCI injury. In subsequent studies,
DFU treatments (1 or 10 mg/kg i.p.) were initiated at the designated time (either 10 min before
or 2 or 6 h after injury) and continued for 3 days after injury. Dosages corresponded to effective
doses given in systemic inflammation models (15,48) and were arrived at in consultation with
Dr. Jilly Evans (Merck). The drug was suspended in 5% poly-ethoxylated vegetable oil
(Emulphor; GAF Corp., New York, NY) in saline by mixing vigorously for 30 seconds at room
temperature with a rotor-stator device.

Neurosurgery. Author manuscript; available in PMC 2006 July 24.
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Experimental Design

The initial study included two control groups and two pretreatment (10 min before) LCI injury
groups: sham/vehicle (n = 15), surgery, no injury, and treated with vehicle (negative control,
not included in statistical analyses); injured/vehicle (n = 12), treated with vehicle and injured
(positive control); 1DFU/pre (n = 15), treated with DFU (1 mg/kg i.p.) and injured; and 10DFU/
pre (n = 12), treated with DFU (10 mg/kg i.p.) and injured.

Subsequent studies included a positive control group and four posttreatment LCI injury groups:
injured/vehicle (n = 43), injured, treated with vehicle 2 hours after injury (positive control);
1DFU/2 hours (n = 13), injured, treated with DFU (1 mg/kg i.p.) 2 hours after injury; 1DFU/
6 hours (n=13), injured, treated with DFU (1 mg/kg i.p.) 6 hours after injury; L0DFU/2 hours
(n =12), injured, treated with DFU (10 mg/kg i.p.) 2 hours after injury; and 10DFU/6 hours
(n=12), injured, treated with DFU (10 mg/kg i.p.) 6 hours after injury.

All subsequent twice-daily doses were the same as the initial dose. No differences were
observed between the pretreatment and posttreatment positive controls; the groups were
combined and analyzed together.

Functional Evaluations

Neurological and behavioral performances were assessed before and 3 days after injury.
Treatment groups were assigned randomly by draw at the time of surgery, so that no order or
group bias could be introduced by the surgeon/tester.

Neurological Reflexes—Neuroscores were based on three tests of limb reflexes (56):
contraflexion (forelimb and head flexion in response to anticipation of falling), hindlimb
extension (in response to repetitive raising and lowering by the tail), and lateral pulsion
(attempting to roll the animal onto its back). Scores for strength and reflexive coordination (0—
4, 4 = best) were assigned for left and right limbs separately, for a maximum of 24 on the three
tasks.

Beam Walk Test—A balance-beam task with both cognitive and motor components was
used to assess complex motor coordination. Animals were trained to escape an unpleasant pair
of stimuli (150-W light and 90-decibel white noise) by running along a 2.5-cm x 1-m beam
with four posts mounted on alternating sides, to enter a black box. The aversive stimuli were
turned off once the animal entered the box. The time taken (best of three trials) for the animal
to enter the box was the outcome measure (latency = 0-120 s).

Open-field Test—To test exploratory activity in a novel environment, animals were placed
in an open field (30 x 61 x 20 cm deep) and observed for 2 minutes. The number of rearings
and transits to each corner were summed for an activity score.

Morris Water Maze—The water maze, used to assess hippocampal-dependent spatial
memory function (34), was conducted exactly as described previously (51). The best score
from three probe trials was used for each animal.

Immunological Evaluations

Tissue Preparation—Sham (n = 2 per time point), injured/vehicle treated (n = 3—4 per time
point), and injured DFU pretreated (n = 3—4 per time point) animals were killed at 6, 24, and
72 hours after injury via transcardial perfusion with phosphate-buffered saline (PBS) followed
by PBS containing 4% formaldehyde (PBSF). Brains were dissected, fixed in PBSF for 1 more
hour, cryoprotected in 20% sucrose in PBS for 3 days at 4°C, snap-frozen on powdered dry

ice, and stored at —80°C. Histological sections (20 um) were made with a cryostat microtome
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(International Equipment Co., Needham, MA; —20°C). Brain regions were evaluated in the
anterior injured zone between bregma —2.8 and —4.3 mm (according to the coordinates of
Paxinos and Watson [74]) using every 10th or 11th section (6 per animal).

Tissue Staining—Sections were stained with a COX2 monoclonal antibody (1:2000;
Cayman Chemical, Ann Arbor, MI) as a marker of central inflammation as described
previously (96). Caspase-3 gene induction (105) and enzymatic activation (17) have been
associated with delayed cell death and neuropathological changes in the injured brain.
Activated caspase-3 antisera (AC3, 1:250; Promega, Madison, WI) was used to visualize
apoptotic cells. Fluorescently labeled secondary antibodies (1:200; Jackson ImmunoResearch
Laboratories, Inc., West Grove, PA) were used on brain sections, and the signal was visualized
with a Nikon (Tokyo, Japan) fluorescence microscope. Control sections stained with secondary
antibody only were performed with each experiment for use in background assessment. To
confirm the specificity of these antibodies, immunoblots were performed on fresh-frozen tissue
exactly as described previously (96). COX2 antibodies yielded a single band of 72 kD. AC3
antibodies gave no detectable signal to brain extracts but yielded two bands at approximately
20 kD by use of an extract of campothecin-treated Jurkat cells (kindly provided by Padmini
Salgame, Temple University, Philadelphia, PA).

Immunoreactivity Assessment—Scoring for each stain was performed in a blinded
manner by a single investigator. COX2 is expressed at low levels throughout the normal brain
and is induced after injury (96), so we evaluated both the number of cells and the apparent
amount expressed per cell. Cell numbers were assigned geometric values, as follows: 0 (none),
1 (1-2 cells), 2 (3—4 cells), 4 (5-8 cells), 8 (9-16 cells), 16 (17-32 cells), or 32 (>32). Signal
intensity was graded on a scale of 1 to 4 and was integrated into the score by multiplication.
A single area might have two or three scores summed together if cells of various intensities
were observed. For activated caspase-3 staining, only the cell number was evaluated under the
assumption that, once activated, cells were committed to apoptosis. In analysis of the results,
only differences greater than twofold were considered noteworthy.

Colocalization Studies—Dual colocalization immunohistochemistry was performed on
20-um sections of perfused (4% paraformaldehyde in PBS) and fixed, cryoprotected, frozen
brains. Tissues were stained for the neuron-specific antigen neuN (1:2000; Chemicon
International, Temecula, CA) and the activated caspase-3 antigen (AC3, 1:1000; Promega) in
4% Blotto (Carnation instant nonfat dry milk, Nestlé, Solon, OH) containing 0.0025% sodium
azide for 3 days at 4°C. Appropriate immunoglobulin antibodies (1:250), labeled with
fluorescein isothiocyanate and rhodamine, respectively, were used for detection. Stains were
visualized by use of the Axioplan-2 fluorescence microscope and HRc digital camera (Carl
Zeiss Co., Oberkochen, Germany) to record images at highest resolution.

Three animals were used in each group, and two fields from each area were averaged for these
analyses. Autofluorescence is a confound in colocalization studies of injured tissues because
of extensive inflammatory infiltrates. Thus, sets of three photographs were taken of each
selected region, both ipsilateral and contralateral to injury. The rhodamine filter was used to
identify the AC3-positive cells, the fluorescein isothiocyanate filter was used to identify neuN-
positive cells, and the DAPI filter was used to reveal autofluorescence. Digital images (Tiff
format) were processed by a blinded observer using Adobe Photoshop 7 (Adobe Systems,
Mountain View, CA). Each triplet was layered into a single file. The layers were thresholded
individually, moving the control tab to the right edge of the intensity histogram. The
autofluorescence signal was subtracted from the other images. This approach eliminated false-
positives but possibly eliminated a few real colocalized cells as well. Colocalized signal (>50
contiguous pixels) was circled and counted.

Neurosurgery. Author manuscript; available in PMC 2006 July 24.
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Eicosanoid Analyses

Tissue Preparation—Conscious animals were decapitated in a sharpened guillotine at 6,
24, 48, 72, and 144 hours after injury. Brains were rapidly dissected, frozen on powdered dry
ice, and stored at —80°C. For prostaglandin assays, frozen brains were coronally cut into
sections 300 um thick with a cryostat microtome (International Equipment Co.; —8°C), briefly
thaw-mounted, and stored at —80°C. Micropunches were dissected (1000-um cannula) in a
cold box (at —10 to —20°C) from the dorsal hippocampus and the parietal and perirhinal cortex,
both ipsilateral and contralateral to the site of injury. Tissue was immediately sonicated in
acidified ethanol (120 pl, 0°C), and an aliquot was set aside for protein determination (Bradford
microassay; Biorad, Hercules, CA). A small amount (2 pg) of the radioactive tracer [3H]
prostaglandin F1, (~200 Ci/mmol; NEN Life Science Products, Boston, MA) was added, the
samples were clarified (10 min at 3000 x g, 0°C), and the supernatants were stored at —80°C.

Sep-Pak Vac 3-ml C18 cartridges (Waters, Milford, MA) were pretreated twice to improve
recovery by rinsing with water (3 ml), acetonitrile (1.5 ml), chloroform (1.5 ml), chloroform
(1.5 ml), acetonitrile (1.5 ml), and water (3 ml). The cartridges were activated with methanol
(3 ml), ethanol (3 ml), and water (3 ml). Before loading, the samples were combined with water
(1 ml) containing formic acid to a pH of 4.0. Samples were loaded onto the cartridges by gravity
and rinsed with water (3 ml), followed by hexane (3 ml), and eluted slowly by gravity with a
solution of ethyl acetate and 1% ethanol (1 ml). The eluted fraction was dried by vacuum
centrifugation (Savant Instruments, Farmingdale, NY), redissolved in enzyme immunoassay
buffer (Cayman Chemical Prostaglandin EIA Kit), and stored at —80°C. The recovery was
determined by calculating the fraction of tritium recovered via scintillation counting.

Prostaglandin Quantification—Sample extracts were assayed for PGE; by use of enzyme
immunoassay kits (Cayman Chemical). Sample prostaglandin levels were corrected for
recovery and normalized by the total protein in the specimen (BioRad micro-Bradford assay)
as follows: [PGE, (pg)/recovery/total protein (ug)].

Eicosanoid Measurements—The fluorescence-detected high-performance liquid
chromatography (HPLC) method has been validated by use of a series of eicosanoid standards
(Biomol Research Laboratories, Inc., Plymouth Meeting, PA) and brain tissue extracts (109).
In brief, dried eicosanoid extracts were dissolved in anhydrous acetonitrile and reacted (30 min
in a desiccator at 4°C) with freshly prepared fluorescent dye, 2-(2,3-naphthalimino)ethyl-
trifluoromethane sulfonate (Molecular Probes, Inc., Eugene, OR) with N,N-
diisopropylethylamine (Sigma Chemical Co., St. Louis, MO) as the catalyst. The reaction was
dried under argon and stored at —80°C. Samples were redissolved in dry methanol and analyzed
by HPLC (Jasco, Easton, MD) with a fluorescence detector (excitation wavelength, 260 nm;
emission wavelength, 396 nm). The injection volume was 8 pl, and separations were performed
on a Symmetry C18 column (Waters) at 30°C. Mobile Phase A consisted of 0.5% formic acid
in water, and mobile Phase B consisted of 0.5% formic acid in acetonitrile. A flow rate of 1
ml/min was used to deliver the mobile Phase A and B gradient as follows: 50 to 65% B in 40
minutes; 65 to 100% B in 80 minutes; and 100% B for 20 minutes. Data acquisition used
Borwin Version 1.50.08 software (Jasco).

The limit of detection for these eicosanoids ranged from 2 to 20 pg per sample (109). The
separation of this method did not resolve all the individual eicosanoid regioisomer standards,
but brain eicosanoid could be quantified by combining the peak areas from four eicosanoid
classes. Eicosanoid classes used were prostaglandins (PGs), hydroxyeicosatetraenoic acids
(HETES), EETS, and their dihydroxy metabolites (Di-HETES). Eicosanoid peak areas
(corrected for recovery) were summed by class, corrected for tissue wet weight, and normalized
to the contralateral side.

Neurosurgery. Author manuscript; available in PMC 2006 July 24.
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2-Arachidonoyl Glycerol Analysis—Animals (n = 5 per group) were decapitated as
above, and the cerebral hemispheres were separated, snap-frozen on dry ice, and stored at —80°
C. Extraction, purification, and gas chromatography—mass spectrometry were performed
exactly as described (73). Values of 2-arachidonoyl glycerol (2-AG) were corrected for the
original wet weight of the tissue.

Statistical Analyses

RESULTS

Results are represented as mean * standard error of the mean. Statistical analyses were
performed using Statview software. Analysis of variance was performed with post hoc
Dunnett’s test or Scheffé’s test comparisons. A value of P < 0.05 was necessary to reject the
null hypothesis that the group means were equivalent.

In these studies, two doses of DFU were used, either 1 or 10 mg/kg body weight. DFU (or
vehicle) was initially administered to animals either 10 minutes before injury or at the
designated time after injury (2 or 6 h). Animals were further treated with the same dose of DFU
twice daily for 3 days. The biochemistry and histochemistry studies used animals in which
treatment was initiated before injury.

COX2 Inhibitor Treatments Improve Functional Recovery at 3 Days after Injury

DFU improved neurological reflexes significantly in all posttreatment groups at 3 days after
injury (Fig. 1A). Injured vehicle-treated animals had a significant decrease in neuroscore
compared with sham-operated animals (19 + 1 versus 23 + 1, respectively; P < 0.01, Scheffé’s
test). The injured DFU-treated animals had improved neuroscores compared with injured
vehicle-treated animals (Fig. 1A; P <0.01, Dunnett’s test). This improvement was statistically
significant for both dosage groups (1 or 10 mg/kg) when the first dose of DFU was administered
2 or 6 hours after the injury.

Cognitive function was improved by high-dose DFU treatments. Unmodified memory scores
were higher in the high-dose group (Table 1) but reached statistical significance only for the
group in which treatment was initiated 2 hours after injury. To minimize the high variances, a
difference score was derived in which the memory score before injury was subtracted from the
3 days postinjury score for each animal (Fig. 1B). Memory performance was improved in all
high-dose treatment groups (P < 0.05, Dunnett’s test) and nearly achieved sham levels of
performance. No injury-related changes in swim speed or open-field behavior were observed
among any of the groups (data not shown).

DFU treatments did not significantly alter beam-walk performance. Injured beam-walk
latencies were significantly impaired compared with the sham group (5.4 £ 1.1s; P = 0.05,
Dunnett’s test). However, a trend toward improvement was found for the high-dose 2 hours
posttreatment group (15.9 + 3.6 s) compared with the injured/vehicle control group (32.5+5.8
s; P =0.10, Dunnett’s test). Interestingly, the variance in this experimental group (171 s2) was
an order of magnitude smaller than the mean variance among all experimental groups (1674
s2), indicating a possible drug effect.

Systemic DFU Treatment Inhibits Central PG Synthesis

PGE; levels have been shown to rise precipitously after TBI (25,27,28,89); thus, we measured
PGE; levels in the regions in which COX2 levels were known to increase (96). Systemically
administered DFU (1 mg/kg) initiated 10 minutes before injury inhibited injury-induced
PGE; levels at 24 hours after injury in the dorsal hippocampus (Fig. 2) and cerebral cortex.
Within 6 hours after LCI TBI, PGE, levels were significantly elevated in the ipsilateral
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hippocampus compared with sham controls and remained significantly elevated at 24 hours
(Fig. 2; P < 0.05, Dunnett’s test). At 72 hours and 6 days (144 h) after injury, the mean
PGE, content remained greater than sham levels but were not statistically significant. In
contrast, PGE; levels in the contralateral hippocampus (Fig. 2, thin lines) or ipsilateral and
contralateral perirhinal cortex (not shown) were not significantly elevated above sham levels
and did not change appreciably with time.

At 6 hours after injury, there was no difference in the hippocampal PGE, content between
injured animals that were given vehicle or DFU. By 24 hours after injury, DFU blocked the
injury-induced rise in PGE, content in the ipsilateral hippocampus compared with vehicle-
treated controls (Fig. 2; P < 0.05, Scheffé’s test). At 72 hours and 6 days, there was no
significant difference in PGE; levels in the ipsilateral hippocampus between DFU-treated and
vehicle-treated groups.

COX2 Inhibition Attenuates COX2 Expression in the Injured Brain

DFU improved behavioral recovery, so we hypothesized that COX2 inhibition might attenuate
central inflammation (namely, COX2 expression) and/or delayed cell death (namely, activation
of caspase-3) in brain areas associated with functional deficits after TBI. Injury-induced COX2
immunoreactivity (COX2-ir) peaked between 24 and 72 hours in the ipsilateral cortex (Fig.
3A, left) and as early as 6 hours after injury in the ipsilateral hippocampus (Fig. 3B, left),
consistent with previous findings (96).

DFU (10 mg/kg) initiated 10 minutes before injury attenuated both the amount and intensity
of COX2-ir in the cortex (Fig. 3A, right) after TBI compared with vehicle-treated controls.
Specifically, there was less COX2-ir in the ipsilateral cortex, including cells of the cingulate,
injured and adjacent parietal, perirhinal, and piriform regions. These decreases were observed
at 6, 24, and 72 hours and were statistically significant by immunoblot at 72 hours in the
ipsilateral cortex (Fig. 3C, left; P < 0.05, Dunnett’s test).

Similarly, DFU treatment reduced COX2-ir in the ipsilateral hippocampus at 6, 24, and 72
hours after injury (Fig. 3B, right). Attenuation of COX2-ir in the CA1 and CA2 regions was
most pronounced at 6 hours (COX2 was no longer elevated in the CA1 and CA2 by 72 h). In
the dentate gyrus, the greatest effect was seen at 24 hours, with pronounced decreases at 6 and
72 hours as well. In the CA3 region (most vulnerable to delayed neuronal death in this model),
DFU attenuation of COX2-ir was greatest at 72 hours after injury, with pronounced decreases
at 6 hours as well. COX2 immunoblots did not confirm these changes in the hippocampus,
perhaps because of subregion-specific temporal changes after TBI (96).

DFU Attenuates Injury-induced Activated Caspase-3 Immunoreactivity

Immunohistochemical staining with the cell-death marker activated caspase-3 (AC3-ir)
revealed a robust increase in the number of AC3-ir brain cells in the injured cortex and
hippocampus (Fig. 4, B, D, and E, solid lines). These increases were more than twofold
compared with shams and with respect to the corresponding contralateral regions (Fig. 4E).
DFU treatment (10 mg/kg) initiated 10 minutes before injury substantially reduced the number
of AC3-ir cells in brain regions around the injury site (Fig. 4, A, C, and E, dashed lines).
Colocalization of AC3-ir with the neuronal marker neuN revealed that the benefit of DFU was,
at least in part, because of neuroprotection (Fig. 4, A-D, Table 2).

At 6 hours after injury, the highest numbers of AC3-ir cells were found in the injured cortex
and the ipsilateral CA1-CA2 hippocampal regions, where COX2 levels were maximal. By 24
hours, AC3-ir cell numbers in most brain regions decreased to sham levels, except around the
ipsilateral parietal cortex and hippocampus (CA2, CA3). These areas demonstrated biphasic
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peaks with a minimum (still above sham levels) at 24 hours after injury. Surprisingly,
contralateral cortex (perirhinal, piriform) showed some increase in AC3-ir cells by 24 hours
(compared with ipsilateral counterparts), perhaps indicative of slight contra-coup injury.

The highest number of AC3-ir cells at any time point was observed in the injured parietal cortex
at 72 hours after injury, as expected for a marker of delayed cell death. All other cortical regions
returned to sham levels except the ipsilateral cingulate, probably because of its proximity to
the injured cortex. Ipsilateral hippocampal regions also demonstrated increases in AC3-ir at
72 hours. The cell number was highest in the CA3 region, coincident with previously reported
profiles of cell death (21) and maximal COX2 expression (96). In contrast, the number of AC3-
ir cells in all contralateral regions of the hippocampus was at or below sham levels.

DFU treatment attenuated the number of AC3-ir cells at 6 hours after injury in all ipsilateral
and contralateral cortical regions in which an increase was observed (Fig. 4E, dashed lines).
In the hippocampus, DFU did not reduce the number of AC3-ir cells in the ipsilateral Ammon’s
horn until later time points. At 24 and 72 hours, DFU effectively diminished the number of
AC3-ir cells in the entire ipsilateral hippocampus.

DFU-treated animals had an 83% reduction in AC3-ir neurons in injured cortex compared with
vehicle-treated animals (analysis of combined cingulate and parietal regions adjacent to injury,
2.5+ 1.2 versus 14.3+3.2; P <0.01, Scheffé’s test). The injured parietal cortex itself contained
excessive autofluorescent cells, barring the fluorescence colocalization analyses in this area.
Although DFU treatment halved the number of AC3-ir neurons in the ipsilateral CA1 and
dentate gyrus, these differences were not statistically significant (Table 2). Again, recurrent
autofluorescence in the CA2—-CA3 regions at 72 hours in this model confounded the analysis.
No significant differences in AC3-ir neurons were observed among contralateral brain regions.

COX2 Inhibition Alters Eicosanoid Metabolism in the Injured Brain

Assessment of relative brain eicosanoid levels at 24 hours after injury confirmed increases in
PGs and revealed increases in HETEs and EETS, cytochrome P450 epoxygenase metabolites
of arachidonic acid (Fig. 5). No change in DIHETEs, the metabolites of the EETSs, was observed
at this time.

DFU treatment (1 mg/kg) initiated 10 minutes before injury not only attenuated injury-induced
prostaglandin synthesis at 24 hours but also unexpectedly attenuated the increase in HETES
(Fig. 5). Significantly, DFU amplified the production of the EETs at 24 hours after injury by
more than fourfold (Fig. 5; note the discontinuity in the y axis).

COX2 Inhibition Preserves 2-AG Levels in the Injured Brain

The brain levels of 2-AG, a potentially neuroprotective endocannabinoid (73), were determined
in the ipsilateral hemispheres of the sham/vehicle, injured/vehicle, and injured/DFU (10 mg/
kg initiated 10 min before injury) groups at 4 hours and 24 hours after injury. TBI decreased
2-AG levels (21.1 £ 4.3 nmol/g wet weight) compared with sham (56 £ 13 nmol/g wet weight;
P < 0.05, Dunnett’s test). DFU treatment protected 2-AG levels in the injured brain (43.2 £
7.6 nmol/g wet weight; P < 0.05 versus injured/vehicle, Scheffé’s test). There was no
significant difference between sham/vehicle and injured/DFU-treated brains.

DISCUSSION

The acute treatment of brain trauma is still limited to ventilatory and fluid resuscitation,

removal of extracerebral hematomas or contused brain matter, and efforts to control rising
intracranial pressure (18). To date, no clinical treatment has been demonstrated to improve
outcome from TBI (49,63). Brain injuries trigger increases in COX2 expression, which has
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been implicated in the cause of neuronal cell death (16,43). In agreement with these findings,
cyclooxygenase inhibitors have been shown to improve neuronal survival in vitro as well as
neuropathology and recovery in vivo (10,12,22,38,62,85,95). The present studies demonstrate
that DFU improves functional recovery and reduces cell death and inflammation when
administered systemically before or after TBI. In addition, we provide evidence that this COX2
inhibitor attenuates injury-induced prostaglandin production in the brain, shifting arachidonic
acid metabolism toward potentially neuroprotective eicosanoids.

DFU (1 or 10 mg/kg i.p., twice daily, 3 d), initiated as late as 6 hours after injury, improved
functional recovery 3 days after TBI. DFU inhibited injury-induced prostaglandin production
by 24 hours after injury, apparently crossing the blood-brain barrier. DFU treatment diminished
COX2 expression and caspase-3 activation at 72 hours after injury in the injured cortex and
hippocampus. This benefit occurred in brain areas most vulnerable to delayed cell death at 72
hours after TBI (21,82). Activated caspase-3, a marker of cellular apoptosis, has been observed
in neurons, astrocytes, and oligodendrocytes after TBI (5). The effect of DFU was, at least in
part, neuroprotection. Although neuronal colocalization with activated caspase-3 may not in
itself confirm neuronal apoptosis, it is consistent with the clinical, in vivo, and in vitro
appearance of apoptosis after trauma (5,36,53,75-77,84,105,108). The limited neuroprotection
observed in the CA3 hippocampal region might be because some dying neurons were missed.
AC3-ir cells most likely include the damaged neurons that had lost their neuN staining, a
phenomenon readily observed in pyknotic neurons of injured cortex (5). A decrease in
caspase-3 activation in hippocampal neurons and inflammatory cells is consistent with recent
reports on the activity of COX2 inhibitors in vivo (10,85).

DFU also reduced the appearance of COX2 protein. Rofecoxib has been shown to reduce the
inflammation and excitotoxic cell death resulting from intraparenchymal injection of
quisqualic acid (85). There is mounting evidence that COX2-specific enzyme inhibitors
diminish lipopolysaccharide-induced COX2 messenger RNA in vitro (4,23,39,41,50,98,104).
We provide the first in vivo evidence of this phenomenon in the brain. These data support a
“vicious cycle” of neuroinflammation in which COX2 activity results in prolonged COX2 gene
expression (Fig. 6).

Central inflammation is often accompanied by the migration of peripheral inflammatory cells
into the brain (57,58). After hypoxic injury, up-regulation of the adhesion molecules vascular
cell adhesion molecule (VCAM), intercellular adhesion molecule (ICAM), and E-selectin on
cerebrovascular endothelial cells can be inhibited by indomethacin (92,93). These adhesion
molecules happen to be down-regulated by arachidonic acid-derived 11,12-EET in cardiac
endothelial cells (66). Thus, COX2 inhibitors may also protect the injured brain by shunting
arachidonic acid down alternative metabolic pathways.

Shunting has been alluded to by Christie et al. (19) in a model of opioid-nonsteroidal anti-
inflammatory drug (NSAID) synergy. They speculated that “blockade of cyclooxygenase and/
or 5-lipoxygenase might lead to shunting of arachidonic acid metabolism ... [and] enhanced
formation of 12-LOX metabolites, thereby enhancing the efficacy of opioids” (19, pp 2-3) in
the periaqueductal gray matter. Arachidonic acid shunting may be most significant when its
levels increase (i.e., after phospholipase activation because of tissue damage or inflammation).
Arachidonic acid can be oxidized to many biologically and chemically active derivatives, the
most prevalent being prostaglandins. When COX2 activity increases, proportionately more
arachidonic acid is converted to prostanoids and less to other metabolites. However, with the
inhibition of COX2 activity, arachidonic acid may accumulate or be converted to other
eicosanoid metabolites.
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As expected, DFU diminishes PGE; levels (and prostaglandins in general) in the injured brain.
At 6 hours after injury, there was no difference in the PGE2 content between injured/vehicle
and injured/DFU animals. This may be because of the route of central nervous system
penetration and its time-dependent binding to COX2 (81). Surprisingly, DFU also attenuated
the increase in HETEs observed 24 hours after injury. There is precedent for the synthesis of
HETEs (specifically) by COX2 after the enzyme is covalently modified by aspirin (59,71).
DFU reversibly inhibits COX2 catalytic activity (81), so the reduction in HETEs leads us to
question whether naturally occurring COX2 might produce these eicosanoids or whether brain
injury initiates a cyclooxygenase-dependent HETE pathway.

Panikashvili et al. (73) clearly demonstrated that 2-AG, systemically administered to mice,
was neuroprotective and improved functional outcomes after closed-head injury. In our studies,
DFU protected the injured rat brain from a decrease in this endogenous cannabinoid.
Interestingly, Kozak et al. (46) have provided evidence that COX2 metabolizes 2-AG, in which
case COX2 inhibition would protect the brain from 2-AG catabolism, particularly in the
environment of increasing COX2 levels seen after TBI. Most recently, Hampson and Grimaldi
(35) demonstrated that 12- and 15-HETE provided neurons with protection against glutamate-
mediated excitotoxicity. Surprisingly, certain acetylated (e.g., by aspirin) forms of COX2 may
preferentially produce 15-HETE (45). This points to a potentially protective role for covalent
“inhibition” of cyclooxygenases. Thus, COX2 inhibitors may lead to neuroprotective
arachidonic acid metabolites via several mechanisms. Further study using sensitive
chromatography techniques (109) will be necessary to determine which eicosanoids arise in
the injured brain treated with COX2 inhibitors.

TBI sets into motion destructive/pathological responses as well as protective/adaptive
responses. However, the distinction between these two types of processes is blurred, and
indeed, responses that are initially protective can become destructive or vice versa (86,94). In
animal models of TBI, brain prostaglandin levels rise rapidly after injury (25,28,89). The
release of such factors may have some physiologically adaptive purpose. For example, the
early rise in thromboxane may limit hemorrhage after TBI. However, the chronic inappropriate
expression of COX2 produces excessive prostaglandins and free radicals, probably promoting
the central inflammatory response, alterations in the blood-brain barrier, cerebral
autoregulation, and neuronal death (33,40,96,97).

Two classes of anti-inflammatory drugs have been used to reduce injury-induced central
prostaglandin production. Glucocorticoids block the induction of COX2 without affecting the
expression of COX1 (54,78). Although these anti-inflammatory steroids lack the gastric side
effects of the NSAIDs, they produce even more serious side effects than the NSAIDs (37), and
the usefulness of glucocorticoids in alleviating injury-induced central inflammation may be
limited (69). Moreover, glucocorticoids did not improve outcomes in pre-clinical (88) or
clinical studies (2,82a).

First- and second-generation NSAIDs, conversely, act by inhibiting both COX1 and COX2
enzyme activity and thus boost gastric acid production as they alleviate inflammation (59). In
rat brain injury models, cyclooxygenase inhibitors limit prostaglandin production (88),
suppress hypermetabolism (83), and decrease brain damage after temporary focal ischemia
(10,62). Clinically, indomethacin has been suggested to improve intracranial pressure and
cerebral perfusion pressure after brain injury in humans (6). Recent studies focusing on the
role of COX2 in neuropathology, excitotoxicity, and control of cerebral microcirculation have
used the third-generation, highly specific COX2 inhibitors in both basic and clinical
investigations. These NSAIDs (e.g., rofecoxib, valdecoxib, celecoxib) should have fewer side
effects than indomethacin, ibuprofen, or aspirin. The primary focus has been on the specificity
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of these drugs for COX2 over COX1 and the reduced production of prostaglandins,
prostacyclins, thromboxanes, and free radicals.

COX2 inhibition benefits the brain-injured rat by improving both functional recovery and
neuropathology. Although decreased prostaglandin and free radical production is one likely
mechanism of action, the potential shunting of arachidonic acid toward anti-inflammatory and
neuroprotective eicosanoids and the inhibition of 2-AG catabolism may also benefit the injured
brain. Given the safety profile of the third-generation COX2-specific inhibitors, Phase 1/11
clinical trials of these agents in neuroprotection after brain injuries seem to be warranted.
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FIGURE 1.

DFU treatment initiated before or after injury improved functional recovery after TBI. A,
neuroscore: injured/vehicle-treated animals scored significantly lower compared with shams
(19.3 £ 0.3 versus 22.4 + 0.7 [dashed line]; P < 0.05, Scheffé’s test). Injured/DFU-treated
animals improved their neuroscore compared with injured/vehicle-treated animals (P < 0.01,
Dunnett’s test, except the 10 mg/kg pretreatment group). This improvement occurred even
when the first dose of DFU was administered 2 to 6 hours after the injury. Neuroscore consisted
of forelimb flexion, hindlimb extension, and lateral pulsion (see Materials and Methods). B,
water maze difference scores were improved in the high-dose DFU groups, even when
treatment was initiated 2 to 6 hours after injury. Sham: vehicle-treated and surgery, no injury
(n = 15); vehicle: injured/vehicle-treated (n = 55); 1DFU/Pre: injured, 1 mg/kg DFU initiated
10 minutes before surgery (n = 15); 1DFU/2 hours: injured, 1 mg/kg DFU initiated 2 hours
after injury (n = 13); 1DFU/6 hours: injured, 1 mg/kg DFU initiated 6 hours after injury (n =
13); 10DFU/Pre: injured, 10 mg/kg DFU initiated 10 minutes before surgery (n =12); 10DFU/
2 hours: injured, 10 mg/kg DFU initiated 2 hours after injury (n = 12); and 10DFU/6 hours:
injured, 10 mg/kg DFU initiated 6 hours after injury (n = 12). Results are mean * standard
error of the mean; gray boxes represent the 99% confidence interval. *, P < 0.05, Dunnett’s
test; **, P < 0.01, Dunnett’s test.
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FIGURE 2.

DFU treatment attenuated brain prostaglandin E; levels after TBI. Hippocampal PGE,
production was maximal in the injured brain at approximately 24 hours after injury. DFU (1
mg/kg initiated 10 min before injury) decreased injury-induced PGE, production at 24 hours
after injury. Micropunches of fresh-frozen brain (bregma —3.1 to —3.6 according to the
coordinates of Paxinos and Watson [74]) were dissected, and PGE, levels were determined
as described in Materials and Methods. Parietal cortex showed essentially the same profile
(sham: 7.6 £ 0.5; injured/vehicle: 25.6 * 8.5; injured/DFU: 12.8 + 2.9 pg PGEy). Sham-
operated animals from each time point (n = 2) showed no differences in PGE, levels and were
grouped together at time zero; otherwise, n = 3 to 4 per point. *, P < 0.05, Dunnett’s test; §,
P < 0.05, Scheffé’s test.
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FIGURE 3.

DFU treatment attenuated COX2 expression after TBI. DFU (10 mg/kg initiated 10 min before
injury, right columns) reduced COX2 in both ipsilateral parietal cortex (A) and hippocampal
CA2-CA3 regions (B) compared with vehicle-treated controls (left columns). Attenuation of
COX2-ir was observed as early as 6 hours (top panels), at 24 hours (middle), and at 72 hours
(bottom) after injury. COX2-ir was evaluated in 3 to 4 animals per group, according to both
the cell number and the intensity of signal (see Materials and Methods). Scale bar = 50 um.
C, immunoblots of COX2 (72 kD) from the ipsilateral cortex (left) and hippocampus (right) at
72 hours after injury. DFU attenuated injury-induced COX2 in the ipsilateral cortex (P < 0.05,
Dunnett’s test) but not in the hippocampus (right) by this method. Fresh-frozen micropunches
of injured cortex and dorsal hippocampus (bregma — 3.6 to — 4.3 mm according to the
coordinates of Paxinos and Watson [74]) were dissected and processed as described (96).
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FIGURE 4.

DFU treatment attenuated activated caspase-3 immunoreactivity after TBl. A-D,
colocalization (arrows) of activated caspase-3 (AC3, right) with neurons (neuN, left) is an
indicator of neuronal apoptosis at 72 hours after injury. A, DFU (10 mg/kg initiated 10 min
before injury) abolishes injury-induced AC3/neuN colocalization in the ipsilateral parietal
cortex; B, vehicle-treated injured brains. C, DFU attenuates AC3/neuN colocalization in
hippocampal CA3 hilar pyramidal and dentate granule neurons; D, vehicle-treated injured
brains. Scale bar = 50 um. E, activated caspase-3 in all cells of selected brain regions,
ipsilateral and contralateral to injury: injured/vehicle (solid lines) and injured/DFU (10 mg/
kg, dashed lines) groups. Scores are the difference from the sham group (data averaged from
all time points, range = 0-4) in the designated region. Notice the differences in scale in the
contralateral regions. Fluorescence colocalization and cell counts performed as described in
Materials and Methods.
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FIGURE 5.

DFU treatment altered relative eicosanoid levels in the injured cortex. Eicosanoid levels
increased in the ipsilateral cortex by 24 hours after injury. DFU (1 mg/kg) initiated 10 minutes
before injury decreased PGs and HETEs and resulted in an amplification of EETS, possibly
because of arachidonic acid shunting. Fresh-frozen parietal cortex was microdissected from
300-pm sections, and lipids were extracted and derivatized as described in Materials and
Methods. PGs, HETEs, EETs, and their dihydroxy metabolites (DIHETES) were quantified by
fluorescence-detected HPLC (109). Individual peak areas (corrected for recovery) were
grouped by class and summed, corrected for tissue wet weight, and normalized to the
contralateral side. Averages (n = 3 animals per group) shown for sham/vehicle (SHAM, light
bars), injured/vehicle (INJURED, striped bars), and injured/DFU (INJ/DFU, 1 mg/kg, dark
bars). Note the discontinuity in the y axis, showing the extent of EET increase.
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Vicious cycle of neuroinflammation. COX2 enzyme activity and gene expression increase both
acutely and chronically after brain injuries. This may establish a vicious cycle that worsens

functional recovery via overproduction of prostaglandins and free radicals. COX2 inhibition
benefits the injured brain and attenuates the injury-induced rise in COX2 activity (acutely) and

gene expression (by 72 h after injury).
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TABLE 1
Effect of cyclooxygenase-2 inhibition on memory performance in the Morris water maze?®
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Groupband time initiated n Water maze score® Dunnett t score
Injured/vehicle
Pre + Post 55 81+13
1 mg/kg DFU
Pre 13 132+ 25 1.857
2 h post 13 121 +12 1.454
6 h post 13 115+ 16 1.259
10 mg/kg DFU
Pre 12 135+ 16 1.912
2 h post 12 162 + 32 2.886
6 h post 12 132+ 17 1.796

aDFU, 5,5-dimethyl-3(3-f|uorophenyl)-4(4-methy|suIfonyl)phenyl-2(3H)-furanone.

b . . I .
All animals were injured and treated as described in Materials and Methods.

The water maze scores increase with the time spent near the target zone; see Reference 51 for details. Analysis of variance (P = 0.0472), Dunnett critical

value = 2.64.

dP < 0.05 versus injured/vehicle.
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