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SUMMARY

1. Post-traumatic inflammation may play a significant role in
the development of delayed secondary brain damage following
traumatic brain injury.

2. During post-traumatic inflammation, metabolic products
of arachidonic acid, known as prostanoids (prostaglandins and
thromboxanes) are released and aggravate the injury process.
Prostanoid synthesis is regulated by the enzyme cyclo-oxygenase
(COX), which is present in at least two isoforms, COX-1 (the
constitutive form) and COX-2 (the inducible form).

3. In the present study, we examine the temporal and spatial
profiles of COX-2 expression and the effects of the COX-2
inhibitor nimesulide on motor and cognitive outcome following
diffuse traumatic brain injury in rats.

4. Adult male Sprague-Dawley rats were injured using the
2m impact acceleration model of diffuse traumatic brain
injury. At preselected time points after injury, animals were
killed and the expression of COX-2 was measured in the cortex
and hippocampus by western blotting techniques.

5. Increased expression of COX-2 was found in the cortex at
3 days and in the hippocampus as early as 3 h postinjury and
this persisted for at least 12 days.

6. Administration of nimesulide (6 mg/kg, i.p.) at 30 min after
injury and daily over a 10 day post-traumatic neurological
assessment period resulted in a significant improvement com-
pared with vehicle (2% dimethylsulphoxide diluted in isotonic
saline)-treated controls in cognitive deficits, as assessed by the
Barnes circular maze. There was also a significant improvement
in motor dysfunction as assessed by the rotarod test on days 1
and 2 post-trauma compared with vehicle-treated controls.

7. These results implicate the involvement of COX-2 in
cognitive and motor dysfunction following diffuse traumatic
brain injury.
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INTRODUCTION

It is now known that much of the brain damage produced by head
impact is not the result of the initial trauma but, rather, develops
over a period of hours to days after the primary event. Indeed, it is
the complex secondary mechanisms initiated at the time of trauma
that play an important role in the delayed progression of the brain
damage. The identification of these secondary factors involved
in the injury process is important because it may lead to new
therapeutic strategies that improve functional outcome.! One of the
secondary processes that may play a role in delayed neuronal death
is post-traumatic inflammation, in which prostanoids, metabolic
products of arachidonic acid, are among the pivotal regulators.’
Prostanoid synthesis is regulated by cyclo-oxygenase (COX; or
prostaglandin H synthase) that is present in at least two isoforms,
COX-1, the constitutive form and COX-2, the inducible form.?
Cyclo-oxygenase-2 regulates the key metabolic step in the biosyn-
thesis of prostanoids, which are believed to play an important role
in the control of cerebral circulation and neuronal signalling.*
Moreover, because increased prostaglandin (PG) synthesis has been
demonstrated in the brain following traumatic brain injury,’ PG have
been implicated in the pathogenesis of the physiological and mor-
phological sequelae of traumatic brain injury (TBI). Consistent with
this, it has recently been shown that an inhibition of prostanoid syn-
thesis protects against neuronal damage following ischaemic brain
injury.®

Increased COX-2 activity and enhanced release of prostanoids
have been shown to be associated with the generation of highly
reactive oxygen species (ROS).* Reactive oxygen species have
potent deleterious effects on lipids, proteins and DNA and have been
implicated in the development and progression of apoptotic cell
death in the central nervous system.” Expression of COX-2 has also
been shown to be an important determinant of cytotoxicity connected
with inflammation.® Finally, induction of COX-2 has been demon-
strated following experimental ischaemia,® after kainate treatment’
and following lateral cortical impact injury.'® However, no studies
have examined the role of COX-2 in models of traumatic brain injury
that have diffuse axonal injury as a major component. Accordingly,
the aim of the present study was to examine the temporal and spatial
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profiles of COX-2 expression and the effects of the COX-2 inhibitor
nimesulide on motor and cognitive outcome following diffuse
TBI in rats.

METHODS

Brain trauma model

All experimental protocols were approved by the James Cook University
Experimental Ethics Committee and were conducted according to the
Guidelines for the Use of Animals in Experimental Research as outlined by
the National Health and Medical Research Council of Australia.

Traumatic brain injury was performed using the impact-acceleration model
of diffuse TBI, as described previously.'*? Briefly, adult male Sprague-
Dawley rats (350-450 g) were anaesthetized with sodium pentobarbital
(50 mg/kg, 1.p.), intubated and mechanically ventilated on room air using a
Harvard Rodent Ventilator (Harvard Apparatus, Holliston, MA, USA). Rectal
temperature was maintained at approximately 37°C with a thermostatically
controlled heating pad. The skull was exposed by a midline incision and a
stainless steel disc (10 mm in diameter and 3 mm in depth) was fixed rigidly
with polyacrylamide adhesive to the animal’s skull centrally between lambda
and bregma. Rats were placed on a 10 cm deep foam bed and then subjected
to the injury induced by dropping a 450 g brass weight a distance of 1 m
onto the stainless steel disc. Such a model, as described previously in
the original publications,'"'? produces moderate diffuse axonal injury.
Sham-injured animals underwent identical surgical procedures, but were not
subject to impact injury.

Sample preparation and immunoblots

Following injury, animals were anaesthetized and killed by decapitation 3,
6, 12 and 24h and 3, 4, 5, 7 and 12 days (n =5 per time point) following
diffuse TBI. The brains were removed rapidly and samples of parietal cortex
and hippocampus were collected. Extracts from brain samples were prepared
by lysis in 100 mmol/L HEPES buffer, pH 7.5, containing 10% sucrose,
1 mmol/L EDTA, 1% Triton-X, 1 mmol/L dithiothreitol (DTT), 1 mmol/L
phenylmethylsulphonyl fluoride (PMSF), 1 pg/mL leupeptin, | pg/mL pep-
statin A and 5 pg/mL aprotinin and centrifuged at 10000 g. Thirty micro-
gram total protein from each sample was then loaded onto a 12% sodium
dodecyl sulphate—polyacrylamide gel and, after electrophoresis, protein was
transferred to a nitrocellulose membrane (Hybond-ECL; Amersham
Pharmacia, Castle Hill, NSW, Australia). Blots were blocked with 5% non-

fat milk in TBST (10 mmol/L Tris, pH7.2, 150 mmol/L NaCl, 0.05%
Tween 20) and incubated in antibody directed against COX-2 (polyclonal
murine IgG; 1:1000; Cayman Chemical, Ann Arbor, ME, USA) for 1 h
at room temperature. After incubation, blots were washed three times in
phosphate-buffered saline (PBS) containing 0.1% Tween 20, and the
secondary antibody (goat antirabbit IgG-HRP; 1: 10 000; Sigma, St Louis,
MO, USA) was applied for 1 h at room temperature. Blots were washed in
PBS containing 0.1% Tween 20 three times and then incubated in commercial
enhanced chemiluminescence reagents (Amersham, Arlington Heights, IL,
USA) and exposed to Kodak BioMax ML film (Eastman Kodak, Rochester,
NY, USA). To quantitatively assess changes in estimated proteins, the
appropriate bands were analysed by densitometry and quantified by
computer analysis.

Drug preparation and administration

N-(Nitro-2-phenoxyphenyl)-methanesulphonamide (R805; marketed as
Nimesulide; Cayman Chemical) was suspended in dimethylsulphoxide
(DMSO) and further diluted into isotonic saline prior to administration (final
concentration of DMSO 2%). Animals were then administered nimesulide
intraperitoneally (6 mg/kg bodyweight; » = 10) or vehicle (» = 10) at 30 min
after trauma and daily over a 10 day period.

Assessment of motor performance

Motor assessment was performed using the rotarod device, which has been
described as being the most sensitive test to detect motor deficit in rodent
brain injury."* Briefly, animals were placed on the rotarod device, consisting
of a motorized rotating ensemble of 18 rods. The rotational speed of the
device was increased from 0 to 30 r.p.m. at intervals of 3 r.p.m. every 10s.
The latency to fall from the rotating bars or to grip the rods and spin two
consecutive rotations was recorded for each rat over a 10 day post-traumatic
period.

Assessment of cognitive performance

The Barnes circular maze,'* adapted from Bach e al.,"> and described in
detail by Fox er al.'® was used to assess spatial reference memory follow-
ing diffuse TBI. Animals were trained to locate a hidden escape tunnel, which
was placed directly beneath one of 18 circular holes at the perimeter of a
large circular platform. Latency, in seconds, to find the escape tunnel after
initiation of aversive sound and light stimuli was tested daily over a 10 day
post-traumatic period.
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Fig.1 Time-course of cyclo-oxygenase (COX)-2 levels in the cortex ([J) and hippocampus (H) over a 12 day post-traumatic period following diffuse trau-
matic brain injury. Data are expressed as a percentage of control, where control is 100%. Bars represent the mean=SEM (n = 5 per time point). *P<0.01,

fP<0.001 compared with control.

95U3dI7 sUOWWOY aAeaL) d|qedijdde ay3 Aq pausanob aie sapd13Ie YO ‘Bsh o sa|nJ 10y Aleiqr auljuQ A3JIA UO (SUOIIPUOD-pue-swId}/wodAs|ImAieiqijauljuo//:sd1y)
SUOIHIPUO) pue swid] Ay} 335 “[#202/10/22] uo Aieiqry suljuo A3 ‘tuwny apiejapy jo Aysianun Ag “x'6¥5€0°1002°189L-07 L (/901 0L/10p/wodAspimAieiqipuljuo//:sdiy wouy papeojumoq ‘LL ‘2002 ‘L89LOY YL



924 I Cernak et al.
140 @ 90;
120 © 801
“ c 704
~ 100 2 i
o * @ 60
3 80 * S 50
» (&)
ko) O 401
60 o
% 2 30
S 40 > 20
I c
2 10' *
20 S 0 . * . i . . . . * . % . * . .
0 Pre- 1 2 3 4 5 6 7 8 9 10

Pre- 1 2 3 4 5 6 7 8 9 10

trauma . .
Time postinjury (days)

Fig.2 Alterations in motor performance between animals treated with
either nimesulide (cyclo-oxygenase-2 inhibitor; @) or vehicle (2% dimethyl-
sulphoxide diluted in isotonic saline; M) over a 10 day assessment period
following diffuse traumatic brain injury in rats. Data are the means*=SEM
(n =10 per time point). *P <0.05 between treatment groups.

Statistical analysis

Statistical significance for western blots was determined by analysis of
variance (ANOVA) followed by Student-Newman—Keul’s post hoc tests. For
analysis of behavioural data, a repeated-measures ANOVA was used to deter-
mine group main effects. The least significant pairwise multiple comparison
post hoc test was used to determine group differences on specific days after
injury. The level of significance was set at P <0.05.

RESULTS

Cyclo-oxygenase-2 protein levels in brain structures
following TBI

Figure 1 shows the time-course of COX-2 expression in the cortex
and hippocampus following acceleration-induced impact injury. The
immunoreactivity for COX-2 is increased by approximately 50%
in the cortex at 3 days postinjury (148 = 16%) compared with control
animals. An increase in hippocampal COX-2 immunoreactivity
occurred within 3 h, with a maximal level at 48 h (588 = 68% vs
control values) and persisted until the end of the 12 day observation
period (Fig. 1).

Motor function following TBI

Traumatic brain injury caused a significant motor deficit in vehicle-
treated control animals, with the nadir noted at 24 h postinjury
(30 = 8s; P<0.001 vs pre-injury values of 98 = 165s). The motor
deficit persisted for the full 10 day post-traumatic assessment period
(Fig. 2). Nimesulide treatment reduced the injury induced motor
deficit such that a statistically significant improvement was observed
at 24 h and 5 days post-trauma (Fig. 2).

Cognitive function following TBI

Prior to injury, mean latency time for animals to locate the Barnes
maze tunnel was 9 = 1s. Following injury, the latency to locate the
tunnel increased significantly (P<0.001) and peaked at 24 h and
7 days post-trauma (69 * 18 and 37 = 9 s, respectively). Treatment
with nimesulide significantly improved cognitive performance at
almost all time points post-trauma when compared with vehicle-
treated controls (Fig. 3).
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Fig.3 Alterations in motor performance between animals treated
with either nimesulide (cyclo-oxygenase-2 inhibitor; @) or vehicle
(2% dimethylsulphoxide diluted in isotonic saline; M) over a 10 day
assessment period following diffuse traumatic brain injury in rats. Data are
the means®=SEM (n = 10 per time point). *P<0.05 between treatment
groups.

DISCUSSION

In the present study, we have demonstrated that diffuse TBI in
rats increases the expression of COX-2 protein in the cortex and
hippocampus. Such an increase in COX-2 protein expression in the
hippocampus started as early as 3 h postinjury and persisted for
12 days. Administration of a specific inhibitor of COX-2, namely
nimesulide, during this time period significantly reduced cognitive
deficit and improved motor performance.

Inhibition of PG synthesis following brain injury has been
reported as neuroprotective in experimental studies of focal
ischaemia in rats,® concussive brain injury in cats,'” fluid-
percussion-induced neurotrauma in rats'® and in clinical neuro-
surgery.'? Increases in PG are a consequence of COX-2 activity and
may have direct effects on further secondary injury mechanisms,
such as free radical generation’® and neurotransmitter release.’!
Following lateral cortical impact injury, increased COX-2 levels
reach a plateau in both the ipsilateral cortex and hippocampus at
24 h-3 days.'®*? Our results demonstrate a similar trend of COX-2
protein expression in hippocampus, but of longer duration (up to
12 days) and of higher amplitude. Furthermore, significantly
increased COX-2 levels in the cortex were shown in the present study
only on day 3 postinjury. Differences between the lateral cortical
impact injury model used in previous studies and the acceleration
(weight drop) impact injury model used in the present study may
account for such variance. We assume that the extended time-course
for COX-2 immunoreactivity in the hippocampus observed in the
present study could be a consequence of either a relatively long half-
life of the protein or its continued transcription. Moreover, the differ-
ences in COX-2 expression between the cortex and hippocampus
may be accounted for by regionally specific responses to trauma.

The specific COX-2 inhibitor nimesulide was shown to reduce
white matter damage in chronic cerebral ischaemia®® and limit
kainate-induced oxidative damage in the rat hippocampus.** In the
present study, animals receiving nimesulide demonstrated signifi-
cant attenuation of cognitive deficits compared with non-injured
animals, but the beneficial effects on motor performance were much
less profound. In contrast with our findings, Dash ef al.'® demon-
strated that celecoxib, another specific COX-2 inhibitor, worsened
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motor performance without affecting cognitive outcome following
lateral cortical impact injury in rats. Such an inconsistency between
results may be a consequence of the different pharmacological
profiles of the two COX-2 inhibitors or a function of the different
injury models that were used in the two studies. Taken together, our
findings support the involvement of COX-2 in cognitive and motor
dysfunction following diffuse TBIL

ACKNOWLEDGEMENT

This study was supported, in part, by a grant from the Neurosurgical
Research Foundation of Australia to RV and IC.

10.

REFERENCES

. MclIntosh TK, Smith DH, Meaney DF, Kotapka MJ, Gennarelli TA,

Graham DI. Neuropathological sequelae of traumatic brain injury:
Relationship to neurochemical and biomechanical mechanisms. Lab.
Invest. 1996; 74: 315-42.

. Bazan NG, Rodriguez de Turco EB, Allan G. Mediators of injury in

neurotrauma: Intracellular signal transduction and gene expression.
J. Neurotrauma 1995; 12: 791-814.

. Vane JR, Bakhle YS, Botting RM. Cyclooxygenases 1 and 2. Annui. Rev.

Pharmacol. Toxicol. 1998; 38: 97—-120.

. Bazan NG. Arachidonic acid in the modulation of excitable membrane

function and at the onset of brain damage. Ann. N.Y. Acad. Sci. 1989;
559: 1-16.

. Shohami E, Shapira Y, Sidi A, Cotev S. Head injury induces increased

prostaglandin synthesis in rat brain. J. Cereb. Blood Flow Metab. 1987,
7: 58-63.

. Buccellati C, Folco GC, Sala A et al. Inhibition of prostanoid synthesis

protects against neuronal damage induced by focal ischemia in rat brain.
Neurosci. Lett. 1998; 257: 123-6.

. Sastry PS, Rao KS. Apoptosis and the nervous system. J. Neurochem.

2000; 74: 1-20.

. Collaco-Moraes Y, Aspey B, Harrison M, de Belleroche J. Cyclo-

oxygenase-2 messenger RNA induction in focal cerebral ischemia.
J. Cereb. Blood Flow Metab. 1996; 16: 1366-72.

. Sandhya TL, Ong WY, Horrocks LA, Farooqui AA. A light and

electron microscopic study of cytoplasmic phospholipase A2 and
cyclooxygenase-2 in the hippocampus after kainate lesions. Brain Res.
1998; 788: 223-31.

Dash PK, Mach SA, Moore AN. Regional expression and role of
cyclooxygenase-2 following experimental traumatic brain injury.
J. Neurotrauma 2000; 17: 69-81.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

925

Marmarou A, Foda MA, van den Brink W, Campbell J, Kita H,
Demetriadou K. A new model of diffuse brain injury in rats. Part L.
Pathophysiology and biomechanics. J. Neurosurg. 1994; 80: 291-300.
Foda MA, Marmarou A. A new model of diffuse brain injury in rats.
Part II. Morphological characterization. J. Neurosurg. 1994; 80:
301-13.

Hamm RJ, Pike BR, O’Dell DM, Lyeth BG, Jenkins LW. The rotarod
test: An evaluation of its effectiveness in assessing motor deficits
following traumatic brain injury. J. Neurotrauma 1994; 11: 187-96.
Barnes CA. Memory deficits associated with senescence: A neuro-
physiological and behavioral study in the rat. J. Comp. Physiol. Psychol.
1979; 93: 74-104.

Bach ME, Hawkins RD, Osman M, Kandel ER, Mayford M. Impairment
of spatial but not contextual memory in CaMKII mutant mice with a
selective loss of hippocampal LTP in the range of the theta frequency.
Cell 1995; 81: 905-15.

Fox GB, Fan L, LeVasseur RA, Faden Al Effect of traumatic brain
injury on mouse spatial and nonspatial learning in the Barnes circular
maze. J. Neurotrauma 1998; 15: 1037-46.

Wei EP, Kontos HA, Dietrich WD, Povlishock JT, Ellis EF. Inhibition
by free radical scavengers and by cyclooxygenase inhibitors of pial
arteriolar abnormalities from concussive brain injury in cats. Cire. Res.
1981 48: 95-103.

Kim HIJ, Levasseur JE, Patterson Jr JL ef al. Effect of indomethacin
pretreatment on acute mortality in experimental brain injury.
J. Neurosurg. 1989; 71: 565-72.

Benedek G, Toth-Daru P, Janaky J, Hortobagyi A, Obal Ir F,
Colner-Sasi K. Indomethacin is effective against neurogenic hyper-
thermia following cranial trauma or brain surgery. Can. J. Neurol. Sci.
1987; 14: 145-8.

Katsuki H, Okuda S. Arachidonic acid as a neurotoxic and neurotrophic
substance. Prog. Neurobiol. 1995; 46: 607-36.

Parsadaniantz SM, Lebeau A, Duval P, Grimaldi B, Terlain B, Kerdelhue
B. Effects of the inhibition of cyclo-oxygenase 1 or 2 or 5-lipoxygenase
on the activation of the hypothalamic—pituitary—adrenal axis induced
by interleukin-lbeta in the male rat. J. Neuroendocrinol. 2000; 12:
766-73.

Strauss KI, Barbe MF, Marshall RM, Raghupathi R, Mehta S,
Narayan RK. Prolonged cyclooxygenase-2 induction in neurons and glia
following traumatic brain injury in the rat. J. Neurotrauma 2000; 17:
695-711.

Wakita H, Tomimoto H, Akiguchi I, Lin JX, Miyamoto K, Oka N. A
cyclooxygenase-2 inhibitor attenuates white matter damage in chronic
cerebral ischemia. Neuroreport 1999; 10: 1461-5.

Candelario-Jalil E, Ajamieh HH, Sam S, Martinez G, Leon Fernandez
OS. Nimesulide limits kainate-induced oxidative damage in the rat
hippocampus. Eur J. Pharmacol. 2000; 390: 295-8.

95U sUOWWOY) aAIReal) ajqedijdde ayy Aq paulanob aie sa|d11Ie YO ‘8sn Jo sa|nJ Joj Aieiqr] auljuQ A3JIM\ UO (SUOIHPUOD-pue-swIR}/wodAs|imAlelqiduljuo//:sd1y)
SUOIHIPUOD pue swid] By} 33 ‘[202/10/22] uo Ateiqry aunuo A3 ‘uwny apiejapy jo Aysianiun Ag “x'675€0°.00Z°189L-07 L (/9701 0L/10p/wodAeimAieiqijauljuo//:sdny wouy papeojumoq ‘LL ‘200Z ‘L89LOVL



