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Abstract
We investigated the relative contribution of COX-1 and/or COX-2 to oxidative damage,
prostaglandin E2 (PGE2) production and hippocampal CA1 neuronal loss in a model of 5 min transient
global cerebral ischemia in gerbils. Our results revealed a biphasic and significant increase in
PGE2 levels after 2 and 24-48 h of reperfusion. The late increase in PGE2 levels (24 h) was more
potently reduced by the highly selective COX-2 inhibitor Rofecoxib (20 mg/kg) relative to the COX-1
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inhibitor Valeryl Salicylate (20 mg/kg). The delayed rise in COX catalytic activity preceded the onset
of histopathological changes in the CA1 subfield of the hippocampus. Post-ischemia treatment with
Rofecoxib (starting 6 h after restoration of blood flow) significantly reduced measures of oxidative
damage (glutathione depletion and lipid peroxidation) seen at 48 h after the initial ischemic episode,
indicating that the late increase in COX-2 activity is involved in the delayed occurrence of oxidative
damage in the hippocampus after global ischemia. Interestingly, selective inhibition of COX-2 with
Rofecoxib or inhibition of COX-1 with Valeryl Salicylate significantly increased the number of
healthy neurons in the hippocampal CA1 sector even when the treatment began 6 h after ischemia.
These results provide the first evidence that both COX isoforms are involved in the progression of
neuronal damage following global cerebral ischemia, and have important implications for the
potential therapeutic use of COX inhibitors in cerebral ischemia.
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Introduction
In humans and in animals subjected to transient global cerebral ischemia, specific neurons
degenerate following the ischemic episode (Kirino, 1982, 2000; Pulsinelli et al., 1982; Petito
et al., 1987). It is now known that much of the brain damage produced by transient global
cerebral ischemia is not the result of the initial ischemic episode but, rather, develops over a
period of hours to days after the primary event. Indeed, it is the complex secondary molecular
mechanisms initiated at the time of ischemia that play an important role in the delayed
progression of neuronal cell loss. The cornu Ammonis 1 (CA1) neurons of the hippocampus
are widely regarded as among the most vulnerable in the mammalian brain to ischemia
(Pulsinelli et al., 1982; Schmidt-Kastner and Freund, 1991). Although several
pathophysiological mechanisms have been proposed to explain delayed neuronal death of
hippocampal CA1 pyramidal neurons (Jain, 2000), post-ischemic inflammation and the
formation of oxygen-derived free radicals are thought to play pivotal roles in reperfusion-
induced delayed neurodegeneration (Kitagawa et al., 1990; Yamamoto et al., 1997; Urabe et
al., 2000).

Previous studies have shown that one of the primary sources of reactive oxygen species in the
ischemic brain is through the metabolism of arachidonic acid by cyclooxygenase or COX
(Nelson et al., 1992; Busija et al., 1998; Chan, 1996, 2001). There is mounting evidence that
induction of the COX-2 isoform contributes to ischemic brain damage (Ohtsuki et al., 1996;
Nogawa et al., 1997; Nakayama et al., 1998). Induction of COX-2 mRNA and protein through
activation of AMPA receptors in global ischemia (Koistinaho et al., 1999) suggests that COX-2
is a mediator of glutamate excitotoxicity. COX-2 is one of a select few proteins that still remains
upregulated in CA1 hippocampal cells even at 3 days after ischemia (Nakayama et al., 1998;
Koistinaho et al., 1999), thus preceding the death of these neurons. Administration of inhibitors
of COX, but not lipooxygenase inhibitors, ameliorates delayed hippocampal CA1 neuronal
death in rodents after transient global cerebral ischemia (Sasaki et al., 1988; Nakagomi et al.,
1989; Hall et al., 1993). Recently, it has been reported that COX-2 selective inhibitors prevent
both post-ischemic prostaglandin accumulation and ischemic neuronal damage (Nogawa et
al., 1997; Nakayama et al., 1998; Iadecola et al., 2001a), suggesting that the beneficial effects
observed with non-selective COX inhibitors are probably associated with inhibition of COX-2
rather than COX-1. Given the observation that increased COX activity and enhanced release
of prostanoids are associated with the generation of large amounts of free radicals (Marnett et
al., 1999; Niwa et al., 2001), the goal of this study was to determine the relative contribution
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of COX-1 and/or COX-2 to ischemia-induced oxidative injury in the gerbil hippocampus, and
to test the hypothesis that the neuroprotective effects observed with COX-2 selective inhibitors
are partly mediated through reduction of oxidative damage in the reperfused brain.

Methods
Animals and surgical procedures

Studies were performed in accordance with the Declaration of Helsinki and with the Guide for
the Care and Use of Laboratory Animals as adopted and promulgated by National Institutes of
Health (Bethesda, MD, USA). Our institutional animal care and use committee approved the
experimental protocol (No. 02/99). Adult male Mongolian gerbils (Meriones unguiculatus,
12-15 weeks, 55-65 g) were subjected to transient global cerebral ischemia under diethyl ether
anesthesia by occluding both common carotid arteries for 5 min with microaneurysmal clips
(Sugita, Japan) exactly as in our previous reports (Candelario-Jalil et al., 2001, 2002a; Martínez
et al., 2001), which consistently resulted in delayed neuronal death in the CA1 region of the
hippocampus (Kirino, 1982; Hong et al., 2001; Candelario-Jalil et al., 2002c). Blood flow
during the occlusion and reperfusion after removal of the clips was visually confirmed and the
incision was closed with 4-0 silk sutures. The onset of cerebral ischemia was associated with
a brief period of panting breathing and body movements followed by quiescence. Successful
occlusion of both carotid arteries was evident with the rapid onset of complete bilateral ptosis
and the adoption of a ‘hunched’ posture. Only animals showing this behavior were considered
in this study (Martí et al., 2001; Martínez et al., 2001). In sham- operated animals, the arteries
were freed from connective tissue but were not occluded. The rectal temperature was carefully
monitored and maintained at 37 ± 0.5°C using an incandescent lamp and the animals were
allowed to recover on an electrical heated blanket. In addition, rectal temperature was
monitored at 6-h intervals for 3 days of reperfusion in all experimental groups.

Treatments with selective inhibitors of COX-1 and COX-2
The selective COX-1 inhibitor Valeryl Salicylate (Bhattacharyya et al., 1995; Davidson and
Lang, 2000; IC50 for ovine COX-1: 0.8 mM, IC50 for ovine COX-2: 15 mM; Cayman Chemical,
Ann Arbor, MI, USA) and the highly selective COX-2 inhibitor Rofecoxib (Chan et al., 1999;
IC50 for purified human COX-2: 0.34 μM, IC50 for purified human COX-1: 26.3μM, Merck
Sharp & Dohme, Whitehouse Station, NJ, USA) were employed as pharmacological tools to
investigate the relative contribution of COX isoforms to delayed neuronal death following
global cerebral ischemia. Both COX inhibitors readily cross the blood-brain barrier
(Bhattacharyya et al., 1995; Halpin et al., 2000). The drug treatment paradigms used for each
measure are described below.

Effect of Selective COX Inhibitors on Hippocampal CA1 Neuronal Cell Numbers
In an initial set of studies, gerbils received a 5 min transient global cerebral ischemia episode
and were sacrificed at different reperfusion periods (1, 2, 3, 4 and 7 days; n=5 at each time
point) and the brains were used to determine neuronal cell counts in the hippocampal CA1
region (see counting procedure below). To determine the effects of COX-1 and COX-2
inhibition on cell numbers, an additional set of animals received Valeryl Salicylate (20 and 80
mg/kg; i.p.), Rofecoxib (5, 10 and 20 mg/kg; i.p.) or vehicle (polyvinylpyrrolidone; i.p.)
administered in two different treatment schedules: 1) 30 min before ischemia and 2) 6 h after
the onset of ischemia. In both paradigms, additional doses were administered at 6, 12, 24, 48
and 72 h of reperfusion based on the pharmacokinetic properties of Rofecoxib (Halpin et al.,
2000) and evidence showing persistent COX-2 induction after global ischemia (Nakayama et
al., 1998; Koistinaho et al., 1999). These animals were sacrificed at 7 days following surgery
and neuronal cell counts obtained from the hippocampal CA1 region.
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Hippocampal CA1 Neuronal Cell Counting
At the appropriate time following surgery, animals were deeply anesthetized with diethyl ether
and perfused transcardially with cold saline followed by 4% formalin in 0.1 M phosphate-
buffered saline (pH 7.4). The brains were removed from the skull and placed in the same
fixative for 24 h. Brains were embedded in paraffin wax and representative coronal sections
(5 μm thick) obtained using a rotary microtome (Leica, Model RM2135, Meyer Instruments,
Houston, TX, USA). Tissue sections were stained with hematoxylin and eosin. Cell counts of
CA1 neurons were performed at three levels of the dorsal hippocampus. Specifically, alternate
sections were obtained at 1.0, 1.5 and 2.2 mm posterior to bregma, and two sections from each
level (n=6 sections for each animal) were used to count cells in the CA1 region. The number
of intact neurons within the CA1 layer were counted using a light microscope (Olympus, Model
BH-2, Tokyo, Japan) at a magnification of 40x and expressed as the number of CA1 neurons
per mm linear length as described earlier (Kirino et al., 1991; Satoh et al., 1996; Lee et al.,
2000). To maintain consistency across animals, a rectangular box (1 mm X 0.25 mm) was
centered over the CA1 cell layer beginning 1.0mm lateral to the midline. Only neurons with
normal visible nuclei were counted. The mean number of CA1 neurons per mm linear length
for both hemispheres was calculated for each treatment group. An observer who was unaware
of the drug treatment for each gerbil made all assessments of histological sections.

Effect of Selective COX Inhibitors on Prostaglandin E2 (PGE2) Levels
In a different set of studies, hippocampal PGE2 levels were measured at different reperfusion
times (2, 6, 12, 24, 48 and 72 h) after transient global cerebral ischemia (n=5 per time point).
Only a shamoperated group, sacrificed at 24 h, was included (n=5), because our pilot studies
showed that levels of PGE2 in shamoperated animals sacrificed at 2, 6, 12, 24, 48 and 72 h
after ischemia (n=5, per time point) showed no statistically significant differences among
groups (data not shown). Once the time course of PGE2 levels was determined, the effect of
COX-1 and COX-2 selective inhibitors on PGE2 concentrations in normal (shamoperated
animals) and ischemic hippocampus was examined. Each inhibitor was administered
intraperitoneally (20 mg/kg) 30 min before surgery and again at 6, 14 and 22 h and animals
were sacrificed at 24 h following surgery. In an additional group of animals, drugs were
administered 30 min before surgery and animals sacrificed 2 h after ischemia. These time points
were based on our observation indicating maximal PGE2 production at 2 and 24 h after global
ischemia (see Results section).

At the appropriate time following surgery, the hippocampus from both hemispheres were
rapidly dissected, weighed and frozen in liquid N2. Tissue concentration of PGE2, one of the
major COX reaction products in the brain (Nogawa et al., 1997), was determined using a
commercial enzyme immunoassay kit (RPN 222, Amersham Pharmacia Biotech Inc.,
Piscataway, NJ, USA) according to the instructions of the manufacturer. The tissue was
homogenized in 50 mM Tris-HCl (pH 7.4) and extracted with 100 % methanol (Powell, 1982).
After centrifugation, the supernatant was diluted with acidified 0.1 M phosphate buffer (pH
4.0; final methanol concentration, 15%) and applied to activated octadecylsilyl (ODS)-silica
reverse-phase columns (Sep-Pak C18, Waters Associates, Milford, MA, USA). The columns
were rinsed with 5 ml of distilled water followed by 5 ml of n-hexane, and PGE2 was eluted
twice with 2 ml of ethyl acetate containing 1% methanol. The ethyl acetate fraction was
evaporated and resuspended in 1 ml of the buffer provided with the kit. The assay is based on
competition between unlabeled PGE2 and a fixed amount of peroxidase-labeled PGE2 for a
limited number of binding sites on a PGE2-specific antibody. Briefly, samples or PGE2
standard were incubated, shaken at room temperature for 60 min with specific anti-PGE2
antibody and peroxidase-conjugated PGE2 antibody in a goat anti-mouse IgG-precoated 96-
well plate. After washing, 3,3′,5,5′-tetramethylbenzidine substrate was added to the wells and
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after 30 min the reaction was stopped by adding 1 mM sulphuric acid. Subsequently,
absorbance was measured at 450 nm. The detection limit of this assay is 16 pg/ml.

Effect of Selective COX Inhibitors on Measures of Oxidative Damage
The following experimental groups were examined to study the effect of COX-1 and COX-2
selective inhibitors on several measures of oxidative injury in hippocampus after global
ischemia: a shamoperated group (n=6), an ischemic group treated with the vehicle (n=8) and
two groups of ischemic gerbils treated with either Valeryl Salicylate (20 mg/kg; i.p., n=9) or
Rofecoxib (20 mg/kg; i.p., n=8) at 6, 12 and 24 h of reperfusion. Two groups of sham-operated
animals (n=6 each) treated with Valeryl Salicylate or Rofecoxib, using the exact dose and
treatment schedule of those ischemic animals treated with the inhibitors, were also included.
Animals were sacrificed at 48 h after ischemia, because according to our previous results,
oxidative damage is maximal at this time point in gerbil global cerebral ischemia (Candelario-
Jalil et al., 2001). Since there is temporal difference in PGE2 production by COX-1 (2 h) and
COX-2 (24-48 h, see Results section), we also studied the effects of COX inhibitors on
measures of oxidative stress at 2 h after ischemia. The following experimental groups were
prepared: a sham-operated group (n=5), a vehicle-treated ischemic group (n=7) and two groups
of ischemic gerbils (n=7 each) treated with either Valeryl Salicylate (20 mg/kg; i.p.) or
Rofecoxib (20 mg/kg; i.p.) given 30 min prior to ischemia.

At the end of the experiment (2 or 48 h of reperfusion), gerbils were deeply anesthetized with
diethyl ether and perfused transcardially with ice-cold saline to flush all blood components
from the vasculature. Brains were quickly removed, kept in ice-cold saline and hippocampi
were immediately dissected out on a chilled plate, exactly as in our previous reports
(Candelario-Jalil et al., 2000, 2001; Martínez et al., 2001). Hippocampi were weighed and
homogenized in ice-cold 20 mM Tris-HCl buffer (pH 7.4) and centrifuged for 10 min at 12
000 g. The supernatant was collected, frozen at -70°C and employed for biochemical analyses.

The following assays were used as biochemical measures of oxidative damage. Reduced and
oxidized glutathione (GSH and GSSG, respectively) were measured enzymatically in 5-
sulphosalicylic acid-deproteinized hippocampal samples by using a modification (Anderson,
1985) of the procedure of Tietze (1969) as described for brain homogenates (Floreani et al.,
1997). Samples were assayed rapidly to minimize GSH oxidation. Specificity of this method
for glutathione quantification is ensured by highly specific glutathione reductase. Lipid
peroxidation was assessed by measuring the concentration of malondialdehyde (MDA) and 4-
hydroxyalkenals (4-HDA) using the LPO-586 kit obtained from Calbiochem (La Jolla, CA,
USA). For standards, freshly prepared solutions of malondialdehyde bis [dimethyl acetal]
(Sigma, St. Louis, MO, USA) and 4-hydroxynonenal diethylacetal (Cayman Chemical, Ann
Arbor, MI, USA) were employed and assayed under identical conditions. Concentrations of
MDA and 4-HDA in brain samples were calculated using the corresponding standard curve
and values were expressed as nmol MDA+4-HDA per mg protein. This kit has been used widely
for the measurement of products of lipid peroxidation in homogenates obtained from ischemic
brain (Kondo et al., 1997; Hong et al., 2001; Candelario-Jalil et al., 2001; Martínez et al.,
2001).

Glutathione peroxidase (GPx) activity was assayed using a commercial kit obtained from
Randox Laboratories (Antrim, UK), which is based on the procedure described by Flohé and
Gunzler (1984) using cumene hydroperoxide as substrate. The reaction was followed for 3 min
at 340 nm in a Pharmacia LKB Ultraspec Plus spectrophotometer. The contribution of
spontaneous NADPH oxidation was always subtracted from the overall reaction rate. GPx
activity was expressed as nmol NADPH oxidized per minute per mg protein. Glutathione
reductase (GR) activity was measured according to Carlberg and Mannervik (1985) in a
mixture containing 0.1 M potassium phosphate buffer (pH 7.0), 0.5 mM EDTA, 1 mM GSSG,
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0.1 mM NADPH and the sample. The oxidation of NADPH was followed for 3 min at 340 nm
and the activity of GR was calculated using a molar extinction coefficient of 6.3 mM cm-1.
Non-enzymatic NADPH oxidation was subtracted from the overall rate. GR activity was
expressed as nmol NADPH oxidized per minute on the basis of total protein content. Total
protein concentrations were analyzed using a Bio-Rad protein assay kit (Bio-Rad, Hercules,
CA, USA). Analytical grade bovine serum albumin was used to establish a standard curve.

In vitro antioxidant properties of Rofecoxib and Valeryl Salicylate
Phospholipid peroxidation: The ability of Rofecoxib and Valeryl Salicylate to inhibit both
spontaneous autooxidation and iron-catalyzed lipid peroxidation of membrane lipids at pH 7.4
was tested using rat brain phospholipids as described in details by Aruoma et al. (1992).

Scavenging effect on the 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical: This assay
was conducted as described in previous reports (Chen and Ho, 1997; Hung et al., 2002).

Statistics
Data are expressed as mean ± standard deviation (S.D.). Statistical analysis was performed
with one-way ANOVA followed by a Student-Newman-Keuls post-hoc test. The value of P
less than 0.05 was considered to be statistically significant.

Results
Time course of histopathological changes in hippocampal CA1 sector: Effects of COX-1 and
COX-2 inhibitors

Microscopic evaluation of the hematoxylin & eosin-stained brain sections showed no evidence
of neuronal damage in the hippocampus following transient global cerebral ischemia and
reperfusion up to 1 day compared to the sham-operated control (Fig. 1). There was a progressive
and significant decrease in neuronal density in the hippocampal CA1 region at 2 days (by 24
%, p<0.05), 3 days (by 46 %, p<0.05), 4 days (by 51 %, p<0.01) and 7 days (by 78 %, p<0.01)
of recirculation compared to the sham group (Fig. 1). Delayed neuronal death in the CA1
hippocampal region was significantly reduced (p<0.05) by administration of Valeryl Salicylate
(COX-1 inhibitor) at the two doses examined when treatment started 6 h after ischemia (Figs.
2B and 3C). In a similar way, delayed treatment with Rofecoxib led to a dose-dependent,
significant reduction (p<0.05) in delayed neuronal loss in the CA1 subfield (Figs. 2A and 3D).
For both COX inhibitors, when treatment is delayed until 6 h after the ischemic insult, the
neuroprotection is similar to that seen in the groups in which the treatment started 30 min before
ischemia (Fig. 2). The neuroprotective effects conferred by Rofecoxib and Valeryl Salicylate
are not attributable to effects on body temperature as this variable was monitored up to 72 hr
following surgery and did not differ between the treated and untreated groups (data not shown).

Temporal profile of PGE2 production following global cerebral ischemia: Effects of COX-1
and COX-2 inhibitors

Bilateral carotid artery occlusion for 5 min resulted in a biphasic and significant increase
(p<0.05) in hippocampal PGE2 concentrations (2 and 24-48 h) when compared with sham-
operated animals (Fig. 4). The late increase in PGE2 levels (24-48 h) preceded the onset of
morphological changes in the CA1 subfield of the hippocampus (Figs. 1 and 4). The selective
COX-1 and COX-2 inhibitors were used to investigate the relative contribution of each COX
isoform to the significant increase in hippocampal PGE2 production seen after a brief episode
of global ischemia. After 2 h of reperfusion, Valeryl Salicylate was more potent in reducing
PGE2 than Rofecoxib (Fig. 5A). In contrast, the increase in hippocampal PGE2 seen at 24 h
after ischemia (Fig. 5B) was more significantly reduced by Rofecoxib treatment (52 %) than
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by the COX-1 inhibitor Valeryl Salicylate (23 %). These results indicate that most of the
ischemia-induced increase in PGE2 at late stages after global ischemia originates from COX-2
activity.

The effect of the selective COX-1 inhibitor Valeryl Salicylate on PGE2 concentration in non-
ischemic hippocampus was compared with the effect of the selective COX-2 inhibitor
Rofecoxib. As shown in Figure 5C, basal PGE2 concentrations were more potently reduced by
the COX-1 inhibitor compared to the COX-2 inhibitor. The larger decrease in PGE2 content
following Valeryl Salicylate treatment (55%), relative to Rofecoxib treatment (29%), provides
additional evidence that COX-1 plays a major role in maintaining physiological hippocampal
PGE2 concentrations. However, the significant decrease in PGE2 levels following Rofecoxib
treatment indicates that the COX-2 isoform is also involved in regulating physiological COX
activity.

Effect of COX-1 and COX-2 selective inhibitors on markers of oxidative damage
Our previous work clearly indicated that accumulation of biomarkers of oxidative damage and
depletion of antioxidant reserves occur in hippocampus at late stages after the initial ischemic
episode (Candelario-Jalil et al., 2001), and our present results show that global cerebral
ischemia produces a biphasic increase in COX catalytic activity (2 and 24-48 h) (Fig. 4).
Therefore, we next studied the effect of administration of inhibitors of COX-1 and COX-2 on
measures of oxidative injury at 2 and 48 h after ischemia. GSH levels at 2 h were completely
restored in animals treated 30 min prior to ischemia with the COX-1 inhibitor Valeryl
Salicylate, but not with the highly selective COX-2 inhibitor Rofecoxib. On the contrary, at
48 h of reperfusion, Rofecoxib conferred protection against the significant reduction in levels
of GSH and increase in GSSG and lipid peroxidation that result from transient ischemia as
shown in Table 1. In contrast, the COX-1 inhibitor Valeryl Salicylate significantly reduced
lipid peroxidation, but had no effect on the ischemia-induced modification in glutathione
homeostasis seen at 48 h (Table 1).

We then examined whether the effects observed using Rofecoxib and Valeryl Salicylate on the
glutathione homeostasis is mediated through modifications in the activity of the glutathione-
related enzymes, glutathione peroxidase (GPx) and glutathione reductase (GR). In the
hippocampus of ischemic animals, a significant reduction (p<0.05) in the activities of GPx and
GR was found at 48 h after ischemia (Table 2) as compared to those found in sham-operated
control group, confirming our earlier observation (Candelario-Jalil et al., 2001). There were
no differences in either GPx or GR activities between ischemic and control animals at 2 h after
ischemia (data not shown). Selective inhibition of COX-1 and COX-2 failed to prevent the
profound decrease in hippocampal GPx and GR activities seen at 48 h as shown in Table 2.
Administration of Rofecoxib or Valeryl Salicylate to sham-operated animals failed to
significantly modify any of the evaluated oxidative stress parameters (data not shown).

To further rule out that the effect observed with Valeryl Salicylate and Rofecoxib on markers
of oxidative damage are mediated through direct free radical scavenging activity of these
compounds and not to COX inhibition, we performed in vitro experiments to assess antioxidant
properties of both inhibitors. Results showed that neither Rofecoxib nor Valeryl Salicylate are
able to scavenge reactive free radicals, even at the highest concentrations, which are unlikely
to be reached in the in vivo situation (Tables 3 and 4).

Discussion
The main findings of this study are: 1) transient global cerebral ischemia in gerbils results in
a biphasic increase in the catalytic activity of COX involving an early COX-1-dependent
production of PGE2 and a delayed persistent increase in COX-2 activity, 2) the increase in
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COX-2 activity and delayed production of PGE2 precedes the onset of morphological changes
in the vulnerable hippocampal CA1 sector, and 3) the late increase in COX-2 activity is
involved in the delayed impairment of glutathione homeostasis and oxidative damage in
hippocampus, linking the inducible COX-2 enzyme to neurodegeneration following global
cerebral ischemia. Results from the present study also suggest that both COX-1 and COX-2
contribute to maintain basal hippocampal COX activity. This observation is consistent with
other studies reporting that a variety of neuronal populations contain detectable levels of
COX-2 mRNA and protein under normal conditions (Yamagata et al., 1993; Breder et al.,
1995).

Several lines of evidence indicate that oxidative damage in hippocampus is maximal at late
stages after ischemia (Hall et al., 1997; Oostveen et al., 1998; Yamaguchi et al., 1998; Urabe
et al., 2000; Candelario-Jalil et al., 2001). The delayed occurrence of oxidative stress correlates
well with delayed neuronal loss of hippocampal CA1 pyramidal neurons (Hall et al., 1993,
1997; Oostveen et al., 1998), suggesting that reactive oxygen species formation may cooperate
in a series of molecular events that link ischemic injury to neuronal cell death. Nevertheless,
the mechanisms underlying the increase in oxidative damage at late stages after the initial
ischemic insult are not completely understood.

Results obtained in the present investigation demonstrate for the first time that COX-2 is
involved in the late increase in measures of oxidative injury in hippocampus. These data support
the hypothesis that the neuroprotective effects observed with COX-2 selective inhibitors
(Nakayama et al., 1998; Candelario-Jalil et al., 2002a,c) are partly mediated through reduction
of oxidative damage in the ischemic brain. In support of this, we have recently found that a
COX-2 inhibitor is able to reduce hippocampal oxidative damage following excitotoxic brain
injury (Candelario-Jalil et al., 2000), which is a key pathological event of cerebral ischemia.
In addition, COX inhibitors have also been shown to reduce free radical production in global
cerebral ischemia (Hall et al., 1993) and in traumatic brain injury (Tyurin et al., 2000). These
observations are particularly relevant in view of evidence showing that oxidative stress is
implicated in the development and progression of apoptotic cell death in the central nervous
system (Sastry and Rao, 2000; Callaway et al., 2001) and that activation of COX-2 is required
for execution of oxidative neuronal death (Lee et al., 2001).

One mechanism by which oxidative stress events may contribute to delayed neuronal cell death
following ischemia is the loss of glutamate transporter function. It was recently found that glial
(GLT-1 and GLAST) and neuronal (EAAC1) high-affinity glutamate reuptake mechanisms
are downregulated at late stages after ischemia, which precedes delayed neuronal death in gerbil
hippocampus (Rao et al., 2000). In addition, several studies have demonstrated that glutamate
uptake is compromised by pathophysiological events associated with the generation of free
radicals (Volterra et al., 1994; Keller et al., 1997; Springer et al., 1997). Dysfunction of the
glutamate transporters can lead to neuronal damage by allowing glutamate to remain in the
synaptic cleft for a longer duration, contributing to excitotoxicity-induced oxidative injury in
the ischemic brain.

A second interrelated mechanism that might account for the late increase in oxidative damage
is the delayed expression of inducible nitric oxide synthase (iNOS) (Yrjänheikki et al., 1998).
Nogawa et al. (1998) have shown that COX-2 selective inhibitors decrease ischemic injury in
wild-type mice but not in iNOS null mice. These results suggest that these two inflammation-
related enzymes (COX-2 and iNOS) may work synergistically to exacerbate damage in brain,
perhaps through the formation of peroxynitrite. Interestingly, neuronal and glial glutamate
transporters possess a SH-based redox regulatory mechanism that is critical for their activity
(Trotti et al., 1997). Previously, these authors had found that glutamate transporters are
sensitive to a number of biological oxidants, including H2O2, superoxide anion and, especially,

Candelario-Jalil et al. Page 8

J Neurochem. Author manuscript; available in PMC 2006 November 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



peroxynitrite (Trotti et al., 1996). Further work is needed to determine if inflammatory-related
enzymes (iNOS and COX-2) are involved in the late glutamate transporters dysfunction in the
ischemic brain.

COX-2 enzymatic activity can also mediate tissue damage by producing pro-inflammatory
prostanoids (Marnett et al., 1999). Interestingly, prostaglandins have been shown to stimulate
calcium-dependent glutamate release in astrocytes (Bezzi et al., 1998), thus contributing to
excitotoxicity. However, the precise role of prostaglandins in neurotoxicity is controversial
because PGE2 has also been reported to limit the cytotoxic effects of glutamate (Akaike et
al., 1994; Cazevieille et al., 1994). Alternatively, pharmacological inhibition of COX-2 has
been shown to reduce N-methyl-D-aspartate-mediated neuronal cell death both in vitro (Hewett
et al., 2000) and in vivo (Iadecola et al., 2001a). In addition, recent investigations have found
a potentiation of excitotoxicity in transgenic mice overexpressing neuronal COX-2 (Kelley et
al., 1999) and a significant reduction in ischemic brain injury in COX-2-deficient mice
(Iadecola et al., 2001a).

Delayed treatment with Rofecoxib (COX-2 selective), but not with the COX-1 inhibitor Valeryl
Salicylate, protected against hippocampal GSH depletion seen at late stages after ischemia. It
is important to note that GSH is employed as a reducing agent in the peroxidase step of the
COX reaction (Hamberg et al., 1974). As our present results have shown, at late stages
following the ischemic episode, COX-2 accounts for the delayed increase in COX activity in
hippocampus. This might explain how treatment with Rofecoxib, but not the COX-1 selective
inhibitor Valeryl Salicylate, completely prevented GSH depletion at 48 h. In support of this,
Valeryl Salicylate prevented the early depletion of GSH seen in hippocampus at 2 h, a time
point at which PGE2 production is much more dependent on COX-1 activity (Fig. 5). These
findings indicate that enhanced COX activity is able to deplete GSH in the ischemic brain, thus
contributing to oxidative damage. It is noteworthy that a delayed treatment (starting after 6 h
of reperfusion) with the COX-2 inhibitor significantly reduced late-onset oxidative injury and
neuronal loss. This suggests that only the late increase in COX activity and oxidative damage
is involved in neurodegeneration, since no further protection was afforded by an additional
drug treatment 30 min prior to ischemia. These observations indicate that COX-2 activity is
involved in the late disruption of the oxidant-antioxidant balance in the ischemic hippocampus.
Intriguingly, even when Rofecoxib protected against the delayed impairment in GSH
homeostasis, it failed to restore GPx and GR activities. The mechanisms responsible for the
inhibition of these key antioxidant enzymes at late stages of reperfusion following global
ischemia in gerbils remain currently unknown. Nevertheless, an overproduction of nitric oxide
and/or an extensive depletion in NAD(P)H in the ischemic hippocampus might be involved,
based on evidences showing that under these conditions the activities of GPx and GR are
significantly impaired (Kosenko et al., 1998; Wong et al., 2001; Maciel et al., 2001).

Although previous studies have shown that COX-1 is not upregulated after ischemic brain
injury (Ohtsuki et al., 1996; Nogawa et al., 1997; Nakayama et al., 1998; Koistinaho et al.,
1999), results obtained in the present study suggest that COX-1 is also involved in delayed
neuronal death of hippocampal CA1 neurons following global ischemia. It is interesting to note
that a recent study reported that COX-1 protein levels are elevated in several non-neuronal cell
populations following traumatic brain injury in humans (Schwab et al., 2002). To our
knowledge, the effect of selective inhibition of COX-1 on neuronal damage induced by
ischemia has not been previously investigated. Unexpectedly, Valeryl Salicylate reduced lipid
peroxidation, but failed to protect against GSH depletion. These data suggest that attenuation
of lipid peroxidation could account for the neuroprotective effect seen with Valeryl Salicylate.
In addition, Wüllner et al. (1999) found that GSH depletion does not necessarily result in
increased generation of reactive oxygen species and neurodegeneration, which might explain
the findings obtained with Valeryl Salicylate in the present study. In addition, the possibility
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that Valeryl Salicylate reduced delayed neuronal death by a blockade of transcription factors,
as already reported for acetylsalicylic acid and sodium salicylate on the nuclear factor kappa
B (Grilli et al., 1996), cannot be excluded. Interestingly, Iadecola et al. (2001b) have found
that mice lacking COX-1 are more susceptible to focal cerebral ischemia. Nevertheless, the
effects of global ischemia in COX-1 deficient animals have not been yet investigated.

We have recently found that COX-2 inhibition with nimesulide, but not COX-1 inhibition with
Valeryl Salicylate is able to confer protection against ischemia-induced blood-brain barrier
breakdown and leukocyte infiltration in a model of transient focal cerebral ischemia in rats
(Candelario-Jalil et al., 2002b). These previous findings and those obtained in the present study
suggest that both COX isoforms are involved in neuronal damage following transient global
cerebral ischemia and that only COX-2 contributes to brain injury in focal cerebral ischemia.
Taken together, these results have important implications for the therapeutic potential of using
COX inhibitors in the treatment of cerebral ischemia.
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Figure 1.
Hippocampal CA1 neuronal counts as a function of reperfusion time following 5 min transient
global cerebral ischemia in the gerbil. Values are mean counts of normal-appearing CA1
neurons per mm linear length ± S.D. *p<0.05 and **p<0.01 compared with the sham-operated
control group.
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Figure 2.
Effect of selective inhibition of COX-2 with Rofecoxib (A) and COX-1 with Valeryl Salicylate
(B) on the number of surviving neurons in the CA1 hippocampal subfield 7 days after 5 min
transient global cerebral ischemia in Mongolian gerbils. Values are mean counts of normal-
appearing CA1 neurons per mm linear length ± S.D. (*p<0.05 between ischemia+vehicle and
ischemia+drug treatments, **p<0.01 between sham and ischemia).
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Figure 3.
Representative photomicrographs depicting neuronal cell loss in the hippocampal CA1 region
at 7 days following (A) sham surgery, (B) ischemia + vehicle, (C) ischemia + Valeryl Salicylate
(20 mg/kg, starting 6 h after ischemia), and (D) ischemia + Rofecoxib (20 mg/kg, starting 6 h
after ischemia). Magnification bar equals 100 microns.
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Figure 4.
Time course of hippocampal PGE2 production following 5 min of transient global cerebral
ischemia in the gerbil. *p<0.05 with respect to sham-operated animals.
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Figure 5.
Effect of Rofecoxib (COX-2 inhibitor) and Valeryl Salicylate (COX-1 inhibitor) on the
increase in hippocampal PGE2 seen at 2 h (A) and 24 h (B) after transient global cerebral
ischemia in gerbils. In panel (C) is shown the effect of selective inhibition of COX-1 and
COX-2 on the basal concentrations of PGE2 in the normal gerbil hippocampus. *p<0.05
and **p<0.01 with respect to vehicle-treated animals. In panel (C), *p<0.05 and **p<0.01 with
respect to sham-vehicle group.
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Table 1
Effect of selective inhibitors of COX-1 (Valeryl Salicylate) and COX-2 (Rofecoxib) on the measures of oxidative
damage in the hippocampus at 2 and 48 h of reperfusion following 5 min transient global cerebral ischemia.

Groups GSH (mg/g tissue) GSSG (ng/g tissue) MDA + 4-HDA (nmol/mg
protein)

2h
  Sham 1.57 ± 0.22 1.41 ± 0.65 2.92 ± 0.49
  Ischemia 0.99 ± 0.13 ‡ 5.93 ± 1.42 ‡ 3.43 ± 1.07
  Ischemia + Rofecoxib 1.08 ± 0.15 ‡ 5.59 ± 1.29 ‡ 3.14 ± 1.03
  Ischemia + Valeryl Salicylate 1.39 ± 0.18 † 3.16 ± 1.65 † 3.02 ± 1.31
  Salicylate
48 h
  Sham 1.50 ± 0.16 1.48 ± 0.95 2.83 ± 2.00
  Ischemia 1.01 ±0.19* 9.20 ± 3.38* 7.01 ± 1.82*
  Ischemia + Rofecoxib 1.32 ± 0.26** 4.67 ± 1.76** 4.16 ± 0.98**, &
  Ischemia + Valeryl Salicylate 1.10 ± 0.26* 8.85 ± 2.20* 4.74 ± 0.96**, &
  Salicylate

Data are mean ± SD.

‡
p<0.05 compared to sham at 2 h.

†
p<0.05 compared to ischemia at 2 h.

*
p<0.05 compared to sham at 48 h,

&
p<0.05 compared to sham at 48 h,

**
p<0.05 compared to ischemia at 48 h.
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Table 2
Effect of Rofecoxib and Valeryl Salicylate on ischemia-induced reduction in the activity of glutathione
peroxidase and glutathione reductase after 48 h of recirculation following 5 min of transient cerebral ischemia
in gerbils.

Groups Glutathione Reductase (nmol NADPH
oxidized/mg protein/min)

Glutathione Peroxidase (nmol NADPH
oxidized/mg protein/min)

Sham 12.10 ± 1.82 21.63 ±3.81
Ischemia 6.91 ± 1.89* 13.40 ± 3.14*

Ischemia + Rofecoxib 8.07 ± 1.69* 12.42 ± 3.03*
Ischemia + Valeryl Salicylate 7.18 ± 2.00* 14.36 ± 2.51*

Data are mean ± SD.

*
p<0.05 compared to sham.
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Table 4
Scavenging effect of Rofecoxib and Valeryl Salicylate on the 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical.

Absorbance (λ=517 nm)Mean ± SD Inhibition (%)

Control 0.910 ± 0.011 -
Rofecoxib 20 μM 0.921± 0.009 0
Rofecoxib 100 μM 0.903 ± 0.01 0

VAS 20 μM 0.918 ± 0.002 0
VAS 100 μM 0.898 ± 0.004 1

Results represent the mean of three determinations ± S.D.
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