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Abstract

Cyclooxygenases (COX) are prostanoid synthesizing enzymes constitutively expressed in the brain that contribute to
excitotoxic neuronal cell death. While the neurotoxic role of COX-2 is well established and has been linked to prostaglandin
E, synthesis, the role of COX-1 is not clearly understood. In a model of N-Methyl-D-aspartic acid (NMDA) induced
excitotoxicity in the mouse cerebral cortex we found a distinctive temporal profile of COX-1 and COX-2 activation where
COX-1, located in microglia, is responsible for the early phase of prostaglandin E, synthesis (10 minutes after NMDA), while
both COX-1 and COX-2 contribute to the second phase (3-24 hours after NMDA). Microglial COX-1 is strongly activated by
ATP but not excitatory neurotransmitters or the Toll-like receptor 4 ligand bacterial lipopolysaccharide. ATP induced
microglial COX-1 dependent prostaglandin E, synthesis is dependent on P2X7 receptors, extracellular Ca** and cytoplasmic
phospholipase A2. NMDA receptor activation induces ATP release from cultured neurons leading to microglial P2X7
receptor activation and COX-1 dependent prostaglandin E, synthesis in mixed microglial-neuronal cultures. Pharmaco-
logical inhibition of COX-1 has no effect on the cortical lesion produced by NMDA, but counteracts the neuroprotection
exerted by inhibition of COX-2 or observed in mice lacking the prostaglandin E, receptor type 1. Similarly, the
neuroprotection exerted by the prostaglandin E; receptor type 2 agonist butaprost is not observed after COX-1 inhibition.
P2X7 receptors contribute to NMDA induced prostaglandin E, production in vivo and blockage of P2X7 receptors reverses
the neuroprotection offered by COX-2 inhibition. These findings suggest that purinergic signaling in microglia triggered by
neuronal ATP modulates excitotoxic cortical lesion by regulating COX-1 dependent prostanoid production and unveil a
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previously unrecognized protective role of microglial COX-1 in excitotoxic brain injury.
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Introduction

Cyclooxygenases, enzymes that synthesize prostanoids (i.e. pros-
taglandins, thromboxanes and prostacyclines) from arachidonic acid,
have been implicated in the mechanisms of a wide variety of
pathological conditions, including several brain diseases [1]. Two
genetically distinct isoforms of COX have been identified: COX-1
and COX-2. While COX-1 contributes to the production of
prostanoids involved in normal cellular functions and enzyme levels
are generally stable in cells that express this isozyme, COX-2 is highly
inducible at the transcriptional level and is upregulated in different
organs in pathological states associated with inflammation [2,3].

In brain, COX-2 is constitutively expressed in neurons [4] and
has been implicated in the development of brain lesions in models
of excitotoxicity, hypoxia-ischemia, trauma, neurodegeneration
and neuroinflammation [5]. The neurotoxic effect of COX-2 is
mediated by prostaglandin (PG) Eg via activation of the PGEq
receptor subtype 1 (EP1) on neurons [6,7]. PGEy can also induce
neuroprotection by activating neuronal EP2 receptors [8].
However, in models of inflammation or AB neurotoxicity
microglial EP2 receptor activation is deleterious, an effect
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mediated by the release of cytotoxic factors from microglia [9].
Thus, PGE; may have beneficial or deleterious effects depending
on its cellular source, the type of EP receptor expressed in target
cells, and the cell type expressing EP receptors.

The role of COX-1 in neurotoxicity is far less clear. Although it
has been suggested that both COX-1 and COX-2 contribute to
NMDA-induced PGE, production and free radical damage in
hippocampus [10], COX-1 is not involved in excitotoxic cell death
in a model of NMDA neurotoxicity in the cortex [11]. Similarly,
both COX-1 and COX-2 have been reported to contribute to
hippocampal damage after global cerebral ischemia [12], but
COX-1 is protective in a model of focal cerebral ischemia [11].
These conflicting observations indicate that the role of COX-1 is
complex and may depend on the cell type expressing COX-1 and
on the context in which the injury is produced.

Therefore, in the present study we addressed the relative
contribution of COX-1 and COX-2 to the PGE, production and
brain damage produced by cortical injection of NMDA. We found
that COX-1, expressed mainly in microglia, is a major source of
PGE, in the early stages of NMDA neurotoxicity. Although COX-
1 does not directly contribute to the injury, COX-1 enzymatic
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activity is required for the protective effect afforded by COX-2
inhibition, EPI receptor deletion or EP2 receptor activation.
Furthermore we find that microglial COX-1 is activated through
purinergic signaling initiated by neuronal ATP release, leading to
activation of P2X7 receptors and Ca**-dependent phospholipase
A2. The findings unveil a previously unrecognized neuroprotective
role of purinergic signaling and microglial COX-1 in excitotoxic
brain injury.

Methods

Reagents

NMDA, MK-801, ATP, periodate-oxidized ATP (oxATP),
2'(3")-O-(4-Benzoylbenzoyl)-ATP (BzATP), and bacterial lipopoly-
saccharide (LPS) were from Sigma (St. Louis, MO). NS398,
SC560, Butaprost, and Bromoenol lactone (BEL) were from
Cayman Chemicals, Ann Arbor, MI). Arachidonyl trifluoromethyl
ketone (AACOCF3) was from Biomol (Plymouth Meeting, PA).
A438079 was from Tocris (Ellisville, MO). Neurobasal medium
and B27 supplement were from Invitrogen (Carlsbad, CA). Fetal
bovine serum and Penicillin/Streptomycin solution were from
Atlanta Biologicals (Lawrenceville, GA). All other cell culture
reagents were from MediaTech Inc. (Herndon, VA). All other
chemicals were purchased from Sigma.

Animals, surgical procedures, and drug treatments

All experimental procedures were approved by the Institutional
Animal Care and Use Committee of Weill Cornell Medical
College (Approval Number: 0710-678A). C57BL/6] mice were
obtained from Jackson Laboratorics (Bar Harbor, ME). EP1™/~,
nNOS ™/, and P2X7 /" mice were supplied from in house
colonies [7,13,14,15]. Null mice were on a C57BI6 background
and C57BI6 mice were used as wild type controls. Male mice (age
2-3 months) were used for all experiments.

1. Determination of cortical lesion volumes after local
NMDA injections. As described in detail elsewhere [16], cortical
NMDA injections (20 nmol in 200 nl) were carried out in isoflurane
anesthetized mice (2% in oxygen) using a micropipette
stereotaxically placed in the parietal cortex at 1.5 mm posterior to
the bregma, 4.0 mm lateral and 0.8 mm below the dura. Lesion
volumes were determined after 24 hours in Nissl-stained coronal
brain sections using a computerized image analysis system [16,17].
Where indicated, animals received NS398 (20 mg/kg; i.p.) or
vehicle (200 ul 0.1 M NayHPO, pH 7.0; i.p.) 1 hour before and
1 hour after cortical NMDA injections. SC560 (5 mg/kg; i.p.) or
vehicle (100 pl 10%DMSO in physiol. Saline; 1.p.) was given 1 hour
before and 6 hours after cortical NMDA injections. Doses and
administration schedule were chosen based on the results of
previous studies [16,18]. The selectivity and specificity of SC560
and NS398 at the doses used was demonstrated previously [17,19].
Some animals were injected with 20 nmol NMDA together with
170 fmol Butaprost or vehicle (0.014% ethanol). This dose of
Butaprost has been shown to be neuroprotective in this model [16].
In some animals oxATP (300 nmol in 3 pl physiol. saline) or vehicle
(3 ul physiol. saline) was stereotaxically delivered to the right lateral
ventricle (0.5 mm posterior to the bregma, 1.0 mm lateral, 2.0 mm
below the dura) 30 minutes before NMDA injections. The dosage
was chosen to reflect the effective concentration of oxATP used for
in vitro experiments (1 mM). The specific competitive P2X7 receptor
antagonist A438079 (200 umol/kg in physiol. saline; 1.p.) or vehicle
(100 ul physiol. saline; 1.p.) was given 1 hour before cortical NMDA
injections. This dosage has been shown to induce anti-nociceptive
behavior in a model of neurophatic pain in mice [20].
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2. Measurment of cortical PGE, levels after local NMDA
injections. Animals were treated with SC560 and/or NS398 or
respective vehicles as described above. Cortical NMDA injections
were carried out as described above. Some animals were i.c.v.
mjected with oxATP or corresponding vehicle as described above.
Where indicated, the non-competitive NMDA receptor antagonist
MK-801 (3 mg/kg in physiol. saline; ip.) or vehicle (175 ul
physiol. saline; i.p.) was administered 30 minutes before cortical
NMDA injections. At indicated time points animals were deeply
anesthetized with 1soflurane, decapitated and brains removed. The
cortex at the site of injection (10-12 mg wet weight) was dissected
and frozen in liquid nitrogen. Care was taken to limit the time
for tissue harvesting to 45-55 seconds. Tissue extracts were pre-
pared, purified over G18 cartridge columns and ELISA was per-
formed according to manufacturer’s recommendations (Cayman
Chemicals).

Immunofluorescence staining and confocal microscopy
Brains were removed from animals transcardially perfused with
4% paraformaldehyde and post-fixed overnight in 4% parafor-
maldehyde containing 20% sucrose. Coronal sections were
collected on a cryostat. Injection needle tracks were visualized in
Nissl stained sections and adjacent sections were used for
immunofluorescence staining. The location of the cortical lesion
eight hours after NMDA injection was determined by the clearly
visible opacity of the lesioned area. Frozen sections were blocked
with serum and incubated with respective primary antibodies
directed against neuronal nuclear antigen (NeuN, clone A60,
mouse IgG1, Chemicon, Temecula, CA, 1:1000), glial fibrillary
acidic protein (GFAP, clone GA5, mouse IgG1, Sigma, 1:5000),
ionized calcium binding adaptor molecule 1 (Ibal, rabbit
polyconal, Wako, 1:500), COX-1 (goat polyclonal, sc-1754, Santa
Cruz Biotechnology, Santa Cruz, CA, 1:200), or COX-2 (goat
polyclonal, sc-1746, Santa Cruz Biotechnology, 1:100). Respective
secondary antibodies were incubated for 1 hour at room
temperature (donkey-anti-mouse IgG-FITC, donkey-anti-rabbit
IgG-FITC, donkey-anti-goat-Cy5; all at 1:200, Jackson Immunor-
esearch, West Grove, PA). Mounted sections were analyzed on a
SP5 confocal laser scanning microscope (Leica Microsystems,
Bannockburn, IL) using adequate excitation lines and emission
bands. No spectral overlap was observed between FITC and Cy5
acquisition channels. Data are presented as average orthographic
projections of 40-48 images obtained at 200 nm Z-axis resolution.

Cell cultures

Neuronal cultures were established from cortices of E17 C57/
BI6] mouse embryos as described [7] and used between days 11—
13 in culture. We have previously shown that COX-2 is expressed
in neurons cultured under these conditions [7]. Purity of neuronal
cultures was estimated to be above 95% by immunofluorescent cell
staining using antibodies directed against NeuN and GFAP. Mixed
glia were cultured from neonatal C57/Bl6] mice and microglia
were prepared after 21 days in culture by limited trypsinization as
described elsewhere [21]. Microglia were used for experiments 2-3
days after trypsinization. In some experiments COX1™ /™
(Taconic; [22]) or P2X7 ™/~ microglial cultures were used. Purity
of preparations was assessed by indirect immunofluorescence
staining using anti-F4/80 (microglial marker) and anti-GFAP
antibodies or by flow cytometry using a CD11b specific antibody.
Microglia constituted >97% of total cells. Neuron-microglia co-
cultures were obtained by seeding 5x10* microglia isolated from
mixed glial cultures by shaking the cultures at 37°C [23] on top of
neurons cultured in 12well plates as described above. Co-cultures
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were used within 1 hour after seeding. Independent experiments
were repeated on cells derived from different isolations.

PGE, measurements in neuronal and glial cultures

PGE, released from cultured cells was measured in cell culture
supernatants. Cells were pre-treated with vehicle (DMSO at
0.033% final concentration) or inhibitors added directly to the
growth medium for 1 hour. Cells were then washed twice in warm
physiologic salt solution (PSS: NaCl 130, CaCly 1.8, Glucose 20,
HEPES 10, and KHCO3 3 mM, pH 7.35) and incubated in PSS
containing inhibitors and/or agonists for 30 minutes after which
cell culture supernatants were collected. LPS treatments lasting
longer than 30 minutes were carried out in growth medium.
30 minutes before end of stimulation cells were washed twice and
incubated in PSS as described above. PGE,; ELISA was performed
according to manufacturer’s recommendations (Cayman Chemi-
cals).

Determination of microglial cyclooxygenases expression
Cultured microglia were stimulated with LPS (1 pug/ml) for
indicated times, washed in PBS and lysed in Laemmli buffer.
Western blotting was carried out essentially as described [24] by
probing membranes with COX-1 or COX-2 specific antibodies.
Equal loading was assured by probing membranes for B-actin.

Extracellular ATP measurements in neuronal cultures

Neurons were exposed to NMDA (1 mM) added directly to the
culture medium. Supernatant was carefully removed to avoid cell
aspiration and centrifuged (5000 g, 3 minutes at 4°C) to eliminate
any cellular components. ATP in the medium was measured in
duplicate samples by the luciferin/luciferase reaction in a plate
luminometer (Berthold, Oak Ridge, TN) as suggested by the
manufacturer (Promega, Madison, WI). All samples
processed within 30 minutes after harvest.

were

Data analysis

Data are expressed as means = SEM. Two-group comparisons
were analyzed by the two-tailed t test for dependent or
independent samples, as appropriate. Multiple comparisons were
evaluated by ANOVA and Tukey’s tests. Statistical significance
was considered for p<<0.05.

Results

Time-course of PGE, production after cortical NMDA
injection

First, we investigated the time course of PGEy production in
mice after cortical NMDA injections. Basal levels of PGE,
(2.9£0.5 ng/g tissue; n =5) were comparable to those previously
described [7]. NMDA injection elicited a biphasic increase in
PGE,, characterized by a rapid increase at 10 min, followed by a
return to baseline between 30 min and 2 hrs, and a slower
increase at 8 hrs (Fig. 1A). The rapid PGE, reduction between 10
and 30 min after NMDA is consistent with the rate of clearance of
prostanoids in the mouse cortex [25]. Basal levels of PGEy were
markedly attenuated in mice treated with the COX-1 inhibitor
SC560 (—85%3% compared to vehicle treated animals), while the
COX-2 inhibitor NS398 had no effect on basal PGE, (Fig. 1A).
The early peak of PGEy production was virtually abolished by
SC560 (—96*2% compared to vehicle), but was not affected by
NS398 (Fig. 1A). In contrast, the late increase in PGE; was
attenuated by both SC560 and NS398, although NS398 was more
effective at 8 (—58*£10% compared to vehicle) and 24 hours
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Figure 1. COX-1 and COX-2 contribute to PGE, production
after cortical NMDA injections. (A) Time course of PGE, production
after cortical NMDA injections. NMDA (20 nmol) was injected stereo-
tactically into the parietal cortex. Were indicated animals received
NS398 and/or SC560 as described in Methods. Vehicle consisted of
100 ul DMSO:Saline (1:9) administered i.p. PGE, tissue levels were
measured by ELISA (n=5/group, * p<0.05 from vehicle treated group
at the same time point, # p<0.05 from sham receiving the same
systemic drug treatment). (B) Animals were treated with MK-801 (MK,
3 mg/kg; i.p.) or vehicle (175 pl 0.9% saline; i.p.) 30 minutes before
cortical injections of NMDA (20 nmol in 200 nl) or vehicle (200 nl of
0.1 M phosphate buffer, pH 7.4). Tissue was collected 10 minutes after
cortical injection. PGE, tissue levels were measured by ELISA (n=4/
group, * p<0.05 from sham, # p<<0.05 from NMDA+Sal).
doi:10.1371/journal.pone.0025916.g001

(—70%£5% compared to vehicle) (Fig. 1A). Co-administration of
both COX-1 and COX-2 inhibitors blocked NMDA-induced
PGE, production completely at all time points (p<<0.05 from
vehicle) (Fig. 1A). To rule out the possibility that the PGE,
production seen at the early time point was caused by the trauma
of the micropipette insertion and not by NMDA receptor
activation, we performed the vehicle and NMDA injections with
or without the NMDA receptor antagonist MK-801. Treatment
with MK-801 markedly attenuated PGE, levels 10 min after
NMDA injection (Fig. 1B). Vehicle injection caused a significant
increase in PGEy that was however not suppressed by MK-801,
but was significantly lower than that observed after NMDA
injection (Fig. 1B). This data suggest that trauma contributes
moderately to the early PGE, increase after cortical NMDA
injections by a NMDA receptor-independent mechanism. In
summary, COX-1 contributes to basal PGEy production and to
the early PGEy peak after cortical NMDA injections, while both
enzymes contribute to PGE, synthesis at later time points.
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COX-1 inhibition reverses the protection exerted by
COX-2 inhibition, EP1 receptor deletion, or EP2 receptor
activation, but not nNOS deletion

Results from our laboratory have provided evidence that
COX-2, but not COX-1, is involved in the cortical lesions
produced by NMDA [11,17]. We have also shown that PGE,,
and not other COX-2 reaction products mediate the neurotoxic
effect [16]. Because COX-1 activity contributes substantially to
NMDA-induced PGEy production (Fig. 1A), we addressed the
relative contribution of COX-1 and COX-2 to the development
of excitotoxic lesions by pharmacologic inhibition of one or both
enzymes. Consistent with previous findings, the lesion produced
by NMDA was attenuated in mice treated with NS398, but not
SC560 (Fig. 2A). However, treatment with both inhibitors
abolished the protective effect obtained with COX-2 inhibition
alone (Fig. 2A). EP1 receptors are the downstream effector of
COX-2 mediated neurotoxicity [6,7]. Therefore, we used EP1 -
mice to investigate the role of COX-1 in the protective effect of
EPI1 deletion. As previously reported, lesion size was reduced in
EP1™/" mice (—33+5% compared to wild type animals,
Fig. 2B). However, when EP1 /" mice were treated with
SC560 the lesion volume increased and was comparable to that
observed in wild type mice (Fig. 2B). Because PGE,y can have
neuroprotective effects through activation of EP2 receptors [8],
we also investigated the role of COX-1 in the neuroprotection
induced by EP2 receptor activation. The EP2 receptor agonist
butaprost reduced NMDA-induced lesions (—27*4% compared
to vehicle control), but the protection was abolished in mice
treated with SC560 (Fig. 2C). However, SC560 failed to reverse
the protection observed in nNOS—/— mice (Fig. 2D). There-
fore, COX-1 activity is required for the protective effect exerted
by COX-2 inhibition, EP1 receptor deletion and EP2 receptor
activation, but might not play a role in other excitotoxic
pathways.

COX-1 and COX-2 are expressed in different cell types in
the mouse cortex

The observation of a distinct temporal profile of PGE,
synthesis by COX-1 and COX-2, let us to ask whether
expression of the two COX isoforms occurs in different cell
types. Therefore, we examined the cellular localization of COX-
1 and COX-2 immunoreactivity (IR) in the mouse cortex by
double labeling with neuronal, astrocytic, and microglial
markers. At 10 minutes after cortical NMDA injection, COX-2
IR was localized primarily in neurons, exhibiting the well-
described perinuclear staining pattern [26] (Fig. 3). Because the
neuronal marker NeulN is only expressed in the nucleus and
perikaryon we could not examine localization of COX-2 in axons
or dendrites. Consistent with previous findings [27], not all
neurons showed detectable COX-2 IR. Occasionally, COX-2 IR
could be seen in microglia, in which a condensed perinuclear
staining pattern was observed (Fig. 3). COX-2 IR was not
observed in GFAP-positive astrocytes (Fig. 3). At 8 hours after
NMDA, COX-2 IR was markedly increased in neurons of the
perilesional cortex. However, COX-2 IR was lost in the lesioned
area, together with NeuN IR, most likely reflecting neuronal cell
loss. As previously reported [28,29] COX-1 IR was primarily
observed in Ibal positive microglia, wherein it showed a diffuse
cytoplasmic staining pattern. Most identified microglia showed
COX-1 IR. Eight hours after NMDA injection COX-1 IR was
still confined to Ibal positive cells (Fig. 3).
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Figure 2. COX-1 inhibition reverses protection obtained by
COX-2 inhibition, EP1 receptor deletion, and EP2 receptor
activation. (A) Cortical lesion volumes were determined from thionine
stained serial brain sections 24 hours after NMDA injection. Where
indicated, animals received NS398 and/or SC560 as described in
Methods. Vehicle consisted of 100 ul DMSO:Saline (1:9) administered
i.p. (n=6-9/group, * p<<0.05). (B) NMDA lesion volumes in EP1 " mice
systemically treated with vehicle (as in A) or SC560 (n=5/group,
* p<<0.05 from vehicle). (C) Mice received the EP2 receptor agonist
Butaprost (170 fmol) together with NMDA resulting in reduced lesion
volumes. Lesions are enlarged in mice receiving SC560 (vehicle as in A;
n=9/group; * p<0.05 from vehicle). (D) Reduced lesion in nNOS ™/~
mice is not reversed by SC560 (n=6/group; n.s.=non significant).
doi:10.1371/journal.pone.0025916.g002

ATP stimulates COX-1 dependent PGE, production in
microglia in vitro

Having established that COX-1 expression is limited to microglia
we investigated circumstances that would induce PGE,; release from

these cells i vitro. Cultured mouse primary cortical microglia were
treated with NMDA (1 mM), glutamate (300 pM), LPS (1 pg/ml),
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Figure 3. COX-1 and COX-2 expression in the mouse cerebral cortex. Double immunofluorescence labeling of COX enzymes together with
Iba1 (microglia), GFAP (astrocytes), or NeuN (neurons) marker proteins 10 minutes or 8 hours after cortical NMDA injections. COX-1 IR co-localizes
with Iba1, but not with NeuN or GFAP. COX-2 IR co-localizes with NeuN, but not with GFAP. There is some discrete COX-2 IR associated with Iba1
positive cells. The dotted line marks the lesion border in 8 hour samples. Lesion areas also show reduced NeuN and COX-2 IR.

doi:10.1371/journal.pone.0025916.9003

or ATP (1 mM) for 30 minutes and PGE; levels were assessed in the
supernatant. Only ATP induced robust PGE, production (Fig. 4A).
In contrast, PGE, production was unchanged in neurons treated
with ATP or the other agonists studied (Fig. 4B). LPS has been
shown to induce PGEy production in microglia [30,31], but we
failed to detect PGEy 30 minutes after LPS treatment. Therefore,
we asked whether LPS could induce PGE, release at later time
points. LPS strongly induced PGE, release after 8 and 24 hours
exposure (Fig. 4C). This increase was mirrored by up-regulation of
COX-2 protein that was barely detectible in non-stimulated
microglia, while COX-1 was constitutively expressed and protein
levels were not altered by LPS treatment (Fig. 4D).

P2X7 receptors are essential for ATP induced microglial

PGE, production in vitro
Next we examined the signaling cascade that leads to ATP-
dependent PGEy production in microglia. The fact that PGEg
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production was observed when cells were stimulated with high
(1 mM), but not low (10-100 uM; data not shown), concentrations
of ATP suggested that microglial purinergic receptors of the P2X7
subtype may be involved [32]. Consistent with this hypothesis the
preferential P2X7 receptor agonist BZATP was able to induce the
same level of PGEy production at a 10-fold lower concentration
than ATP while the irreversible P2X7 receptor antagonist oxATP
completely blocked ATP induced PGE;y release (Fig. 5A). SC560
blocked ATP-induced PGE, production, attesting to the involve-
ment of COX-1 in the process. The Ca**-dependent enzyme
phospholipase A2 (PLA2) releases arachidonic acid from cell
membrane phospholipids, which, in turn, serves as substrate for
COX-dependent PGH, synthesis [33]. Because P2X7 receptors
are ATP gated ion channels, we examined whether Ca®" influx
and PLA2 activation are required for the COX-1-dependent
PGE, production induced by ATP. We found that PGE,
production is virtually abolished by removal of extracellular
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Figure 4. ATP is an immediate inducer of microglial PGE, production. Cultured cortical microglia (A) or neurons (B) were exposed to NMDA
(1 mM), glutamate (Glu; 300 uM), LPS (1 pug/ml) or ATP (1 mM) for 30 minutes. PGE; levels in supernatants were determined by ELISA (n=6/group
derived from 3 independent experiments, * p<<0.05). (C) Microglia were exposed to LPS (1 ug/ml) for indicated time points and PGE, was assayed in
the supernatant by ELISA (n=6/group derived from 3 independent experiments). (D) Microglial COX-1 and COX-2 expression levels after LPS (1 pg/
ml) treatment were determined by western blot analysis. Blots are representative for four independent experiments.

doi:10.1371/journal.pone.0025916.9004

Ca®" (Fig. 5A). Furthermore, the non-selective PLA2 inhibitor
AACOCTF3 blocked PGE, production, while the Ca®*-indepen-
dent PLA2 inhibitor BEL had no effect (Fig. 5A). Accordingly,
ATP induced PGE, release was abolished in microglia derived
from COX-1""" or P2X7/~ animals, while PGE, relcase after
16 hours LPS stimulation, which is mainly COX-2 dependent
(Fig. 4C and 4D), was not affected (Fig. 5B). Collectively these
observations indicate that ATP induces PGEy production through
Ca®" entry via P2X7 receptors and subsequent cPLA2 and COX-
1 activation.

NMDA elicits ATP release from cultured cortical neurons
and induces PGE, production in neuron-microglia
co-cultures in a P2X7 receptor dependent manner

Our i vwo findings indicate that the COX-1-dependent early
PGE, production is mediated by NMDA receptor activation
(Fig. 1B), while our i wvitro studies revealed a central role for
microglial P2X7 receptors in COX-1-dependent PGE, production
after ATP exposure. Therefore, we hypothesized that neurons
might release extracellular ATP after NMDA receptor activation
that in turn would activate P2X7 receptors on microglia resulting
in COX-1 activation and PG production. To test this hypothesis
we treated cortical neuron cultures with NMDA (1 mM) and
determined ATP in the culture medium at different time points
after NMDA addition. NMDA triggered ATP release at 2 and
5 minutes (Fig. 6A). No significant ATP increase was observed at
later time points.

Asserting the role of neuronal ATP in driving microglial PG
production, we found that NMDA induced PGE; production in
neuron-microglia co-cultures, but not in pure neuronal or
microglial sister cultures (Fig. 6B). When wild type neurons were
co-cultured with P2X7 /" microglia no PGE, production was
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observed after NMDA or ATP treatment (Fig. 6C). These findings
support the conclusion that neuronal ATP release after NMDA
stimulation triggers microglial PGEy production through P2X7
receptor activation.

P2X7 receptors contribute to NMDA induced PGE,
production in vivo and have an essential role in the
neuroprotection conferred by the COX-2 inhibition

Having established that P2X7 receptors are upstream of COX-
1 mediated PGE, production in microglia and that ATP released
from neurons after NMDA receptor activation might be a trigger
for their activation, we tested the hypothesis that P2X7 receptors
also mediate COX-1 dependent PGE, production after NMDA
challenge i vivo. Because early PGE, release in this excitotoxic
model is solely COX-1 dependent (Fig. 1), we examined PGE,
production 10 minutes after NMDA injection in mice that have
been pretreated with the P2X7 receptor blocker oxATP. PGE,
levels were significantly decreased in animals pretreated with
oxATP when compared to animals receiving vehicle alone
(Fig. 7A). Furthermore, similar to the effects seen after COX-1
inhibition, pre-treatment with oxATP or with the selective P2X7
receptor antagonist A438079 reversed the protection offered by
NS398 treatment, confirming that P2X7 receptors are essential for
COX-1 mediated prostanoid production after cortical NMDA
injections (Fig. 7B and 7C).

Discussion

Purinergic receptors play a central role in shaping the microglial
response to physiologic and pathologic environmental cues [34].
Here we identified P2X7 receptors as regulators of COX-1
dependent PGEy production in microglia and determined the
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Figure 5. P2X7 receptors mediate ATP but not LPS induced PGE, release in microglial cultures. (A) Microglia were treated with ATP
(1 mM) or the P2X7 receptor agonist BzATP (100 uM) alone or together with the P2X7 receptor inhibitor oxATP (1 mM), the PLA2 inhibitor AACOCF3
(20 uM), the COX-1 inhibitor SC560 (1 uM), or the Ca2+-independent PLA2 inhibitor BEL (10 uM). Some experiments were conducted in Ca*'-free
extracellular solution (Ca-free). PGE; levels in supernatants were determined by ELISA (n=8-12/group derived from 4-6 independent experiments,
* p<0.05 from all others except ATP, BzATP, and BEL+ATP groups). (B) Microglia derived from wild type, COX1’/’, or P2X7™/~ animals were
stimulated with ATP (1 mM) for 30 minutes or LPS (1 pug/ml) for 16 hours. Vehicle consisted of 5 ul PBS. PGE, levels in supernatants were determined
by ELISA (n=6/group derived from 3 independent experiments, * p<<0.05 from other groups with same treatment).

doi:10.1371/journal.pone.0025916.9005

contribution of this signaling pathway to the development of
excitotoxic cortical brain lesions.

We show that ATP is a strong inducer of COX-1 dependent
PGE, production in primary microglial cultures. The fact that
microglial PGE, release occurred within 30 minutes after ATP
exposure makes it likely that the release is dependent on the
activation of a constitutive synthetic machinery, rather than on
transcriptional induction of such components. COX-1 is the
predominant cyclooxygenase isoform expressed in resting microg-
lia wn vivo (Fig. 3) and in vitro (Fig. 4D). In contrast little constitutive
COX-2 protein is expressed and up-regulation requires prolonged
exposure to a pro-inflammatory stimulus such as LPS (Fig. 4D).
Microglia express several purinergic receptors, including members
of the G-protein coupled P2Y family and ionotropic P2X
receptors [34]. Here we present evidence that P2X7 receptors
are instrumental for ATP induced PGE, release in microglia. First,
relatively high (mM) ATP concentrations are needed to elicit
PGE, production. Low potency of ATP is a signature of the P2X7
receptor, while P2Y and other P2X receptors are activated at 10
fold lower concentration [35]. Second, exposure of microglia to
100 uM BzATP is as effective as 1 mM ATP in releasing PGEo.
Although capable of binding other P2X receptors, BZATP shows
high potency only for the P2X1 and P2X7 receptor [36]. Third,
oxATP, which is an irreversible inhibitor with good specificity for

@ PLoS ONE | www.plosone.org

the P2X7 receptor [37], efficiently blocked microglial PGE,
production. Finally, the ATP response was blunted in P2X7~/~
microglia.

Our data suggest that cPLA2 is activated in response to P2X7
receptor activation. Thus, PGE, production in our model is
dependent on extracellular Ca?* and is inhibited by the non-
selective PLA2 blocker AACOCF3. The observation that BEL, an
inhibitor of Ca2+-independent cPLA2y, does not attenuate PGE,
production indicates the involvement of Ca** dependent cPLA20
activity.

We also demonstrated that NMDA receptor activation results in
rapid ATP release from cortical neurons. ATP may be secreted by
neuronal activity from pre-synaptic vesicles where ATP concen-
trations can be as high as 150 mM [38]. Indeed, glutamate-
induced ATP release has been reported in Xenopus spinal neurons
[39]. Alternatively, ATP can be released from neurons as a result
of injury when cytoplasmic ATP, which is estimated to be in the
range of 10-100 mM, leaks to the extracellular space. Consistent
with this scenario, focal cerebral ischemia in rats results in early
increases in extracellular ATP [40]. It is therefore conceivable that
mM concentrations of ATP may be reached in the vicinity of
microglia after exposure to excitotoxic levels of NMDA, resulting
in P2X7 receptor activation. This interpretation is supported by
our findings that NMDA elicits PGE, production in neuron-
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independent experiments, * p<0.05 from 0). (B) Co-cultured microglia/
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derived from 3 independent experiments, * p<<0.05 from vehicle of the
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doi:10.1371/journal.pone.0025916.g006

microglia co-cultures, but not in pure neuronal or microglial
cultures, and that this production is dependent on microglial P2X7
receptors.
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We assessed the relative contribution of COX-1 and COX-2 in
NMDA induced PGE; production and tissue damage in the
mouse cortex. As previously reported [11,17], pharmacological
inhibition of COX-2 reduced lesion volumes, while COX-1
inhibition had no effect. However, inhibition of both isoforms
abolished the protection observed with COX-2 inhibition. Thus,
COX-1-derived reaction products do not reduce NMDA-induced
brain damage, but are able to protect the brain if COX-2 is
inhibited. Similarly, COX-1 inhibition abolished the protection
observed in mice lacking EP1 receptors, and the protective effect
induced by EP2 receptor activation. COX-1 was observed
exclusively in microglia, and was activated by purinergic signaling
leading to cPLA2 activation. Experiments in neuron-microglia co-
cultures indicated that neurons are the source of ATP driving
purinergic signaling and COX-1 activity. The data provide new
evidence for a neuroprotective role of microglial COX-1 in the
setting of excitotoxic brain injury.

The cortical PGE, production induced by excitotoxicity follows
a biphasic temporal profile. While COX-1 accounts for the early
PGE, release, which peaks 10 minutes after NMDA injection,
both COX-1 and COX-2 contribute to the late PGE, production
that is maximal at 8 hours after the NMDA challenge. Co-
administration of COX-1 and COX-2 inhibitors lowered PGE,
below baseline levels for at least 24 hrs, indicating that the
concentrations used were sufficient to block both enzymes
throughout the experiment. Interestingly, the early PGE,
production was only partially dependent on NMDA receptor
activation, because MK-801 did not reduce PGE; down to
baseline levels. Indeed, vehicle injection was sufficient to trigger
PGEs, release, which, in contrast to NMDA, could not be blocked
by MK-801. It is therefore likely that the NMDA-independent
component of the early PGEy production is related to the trauma
caused by insertion of the micropipette. Similar cortical injuries
have been shown to cause purine release from damaged cells [41],
and it is tempting to speculate that these purines activate COX-1-
dependent PGEs; production through microglial purinergic
receptors.

The mechanisms of the protective effect exerted by COX-1 in
the setting of COX-2 inhibition have not been elucidated. One
possibility is that COX-1-released PGEy preferentially acts on
cytoprotective Gg-coupled EP receptors, such as EP2 or EP4
[8,42,43]. Our data do not rule out this possibility, although the
reversal of EP2 receptor mediated neuroprotection by COX-1
inhibition would suggest that the EP2 receptor is not the target for
COX-1 derived PGEs. The role of EP4 receptors in this paradigm
remains to be explored. Another possibility is that, in addition to
PGE,, other prostanoids released by microglia play a role in the
protection. Thus, microglial COX-1 could be linked to PG
synthases distinct from those associated with neuronal COX-2,
resulting in synthesis of different prostanoids in the two cell types.
It has become clear that several prostanoid receptors can initiate
neuroprotective signaling [44]. In this respect it is interesting that
mice deficient in the hematopoietic PGDj synthase isoform, which
in brain is exclusively expressed in microglia and perivascular
macrophages, are more susceptible to hypoxic-ischemic damage
[45]. This effect is coupled to activation of G-coupled DPI
receptors which are neuroprotective [45,46].

Alternatively, COX-2 and COX-1 derived prostanoids might
have different cellular targets. We have previously established that
EP1 receptors mediate COX-2 neurotoxicity [7]. Because COX-1
inhibition reverts the protected phenotype in EP1™/" mice, it
could be argued that COX-1-derived prostanoids counteract a
pathogenic mechanism that is not directly linked to neuronal
COX-2. This assumption is also supported by the fact that EP2
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Figure 7. /n vivo inhibition of P2X7 receptors blocks NMDA induced PGE, production and reverts the protective effect of NS398. (A)
Animals were injected i.c.v. with saline (ve; 3 ul) or the P2X7 receptor blocker oxATP (300 nmol in 3 pl). Thirty minutes later NMDA was delivered
stereotaxically to the parietal cortex. Brain tissue was collected 10 minutes after end of NMDA injection and PGE, tissue levels were determined
(n=5/group; * p<0.05 from NMDA+ve). (B) Animals were treated as in A and both groups received NS398 (20 mg/kg i.p.). Lesion volumes were
determined 24 hours after NMDA injections (n=5/group; * p<<0.05 from NMDA+ve). Note the slightly increased lesion volumes in NS398+ve treated
as compared to animals presented in Fig. 2A and 7C, a fact that could be related to surgical procedures associated with i.c.v. injections. (C) Animals
received NS398 (20 mg/kg i.p.) together with A438079 (200 umol/kg in physiol. saline; i.p.) or vehicle (100 pl physiol. saline; i.p.). Lesion volumes were
determined 24 hours after NMDA injections (n=4/group; * p<0.05 from NMDA+ve).

doi:10.1371/journal.pone.0025916.9g007

receptor activation, which is directly neuroprotective by rising
intracellular cAMP levels [8], could not override the deleterious
effect of COX-1 inhibition (Fig. 2). Although in the excitotoxic
model used in the present study neuronal cell fate is mainly
dependent on intrinsic neuronal mechanisms, i.e. energy deple-
tion, intracellular Ca*" overload, oxidative stress, protease
activation, and mitochondrial dysfunction [47], involvement of
microglia has also been suggested [48,49]. Because PGDy is the
precursor for the peroxisome proliferators activator receptor-y
(PPARY) ligand 15-Deoxy-*'*"*-PGJ,, it is possible that COX-1
might be linked to PPARY activation which has been shown to
mitigate microglial pro-inflammatory response in a variety of
models [50]. Thus COX-1 might be part of an autocrine loop to
limit microglia activation after excitotoxic brain lesions. However,
the protective effect of COX-1 derived prostanoids might be
limited to excitotoxic neuronal cell death. For example, in contrast
to our findings, COX-1 contributed to neuronal cell death after
neuroinflammation triggered by intracerebroventricular LPS
injection [51]. Interestingly, COX-1 inhibition did not reverse
the protected phenotype of nNOS™’~ animals. Thus, the
neuroprotective contribution of COX-1 is likely to be pathway
specific, and might be confined to the cerebral prostanoid system.

In addition, we cannot exclude the involvement of lipid
mediators not directly produced by the COX system. Apart from
COX, arachidonic acid can be metabolized by lipoxygenases to
form leukotrienes and lipoxins and the cytochrome P450 pathway
to form epoxyeicosatrienoic acids (EETs) and hydroxyeicosate-
traenoic acids (HETEs) [52]. Blocking COX could therefore shunt
arachidonic acid released after P2X7 receptor activation to be
utilized by these pathways. Evidence suggests that several
lipoxygenase and P450 epoxygenase metabolites are neurotoxic
[63]. It is therefore conceivable that COX-1 inhibition could
increase lipoxygenase or cytochrome P450-derived neurotoxic
lipid mediators leading to a reversal of the neuroprotection
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granted by COX-2 inhibition. It is however not clear why these
neurotoxins would be only relevant when COX-2 is inhibited and
not be neurotoxic in naive animals or in nNOS™’~ mice.

Finally we show that P2X7 receptors are pivotal for COX-1
activation after cortical NMDA injections i wwo. Animals
pretreated with the P2X7 receptor blocker oxATP showed
reduced early PGEy production after cortical NMDA injection,
indicating that P2X7 receptors are activators of COX-1 mediated
PGE, production in the setting of excitotoxic brain lesions. As
expected, we found that P2X7 receptor inhibition by oxATP or
the competitive antagonist A438079, similar to COX-1 inhibition,
reversed the protective effect afforded by the COX-2 inhibitor
NS398. This data further confirm that NMDA induced COX-1
activity is dependent on purinergic signaling through the P2X7
receptor.

In summary, we have provided evidence that COX-1 is solely
responsible for the early increase in PGE, induced by cortical
injection of NMDA, and that COX-1 activity contributes to the
protective effect exerted by COX-2 inhibition, EP1 receptor
deletion, or EP2 receptor activation. In the cortex of naive
animals, COX-1 is localized to microglia, whereas COX-2 is
present mainly in neurons. Microglial COX-1 coupled to PGE,
synthases is able to synthesize PGE, in response to extracellular
ATP, probably released by an effect of NMDA on neurons rather
than microglia. COX-1 catalytic activity is increased as a result of
cPLA20 activation following Ca?" influx through the P2X7
receptor. These findings, collectively, suggest that neuronal release
of ATP following NMDA stimulation leads to activation of COX-
1 in microglia. Although the mechanisms by which COX-1-
derived prostanoids influence lesion outcome remain to be
defined, the data indicate that COX-1 in microglia is endowed
with a powerful neuroprotective potential, which could be
beneficial in the treatment of neurological diseases associated
with excitotoxicity.

October 2011 | Volume 6 | Issue 10 | €25916



Acknowledgments

We would like to thank Jasmine Tan and Alicia Savage for excellent
technical assistance.

References

20.

21.

22.

23.

24.

. Andreasson K (2010) Emerging roles of PGE2 receptors in models of

neurological disease. Prostaglandins Other Lipid Mediat 91: 104-112.

. Wu KK (2005) Control of cyclooxygenase-2 transcriptional activation by pro-

inflammatory mediators. Prostaglandins Leukot Essent Fatty Acids 72: 89-93.

. Kang YJ, Mbonye UR, DeLong CJ, Wada M, Smith WL (2007) Regulation of

intracellular cyclooxygenase levels by gene transcription and protein degrada-
tion. Progress in lipid research 46: 108-125.

. Yamagata K, Andreasson KI, Kaufmann WE, Barnes CA, Worley PF (1993)

Expression of a mitogen-inducible cyclooxygenase in brain neurons: regulation
by synaptic activity and glucocorticoids. Neuron 11: 371-386.

. Minghetti L (2004) Cyclooxygenase-2 (COX-2) in inflammatory and degener-

ative brain diseases. J] Neuropathol Exp Neurol 63: 901-910.

. Ahmad AS, Saleem S, Ahmad M, Dore S (2006) Prostaglandin EP1 receptor

contributes to excitotoxicity and focal ischemic brain damage. Toxicol Sci 89:
265-270.

. Kawano T, Anrather J, Zhou P, Park L, Wang G, et al. (2006) Prostaglandin E2

EP1 receptors: downstream effectors of COX-2 neurotoxicity. Nat Med 12:
225-229.

. McCullough L, Wu L, Haughey N, Liang X, Hand T, et al. (2004)

Neuroprotective function of the PGE2 EP2 receptor in cerebral ischemia.
J Neurosci 24: 257-268.

. Liang X, Wang Q, Hand T, Wu L, Breyer RM, et al. (2005) Deletion of the

prostaglandin E2 EP2 receptor reduces oxidative damage and amyloid burden
in a model of Alzheimer’s disease. ] Neurosci 25: 10180-10187.

. Pepicelli O, Fedele E, Berardi M, Raiteri M, Levi G, et al. (2005) Cyclo-

oxygenase-1 and -2 differently contribute to prostaglandin E2 synthesis and lipid
peroxidation after in vivo activation of N-methyl-D-aspartate receptors in rat
hippocampus. ] Neurochem 93: 1561-1567.

. Jadecola C, Sugimoto K, Niwa K, Kazama K, Ross ME (2001) Increased

susceptibility to ischemic brain injury in cyclooxygenase-1-deficient mice. J Cereb

Blood Flow Metab 21: 1436-1441.

. Candelario-Jalil E, Gonzalez-Falcon A, Garcia-Cabrera M, Alvarez D, Al-

Dalain S, et al. (2003) Assessment of the relative contribution of COX-1 and
COX-2 isoforms to ischemia-induced oxidative damage and neurodegeneration
following transient global cerebral ischemia. J Neurochem 86: 545-555.

Stock JL, Shinjo K, Burkhardt J, Roach M, Taniguchi K, et al. (2001) The
prostaglandin E2 EP1 receptor mediates pain perception and regulates blood
pressure. J Clin Invest 107: 325-331.

. Huang PL, Dawson TM, Bredt DS, Snyder SH, Fishman MC (1993) Targeted

disruption of the neuronal nitric oxide synthase gene. Cell 75: 1273-1286.
Solle M, Labasi J, Perregaux DG, Stam E, Petrushova N; et al. (2001) Altered
cytokine production in mice lacking P2X(7) receptors. J Biol Chem 276:
125-132.

. Manabe Y, Anrather J, Kawano T, Niwa K, Zhou P, et al. (2004) Prostanoids,

not reactive oxygen species, mediate COX-2-dependent neurotoxicity. Ann
Neurol 55: 668-675.

. Tadecola C, Niwa K, Nogawa S, Zhao X, Nagayama M, et al. (2001) Reduced

susceptibility to ischemic brain injury and N-methyl-D-aspartate-mediated
neurotoxicity in cyclooxygenase-2-deficient mice. Proc Natl Acad Sci U S A 98:
1294-1299.

. Zhang YH, Lu J, Elmquist JK, Saper CB (2003) Specific roles of cyclooxygenase-

1 and cyclooxygenase-2 in lipopolysaccharide-induced fever and Fos expression
in rat brain. J Comp Neurol 463: 3-12.

. Niwa K, Haensel C, Ross ME, Iadecola C (2001) Cyclooxygenase-1 participates

in selected vasodilator responses of the cerebral circulation. Circ Res 88:
600-608.

Martins JP, Silva RB, Coutinho-Silva R, Takiya CM, Battastini AM, et al.
(2011) P2X7 purinergic receptor and its role in inflammatory and nociceptive
alterations associated to cyclophosphamide-induced hemorrhagic cystitis in
mice. British journal of pharmacology.

Saura J, Tusell JM, Serratosa ] (2003) High-yield isolation of murine microglia
by mild trypsinization. Glia 44: 183-189.

Langenbach R, Morham SG, Tiano HF, Loftin CD, Ghanayem BI, et al. (1995)
Prostaglandin synthase 1 gene disruption in mice reduces arachidonic acid-
induced inflammation and indomethacin-induced gastric ulceration. Cell 83:
483-492.

Hassan NF, Rifat S, Campbell DE, McCawley L], Douglas SD (1991) Isolation
and flow cytometric characterization of newborn mouse brain-derived microglia
maintained in vitro. J Leukoc Biol 50: 86-92.

Brosjan C, Anrather ], Csizmadia V, Stroka D, Soares M, et al. (1996)
Glucocorticoid-mediated repression of NF-kB activity in endothelial cells does
not involve induction of IxBa synthesis. Journal of Biological Chemistry 271:
19612-19616.

@ PLoS ONE | www.plosone.org

10

Cyclooxygenase-1 in Excitotoxicity

Author Contributions

Conceived and designed the experiments: JA CI. Performed the
experiments: JA EG TK MO CG TA. Analyzed the data: JA CIL
Contributed reagents/materials/analysis tools: PZ. Wrote the paper: JA

CL

26.

27.

28.

29.

30.

31.

32.

36.

37.

38.
39.

40.

41.

42.

43.

44.

46.
47.

48.

49.

50.

. Akanuma S, Hosoya K, Ito S, Tachikawa M, Terasaki T, et al. (2010)

Involvement of multidrug resistance-associated protein 4 in efflux transport of
prostaglandin E(2) across mouse blood-brain barrier and its inhibition by
intravenous administration of cephalosporins. J Pharmacol Exp Ther 333:
912-919.

Sasaki T, Kitagawa K, Yamagata K, Takemiya T, Tanaka S, et al. (2004)
Amelioration of hippocampal neuronal damage after transient forebrain
ischemia in cyclooxygenase-2-deficient mice. J Cereb Blood Flow Metab 24:
107-113.

Wang H, Hitron IM, Iadecola C, Pickel VM (2005) Synaptic and vascular
associations of neurons containing cyclooxygenase-2 and nitric oxide synthase in
rat somatosensory cortex. Cereb Cortex 15: 1250-1260.

Yermakova AV, Rollins J, Callahan LM, Rogers J, O’Banion MK (1999)
Cyclooxygenase-1 in human Alzheimer and control brain: quantitative analysis
of expression by microglia and CA3 hippocampal neurons. J Neuropathol Exp
Neurol 58: 1135-1146.

Deininger MH, Schluesener HJ (1999) Cyclooxygenases-1 and -2 are
differentially localized to microglia and endothelium in rat EAE and glioma.
J Neuroimmunol 95: 202-208.

Akundi RS, Candelario-Jalil E, Hess S, Hull M, Lieb K, et al. (2005) Signal
transduction pathways regulating cyclooxygenase-2 in lipopolysaccharide-
activated primary rat microglia. Glia 51: 199-208.

Hoozemans [J, Veerhuis R, Janssen I, van Elk EJ, Rozemuller AJ, et al. (2002)
The role of cyclo-oxygenase 1 and 2 activity in prostaglandin E(2) secretion by
cultured human adult microglia: implications for Alzheimer’s disease. Brain Res
951: 218-226.

Sperlagh B, Vizi ES, Wirkner K, Illes P (2006) P2X7 receptors in the nervous
system. Prog Neurobiol 78: 327-346.

. Phillis JW, Horrocks LA, Farooqui AA (2006) Cyclooxygenases, lipoxygenases,

and epoxygenases in CNS: their role and involvement in neurological disorders.

Brain Res Rev 52: 201-243.

. Farber K, Kettenmann H (2006) Purinergic signaling and microglia. Pflugers

Arch 452: 615-621.

. North RA (2002) Molecular physiology of P2X receptors. Physiol Rev 82:

1013-1067.

Bianchi BR, Lynch KJ, Touma E, Niforatos W, Burgard EC, et al. (1999)
Pharmacological characterization of recombinant human and rat P2X receptor
subtypes. Eur J Pharmacol 376: 127-138.

Murgia M, Hanau S, Pizzo P, Rippa M, Di Virgilio F (1993) Oxidized ATP. An
irreversible inhibitor of the macrophage purinergic P27 receptor. J Biol Chem
268: 8199-8203.

Pankratov Y, Lalo U, Verkhratsky A, North RA (2006) Vesicular release of ATP
at central synapses. Pflugers Arch 452: 589-597.

Brown P, Dale N (2002) Spike-independent release of ATP from Xenopus spinal
neurons evoked by activation of glutamate receptors. J Physiol 540: 851-860.
Melani A, Turchi D, Vannucchi MG, Cipriani S, Gianfriddo M, et al. (2005)
ATP extracellular concentrations are increased in the rat striatum during in vivo
ischemia. Neurochem Int 47: 442-448.

Davalos D, Grutzendler J, Yang G, Kim JV, Zuo Y, et al. (2005) ATP mediates
rapid microglial response to local brain injury in vivo. Nat Neurosci 8: 752-758.
Ahmad AS, Ahmad M, de Brum-Fernandes AJ, Dore S (2005) Prostaglandin
EP4 receptor agonist protects against acute neurotoxicity. Brain Res 1066:
71-77.

Ahmad AS, Zhuang H, Echeverria V, Dore S (2006) Stimulation of prostaglandin
EP2 receptors prevents NMDA-induced excitotoxicity. J Neurotrauma 23:
1895-1903.

Liang X, Wu L, Wang Q, Hand T, Bilak M, et al. (2007) Function of COX-2
and prostaglandins in neurological disease. J] Mol Neurosci 33: 94-99.

. Taniguchi H, Mohri I, Okabe-Arahori H, Aritake K, Wada K, et al. (2007)

Prostaglandin D2 protects neonatal mouse brain from hypoxic ischemic injury.
J Neurosci 27: 4303-4312.

Liang X, Wu L, Hand T, Andreasson K (2005) Prostaglandin D2 mediates
neuronal protection via the DP1 receptor. J Neurochem 92: 477-486.
Moskowitz MA, Lo EH, Iadecola C (2010) The science of stroke: mechanisms in
search of treatments. Neuron 67: 181-198.

Pearson VL, Rothwell NJ, Toulmond S (1999) Excitotoxic brain damage in the
rat induces interleukin-l1beta protein in microglia and astrocytes: correlation
with the progression of cell death. Glia 25: 311-323.

Turrin NP, Rivest S (2006) Molecular and cellular immune mediators of
neuroprotection. Mol Neurobiol 34: 221-242.

Bernardo A, Minghetti L. (2006) PPAR-gamma agonists as regulators of
microglial activation and brain inflammation. Curr Pharm Des 12: 93-109.

October 2011 | Volume 6 | Issue 10 | e25916



51.

52.

Choi SH, Langenbach R, Bosetti I (2008) Genetic deletion or pharmacological
inhibition of cyclooxygenase-1 attenuate lipopolysaccharide-induced inflamma-
tory response and brain injury. Faseb J 22: 1491-1501.

Phillis JW, Horrocks LA, Farooqui AA (2006) Cyclooxygenases, lipoxygenases,
and epoxygenases in CNS: their role and involvement in neurological disorders.

Brain research reviews 52: 201-243.

@ PLoS ONE | www.plosone.org

53.

1

Cyclooxygenase-1 in Excitotoxicity

Kwon KJ, Jung YS, Lee SH, Moon CH, Baik EJ (2005) Arachidonic acid
induces neuronal death through lipoxygenase and cytochrome P450 rather than
cyclooxygenase. Journal of neuroscience research 81: 73-84.

October 2011 | Volume 6 | Issue 10 | e25916



