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Microsomal prostaglandin E synthase-1
and cyclooxygenase-2 are both required for
ischaemic excitotoxicitybph_595 1174..1186
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Background and purpose: Although both microsomal prostaglandin E synthase (mPGES)-1 and cyclooxygenase (COX)-2 are
critical factors in stroke injury, but the interactions between these enzymes in the ischaemic brain is still obscure. This study
examines the hypothesis that mPGES-1 activity is required for COX-2 to cause neuronal damage in ischaemic injury.
Experimental approach: We used a glutamate-induced excitotoxicity model in cultures of rat or mouse hippocampal slices
and a mouse middle cerebral artery occlusion-reperfusion model in vivo. The effect of a COX-2 inhibitor on neuronal damage
in mPGES-1 knockout (KO) mice was compared with that in wild-type (WT) mice.
Key results: In rat hippocampal slices, glutamate-induced excitotoxicity, as well as prostaglandin (PG) E2 production and PGES
activation, was significantly attenuated by either MK-886 or NS-398, inhibitors of mPGES-1 and COX-2 respectively; however,
co-application of these inhibitors had neither an additive nor a synergistic effect. The protective effect of NS-398 on the
excitotoxicity observed in WT slices was completely abolished in mPGES-1 KO slices, which showed less excitotoxicity than WT
slices. In the transient focal ischaemia model, mPGES-1 and COX-2 were co-localized in the infarct region of the cortex.
Injection of NS-398 reduced not only ischaemic PGE2 production, but also ischaemic injuries in WT mice, but not in mPGES-1
KO mice, which showed less dysfunction than WT mice.
Conclusion and implications: Microsomal prostaglandin E synthase-1 and COX-2 are co-induced by excess glutamate in
ischaemic brain. These enzymes are co-localized and act together to exacerbate stroke injury, by excessive PGE2 production.
British Journal of Pharmacology (2010) 159, 1174–1186; doi:10.1111/j.1476-5381.2009.00595.x; published online 29
January 2010
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Introduction

Stroke remains a major cause of death and neuronal disability
worldwide. In the early stages of cerebral ischaemia, activa-
tion of glutamate receptors initiates the ischaemic cascade
that causes the damage (Butcher et al., 1990; Lee et al., 1999).
At later times after ischaemia, inflammation is a major factor
in the progression of the injury (Dirnagl et al., 1999; Barone
and Feuerstein, 1999).

The prostaglandin (PG) E2, one of the most likely candidates
for propagation of inflammation, is known to be produced
and accumulated at the lesion sites of the ischaemic brain
(Kempski et al., 1987; Iadecola et al., 2001; Ikeda-Matsuo
et al., 2006). PGE2 is sequentially synthesized from arachi-
donic acid in two enzymatic steps: cyclooxygenase (COX) and
PGE synthase (PGES). Between the two COX isoforms, COX-1
and COX-2, COX-2 is the more highly inducible form (Kauf-
mann et al., 1997; Chandrasekharan et al., 2002). Although
COX-2 has been immunohistochemically detected specifi-
cally in neurons in the normal brain (Kaufmann et al., 1997),
it has also been shown to be up-regulated after transient
ischaemia (Nogawa et al., 1997; Iadecola et al., 1999; Yokota
et al., 2004) and has recently been identified in non-neuronal
cells as well at some lesion sites, for example, in microglia in
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the brains of patients with multiple sclerosis and chronic
cerebral ischaemia (Tomimoto et al., 2000; Rose et al., 2004).
The genetic disruption and chemical inhibition of COX-2
have been shown to ameliorate neuronal death after transient
forebrain ischaemia in mice, suggesting that COX-2 is
involved in the pathogenic events occurring in cerebral
ischaemia (Nogawa et al., 1997; Iadecola et al., 2001; Sasaki
et al., 2004). Because deletion and inhibition of COX-2
attenuated the elevation in PGE2 in the post-ischaemic brain,
it was suggested that the accumulated PGE2 may mediate the
toxic effects of COX-2 in the brain (Nogawa et al., 1997;
Iadecola et al., 2001; Kunz et al., 2007). COX-2-derived PGH2

is a precursor of not only PGE2 but also thromboxane A2

(TXA2), PGI2 and PGD2 (Govoni et al., 2001; Sunose et al.,
2001; McAdam et al., 2005). PGI2 and PGD2 are known to
have protective effects on ischaemic injury (Cui et al., 2006;
Saleem et al., 2007; Taniguchi et al., 2007; Wei et al., 2008),
while an inhibitor of TXA2 synthase and antagonist of TXA2

TP receptors have been reported to ameliorate brain ischaemic
injury (Matsuo et al., 1993; Iijima et al., 1996). Thus, TXA2

may also mediate the toxic effects of COX-2 in the brain. In
addition to prostanoids, COX-2 also generates free radical
species (Kontos et al., 1980; Armstead et al., 1988; Torres et al.,
2004). Previous studies have shown that one of the primary
sources of reactive oxygen species in the ischaemic brain is
the metabolism of arachidonic acid by COX (Traystman et al.,
1991; Nelson et al., 1992; Chan, 2001; Domoki et al., 2001).
Thus, COX inhibitors have been shown to reduce free radical
production in global cerebral ischaemia (Hall et al., 1993;
Candelario-Jalil et al., 2003) and in traumatic brain injury
(Tyurin et al., 2000). Therefore, the prostanoids and/or reac-
tive oxygen species have been suggested to mediate the toxic
effects of COX-2 in brain ischaemia, but the major COX-2
reaction products mediating the neurotoxicity of COX-2 have
not yet been defined.

Three major isozymes of PGES were recently isolated: cyto-
solic PGES (cPGES), microsomal PGES (mPGES)-1 and
mPGES-2. While cPGES and mPGES-2 are constitutively
expressed in various cells and tissues, mPGES-1 is induced by
pro-inflammatory stimuli and in various models of inflamma-
tion (Jakobsson et al., 1999; Murakami et al., 2002). We have
demonstrated that the activation of microglia by lipopolysac-
charide (LPS) contributes to PGE2 production through the
induction of mPGES-1 expression at sites of inflammation of
the brain parenchyma (Ikeda-Matsuo et al., 2005). Recently,
using models of focal cerebral ischaemia in mPGES-1 knock-
out (KO) mice, we demonstrated that induction of mPGES-1
contributes to the exacerbation of stroke injury through PGE2

production following ischaemia (Ikeda-Matsuo et al., 2006).
Although mPGES-1 has been shown to act in concert with

COX-2 in in vitro transfection models (Murakami et al., 2000)
and there is increasing evidence that mPGES-1 is co-induced
with COX-2 in some injury models (Samuelsson et al., 2007),
the interaction between these enzymes in the ischaemic brain
is still obscure. Thus, contrary to a proposed model of exclu-
sive COX-2/mPGES-1 coordination, it has been observed that
COX-2 could coordinate with not only mPGES-1 but also
cPGES in the brain (Vazquez-Tello et al., 2004). In addition,
un-coupled regulation of COX-2 and mPGES-1 has also been
observed in rat microglia (de Oliveira et al., 2008). Further-

more, up-regulation of cPGES after peritoneal injection of LPS
in rats has also been reported (Tanioka et al., 2000). Consid-
ering that the contribution of mPGES-1 and PGE2 in mediat-
ing the neurotoxicity of COX-2 has not yet been defined, a
study of the relation of mPGES-1 and COX-2 in stroke injury
and neuronal death could provide a considerable amount of
information that would help in the therapeutic targeting of
these enzymes in patients with stroke injury.

Here we report on the co-induction and co-localization of
mPGES-1 and COX-2 in the mouse cerebral cortex after tran-
sient focal ischaemia in vivo. Using inhibitors of mPGES-1 and
COX-2 and mPGES-1 KO mice, we demonstrated that
mPGES-1 activity is required for COX-2 to exert enhancement
of excitotoxicity, and that mPGES-1 activity exacerbates
stroke injury through PGE2 production.

Methods

Animals
All animal care and experimental procedures complied with
the guidelines of the Japanese Pharmacological Society.
mPGES-1 KO mice and wild-type (WT) mice (C57BL/6J x
129/SvJ background) back-crossed to C57BL/6J mice for >8
generations to avoid artifactual differences caused by genetic
background were used (Uematsu et al., 2002). Our preliminary
data showed no significant gender differences in infarct
volume, degree of oedema, neurological score and motor
activity 24 h after ischaemia (data not shown). Therefore,
both male and female mice were studied at weight 23–25 g;
and data from both sexes were pooled. Wistar rat pups were
purchased from Japan SLC, Inc. (Shizuoka, Japan).

Organotypic hippocampal cultures
Brains were rapidly removed from 7-day-old pups, and 300-
mm-thick horizontal entorhino-hippocampal slices were
placed on transparent membranes (Millicell-CM, Millipore,
Billerica, MA, USA) in 6-well culture plates and cultured with
700 mL of culture medium consisting of 50% minimal essen-
tial medium, 25% horse serum, and 25% Hanks’ balanced salt
solution supplemented with 3.0 mg·mL-1 glucose, 2 mM
L-glutamine, 100 U·mL-1 penicillin G and 125 mg·mL-1 strep-
tomycin in a humidified incubator at 37°C in 5% CO2. After 7
days in vitro, slice cultures were exposed to 1 mM glutamate
for 15 min for rats and 30 min for mice with or without
MK-886 and/or NS-398. An identical treatment was per-
formed with the vehicle as a control group. Then medium was
changed to normal culture medium containing 5 mg·mL-1 pro-
pidium iodide (PI) with or without MK-886 and/or NS-398
and cultured for 24 h. After that, cells were killed by 24-h
incubation with 0.3% Triton X-100 at a low temperature
(4°C). PI fluorescence images were obtained with the LSM510
confocal imaging system (Zeiss). The fluorescence intensity at
CA1 pyramidale was obtained by measuring averaged
gray-scale values of the desired area using a graphic software
(Photoshop version 7.0. Adobe systems).

Western blot analysis
The cerebral cortex, striatum and hippocampus were dissected
from the brain obtained as described above and lysed by
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homogenization in 10 mM HEPES-buffered solution (pH 7.4)
containing 5 mM EDTA, 1 mM dithiothreitol (DTT), 1 mM
phenylmethylsulfonyl fluoride (PMSF), 10 mg·mL-1 leupeptin,
1 mg·mL-1 pepstatin and 50% glycerol, followed by sonication
(3 ¥ 10 s) and centrifugation at 12 000¥ g for 10 min at 4°C.
The protein concentration of the supernatants was measured
by the method of Bradford. A total of 15 mg protein of each
sample was denatured by boiling for 5 min in sample buffer
(62.5 mM Tris-HCl, pH 6.7, 1% SDS, 10% glycerol, 2%
2-mercaptoethanol, 0.025% bromophenol blue), separated by
electrophoresis on 15% SDS-polyacrylamide gels, and trans-
ferred electrophoretically onto immobilon-P polyvinylidene
difluoride membranes (Millipore). The membranes were
blocked overnight in Tris-buffered saline-Tween 20 (TBS-T;
10 mM Tris-HCl, pH 7.4, containing 150 mM NaCl, 0.1%
Tween 20), and 5% skim milk. The membranes were incu-
bated with the appropriate primary antibodies against
mPGES-1 (1:500 dilution), mPGES-2 (1:1000), cPGES (1:250),
COX-1 (1:250) and COX-2 (1:1000) in TBS-T for 1.5 h. After
washing the membranes with TBS-T, horseradish peroxidase-
conjugated secondary antibodies were added at a 1:10 000
dilution in TBS-T and incubated for 1 h. After washes with
TBS-T, the protein bands were visualized with ECL Western
blot detection reagents (Amersham Biosciences, Piscataway,
NJ, USA).

RNA extraction and real-time PCR analysis
RNA extraction was performed as described (Ikeda et al.,
2000). Briefly, total RNA was extracted with Trizol® (Invitro-
gen) and then treated with RNase-free DNase I for 15 min at
room temperature. Samples of total RNA (2mg) were reverse-
transcribed using High-Capacity cDNA Reverse Transcription
Kits (Applied Biosystems, Foster City, CA, USA). Expression of
COX-2 and mPGES-1 mRNAs was quantified by real-time PCR
with the ABI PRISM® (Applied Biosystems) technology and
the SYBR® Premix Ex Taq™ (Takara). After amplification (1
cycle at 95°C for 1 min and 40 cycles at 95°C for 15 s, 60°C for
1 min), a melting curve was constructed to determine the
melting temperature of each PCR product; their sizes were
checked on a 2% agarose gel stained with ethidium bromide
(0.1 mg·mL-1). The mRNA levels of each gene of interest and of
GAPDH, chosen as a housekeeping gene, were determined in
parallel for each sample. Results are expressed as the normal-
ized ratio of mRNA level of each gene of interest to the
GAPDH gene. The gene-specific primer pairs used for real-time
PCR were as follows: mPGES-1, sense 5’-ATCAAGATG
TACGCGGTGGC-3’, antisense 5’-GAGGAAATGTATCCAG
GCGA-3’; COX-2, sense 5’-TACAAGCAGTGGCAAAGGCC-3’,
antisense 5’-CAGTATTGAGGAGAACAGATGGG-3’; GAPDH,
sense 5’-ACCACCAACTGCTTA GCC-3’, antisense 5’-ATCACG
CCACAGCTTTCC-3’.

PGE2 assay
The concentration of the PGE2 in dissected brain tissues or
culture medium was determined using an enzyme immunoas-
say (EIA) kit (Cayman Chemicals). The brain tissues were
quickly frozen in liquid nitrogen and weighed to determine
the wet weight. Prostanoids were extracted by homogeniza-

tion of the tissues in 70% methanol solution containing
10 mM indomethacin and centrifugation at 15 000¥ g for
20 min at 4°C. The supernatant was evaporated and dissolved
and diluted with the assay buffer. The hippocampal culture
medium was also diluted with the assay buffer. The PGE2

concentration was determined according to the instructions
provided with the kit.

Assay of enzymatic activity of PGES
Prostaglandin E synthase activities in cell lysates were mea-
sured by assessment of the conversion of PGH2 to PGE2. The
slices were disrupted by sonication (3 ¥ 10 s, at 1-min inter-
vals) in 100 mL of phosphate-buffered saline (PBS) supple-
mented with 2.5 mM DTT, 1 mM PMSF, 10 mg·mL-1 leupeptin
and 30 mg·mL-1 pepstatin A. After centrifugation of the soni-
cates at 10 000¥ g for 5 min at 4°C, the supernatants were
further centrifuged at 100 000¥ g for 1 h at 4°C, and the
microsomal membranes (pellets which were resuspended in
100 mL of PBS supplemented with 2.5 mM DTT, 1 mM PMSF,
10 mg·mL-1 leupeptin and 30 mg·mL-1 pepstatin A) were used
to measure PGES activity. An aliquot of each lysate (30-mg
protein equivalents) was incubated with 0.5 mg of PGH2 for
30 s at 24°C in 100 mL of 0.2 M Tris-HCl, pH 8.0, containing
2 mM glutathione and 14 mM indomethacin. After terminat-
ing the reaction by the addition of 100 mM FeCl2, PGE2 con-
tents in the supernatants were quantified by use of an EIA kit
(Cayman Chemical).

Induction of transient focal ischaemia
Middle cerebral artery (MCA) occlusion was carried out under
halothane anesthesia (5.0% for induction, 1.0% for mainte-
nance) as described previously (Ikeda-Matsuo et al., 2006).
Briefly, the right common carotid artery was exposed through
a midline incision, and occlusion of the MCA was achieved by
inserting a 6-0 nylon monofilament with a heat-blunted tip
coated with silicon thread through the proximal external
carotid artery into the internal carotid artery and up to the
MCA (9 mm from the internal carotid/pterygopalatine artery
bifurcation). The occlusion of the MCA was maintained for
1.5 h, followed by reperfusion for 1~3 days. Body temperature
was monitored by a rectal thermometer and maintained at
37°C by using a warm pad during the operation and until the
animals were awake. In sham-operated animals, an incision
was made over the MCA but the artery was not occluded. The
COX-2 inhibitor NS-398 was diluted in saline at pH 8.5 and
vehicle consisted of saline (pH 8.5). NS-398 (10 mg·kg-1; i.p.)
or vehicle was administered twice daily starting 10 min after
reperfusion.

Immunocytochemistry
Animals were anesthetized with sodium pentobarbital and
then perfused transcardially with saline, followed by 4%
paraformaldehyde in PBS. The brains were removed, post-
fixed overnight in a solution containing 4% paraformalde-
hyde and 4% sucrose in PBS, and then cryoprotected in
solutions containing 10%, 15% and 20% sucrose in PBS for 1
day each. The brains were then frozen in dry-ice powder, and
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coronal sections (20 mm) were cut using a cryostat. The sliced
tissues were fixed with 4% paraformaldehyde for 30 min, per-
meabilized with 0.3% Triton-X for 10 min, and then treated
with 3% bovine serum albumin (BSA) for 30 min in PBS to
block nonspecific binding. The preparations were incubated
with appropriate primary antibodies against mPGES-1 (1:250
dilution), COX-2 1:250), CD-11b (1:50) and Neu-N (1:1000)
in PBS containing 3% BSA at 4°C overnight, and washed in
PBS. Staining was performed according to protocol of the
avidin-biotin complex kit (Vector Laboratories Inc., Burlin-
game, CA, USA). For fluoroimmunostaining, the Cy3- or
FITC-conjugated secondary antibodies (1:100) were used. The
slices were mounted with Vectashield Mounting Medium
(Vector Laboratories Inc.) and examined using a confocal laser
scanning system (LSM510) on an Axiovert200M inverted
microscope (Carl Zeiss, Germany).

Quantification of infarct volume
After reperfusion for 72 h, the animals were killed and the
brains removed. Brains were sectioned coronally into five
2 mm sections and incubated with 2% triphenyltetrazolium
chloride (TTC) in saline for 10 min at 37°C. The area of
infarct, identified by the lack of TTC staining, was measured
on the rostral and caudal surfaces of each slice using Scion
image software (Scion Corp., Frederick, MD, USA) and
numerically integrated across the thickness of the slice to
obtain an estimate of the infarct volume in each slice. The
volumes from all slices were summed to calculate the total
infarct volume over the entire infarcted hemisphere. The
infarct volume was measured separately in the cerebral cortex,
striatum and hemisphere, and corrected for swelling by com-
paring the volume of the neocortex in the infarcted hemi-
sphere with that in the noninfarcted hemisphere. The
swelling rates were calculated as the rates of change in the
volumes.

Behaviuoral experimenst
The animals were scored for neurological deficits at 0 h or 1~3
days after reperfusion. Ischaemic neurological deficits were
confirmed and scored as follows: 0, no deficit; 1, reduced
outstretching of the contralateral forelimb when lifted by the
tail; 2, impaired forepaw walking when made to walk on the
forelimbs while being held by the tail; 3, flexion of the torso
and contralateral forelimb (>3 s) when lifted by the tail; 4,
contralateral forelimb weakness upon application of pressure
to the side of the body; 5, circling to the affected side; and 6,
no spontaneous locomotor activity. The highest score of the
observed defects in each animal (min: 0; max: 6) was taken as
the neurological score.

Blood–brain barrier (BBB) permeability
The integrity of the BBB was investigated using Evans Blue.
Evans Blue (2% in saline; 200 mL) was injected into mice via a
tail vein 1 day after 1.5 h-MCA occlusion and mice were killed
24 h after the injection (2 days after MCA occlusion). Animals
were anesthetized with pentobarbital (50 mg·kg-1, i.p.) and
perfused transcardially with saline (3.2 mL·min-1) for 10 min

until blue color was absent from the effluent. Mice were
decapitated and brains were immediately removed and placed
on plates, on ice. The cortices were weighed and homog-
enized in 50% trichloroacetic acid solution to extract the dye
in the supernatant. The tissue content of Evans Blue was
estimated from the absorbance of 620 nm.

Statistical analysis
Results are expressed as the mean � SEM. Statistical signifi-
cance was evaluated with one-way analysis of variance fol-
lowed by Tukey’s test. Values of P < 0.05 were considered to
indicate statistical significance.

Materials
MK-886, NS-398, indomethacin and TTC were purchased
from Sigma-Aldrich (Deisenhofen, Germany). The IC50 values
of MK-886 obtained by suppression of enzyme activity in vitro
are 2.4 and 58 mM for mPGES-1 and COX-2 respectively
(Claveau et al., 2003; Koeberle et al., 2009). The IC50 values of
NS-398 obtained by suppression of enzyme activity in vitro are
20 and 0.04–4 mM for mPGES-1 and COX-2 respectively
(Ouellet and Percival, 1995; Warner et al., 1999; Thorén and
Jakobsson, 2000). Therefore, we used MK-886 and NS-398 at
the concentrations of 1–10 mM and 1 mM, respectively, in the
in vitro system. The rabbit anti-human mPGES-1, mPGES-2
and cPGES polyclonal antibodies, anti-ovine COX-1 mono-
clonal antibody, and PGH2 were from Cayman Chemical (Ann
Arbor, MI, USA). Other materials and their sources were as
follows: goat anti-human COX-2 polyclonal antibodies (Santa
Cruz Biotechnology, Santa Cruz, CA, USA); anti-neuron-
specific nuclear protein (Neu-N) monoclonal antibody
(Chemicon, Temecula, CA, USA); anti-CD11b monoclonal
antibody (Serotec Inc., Oxford, UK); and multiple-labeling
grade secondary antibodies (Jackson ImmunoResearch, West
Grove, PA, USA). Other reagents were obtained from Wako
Pure Chemical Industries (Osaka, Japan). Anaesthetics were
obtained as follows: halothane (Takeda Pharmaceutical,
Osaka, Japan) and pentobarbital (Abbott Laboratories, IL,
USA).

Results

mPGES-1 and COX-2 are co-induced in hippocampal slices
exposed to glutamate
To determine whether mPGES-1 is induced by excitotoxic
glutamate stimulation, we first investigated the mPGES-1
protein expression in rat hippocampal slices by Western blot
analysis. The slices were stimulated with 1 mM glutamate for
15 min and then cultured with normal medium for 24 h.
mPGES-1 protein was slightly expressed in the vehicle-treated
control slices (Figure 1A). Glutamate exposure up-regulated
the expression to about 3-fold that in the controls (Figure 1B).
Although COX-1, COX-2, cPGES and mPGES-2 protein were
constitutively expressed in hippocampal slices (Figure 1A),
only COX-2 appeared to be up-regulated by glutamate stimu-
lation. However, this up-regulation was not statistically sig-
nificant (n = 3). To determine whether or not the induction of
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mPGES-1 and COX-2 was regulated at the pre-translational
level, we carried out a real-time PCR analysis. The transcript
encoding mPGES-1 was substantially increased 3 h after
glutamate exposure (Figure 1C). The mRNA levels of mPGES-1
peaked after 6 h at a value at least 10-fold above the initial
levels. The levels decreased after 12 h, and returned to the
basal levels by 24 h. COX-2 mRNA was appeared to be
increased 3 h after glutamate exposure, but this increase was
not significant (Figure 1D). Between 6 and 24 h, the levels of
COX-2 decreased gradually to 25% of the basal level, possibly
because of the decrease in COX-2-expressing neurons due to
the neurotoxic effects of glutamate.

mPGES-1 is involved in the PGE2 production, PGES activation
and excitotoxicity induced by glutamate in hippocampal slices
To elucidate the roles of mPGES-1, we first investigated
changes in PGE2 production and PGES enzymatic activity
induced by glutamate exposure in the presence or absence of
MK-886, an inhibitor of mPGES-1. In hippocampal slice cul-
tures, glutamate elicited an increase in PGE2 to a level 2.5-fold
higher than the control level (Figure 2A). This glutamate-
induced PGE2 production was suppressed almost completely
by MK-886 at a concentration of 3 mM or higher. For the PGES
activity assays, we measured the conversion of exogenous
PGH2 to PGE2 using membrane fractions of glutamate-
exposed cultures. As shown in Figure 2B, the membrane-

associated PGES activity was substantially increased 24 h after
glutamate exposure. The increased PGES activity was also
inhibited by MK-886 in a concentration-dependent manner.
These results indicate that glutamate-induced PGE2 produc-
tion may be mediated by an increase of PGES activity through
the induction of mPGES-1 protein.

To determine whether or not mPGES-1 induction affects the
excitotoxicity induced by glutamate exposure, the cellular
damage to hippocampal slices was assessed by fluorescent
image analysis of the PI uptake. The exposure of slices to
glutamate resulted in neuronal death, with a selective uptake
of PI in the CA1 region of the hippocampus (Figure 3A). The
increased PI uptake induced by glutamate exposure was inhib-
ited significantly by MK-886 in a concentration-dependent
manner (Figure 3B). Taken together, these results suggest that
the PGE2 produced by induction of mPGES-1 expression exac-
erbates excitotoxicity in the hippocampal slice cultures.

mPGES-1 and COX-2 are coordinately involved in the PGE2

production, PGES activity and excitotoxicity induced by
glutamate in hippocampal slices
To address the question of whether COX-2 and mPGES-1 are
functionally coupled to produce PGE2 and thereby enhance
glutamate-induced toxicity, we investigated the synergistic
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effect of MK-886 and NS-398 on PGE2 production, PGES activ-
ity and excitotoxicity induced by glutamate. The glutamate-
induced PGE2 production was potently inhibited by both
NS-398 and MK-886, but co-application of NS-398 and
MK-886 had neither an additive nor a synergistic effect
(Figure 4A). NS-398 decreased PGE2 production to below the
basal level, indicating the necessity of constitutive COX-2 for
basal PGE2 production. We next examined the effects of these
inhibitors on PGES activity. Treatment with MK-886, but not
NS-398, inhibited the glutamate-induced PGES activity
(Figure 4B), indicating that NS-398 specifically inhibits
COX-2 but not mPGES-1. Under the same conditions, the
excitotoxicity induced by glutamate was significantly, but not
completely, inhibited by either NS-398 or MK-886; however,
co-application of NS-398 and MK-886 had neither an additive
nor a synergistic effect: the inhibition by the combination of
the two agents was no greater than that by either agent singly
(Figure 4C). These results suggest that COX-2 and mPGES-1
are sequentially involved in the PGE2 production and excito-
toxicity induced by glutamate in the rat hippocampal slice
culture.

To further examine the roles of mPGES-1 and functional
coupling of mPGES-1 to COX-2 in glutamate-induced excito-
toxicity, we next examined the effect of glutamate and NS-398
on excitotoxicity using hippocampal slices from mPGES-1 KO
and WT mice. Glutamate-induced PGE2 production was com-
pletely abolished in hippocampal slices from mPGES-1KO
mice (Figure 5A), indicating a crucial role of mPGES-1 in
glutamate-induced PGE2 production. The expression levels of
the other related enzymes, mPGES-2, cPGES, COX-1 and
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COX-2, were similar between WT- and KO-derived slices
(Figure 5B). The glutamate-induced excitotoxicity in
slices from WT mice was significantly higher than that
in slices from mPGES-1 KO mice (Figure 6). As observed in
rat slices, both indomethacin and NS-398 inhibited the
glutamate-induced toxicity in slices from WT mice to almost
the same level as the toxicity in slices from mPGES-1-KO mice
without inhibitors. On the other hand, neither indomethacin
treatment nor NS-398 treatment inhibited glutamate-induced
excitotoxicity in slices from mPGES-1 KO mice (Figure 6B).
Taken together, these results suggest that mPGES-1 itself plays
a role in the excitotoxicity induced by glutamate and that
mPGES-1 functionally coupled to COX-2 exacerbates this
excitotoxicity.

mPGES-1 and COX-2 are co-induced after focal
cerebral ischaemia
To extend the observations from the slice cultures to in vivo
models of ischaemic injury, we used the mouse MCA
occlusion-reperfusion model which showed an increase in
PGE2 production in the post-ischaemic cortex (Ikeda-Matsuo

et al., 2006). We have reported previously that mPGES-1 and
COX-2 protein were up-regulated in a rat ischaemia model
with 2h occlusion (Ikeda-Matsuo et al., 2006). In the present
study, to examine the effect of giving repeated NS-398 injec-
tions for 3 days after ischaemia (Sugimoto and Iadecola,
2003), we used a less severe occlusion model in order to avoid
the death of mice after reperfusion. Occlusion of the MCA for
1.5 h and reperfusion resulted in an expansion of infarction
up to 3 days after ischaemia; the infarct volumes of the whole
brain after 24 h, 48 h and 72 h were 4.8 � 0.6%, 13.1 � 2.4%
and 13.5 � 2.1% respectively (n = 5–9). Because the PGE2

content in the ipsilateral cortex peaked at 1 day after
ischaemia and returned to the basal level by 3 days (data not
shown), we investigated the effect of NS-398 on post-
ischaemic PGE2 production at 1 day after ischaemia. Injection
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of 10 mg·kg-1 NS-398 significantly inhibited the post-
ischaemic PGE2 production in WT mice (Figure 7A). In
mPGES-1 KO, whose basal PGE2 level in the cerebral cortex
was significantly lower than that in WT mice (P < 0.01),
post-ischaemic PGE2 production was completely absent, indi-
cating that mPGES-1 contributes to the post-ischaemic PGE2

production, and also, at least in part, to the basal PGE2 pro-
duction in the cerebral cortex. The constant level of 6-keto-
PGF1a (the stable end product of PGI2) and the decreased level
of thromboxane B2 (the stable end product of thromboxane
A2) in the cerebral cortex after ischaemia were similar in
vehicle-injected and NS-398-injected WT mice and also in
mPGES-1 KO mice (data not shown). The inducible expres-
sion of mPGES-1 in both the cerebral cortex and striatum was
decreased and almost disappeared in NS-398-injected mice,
while the expressions of mPGES-2, cPGES, and COX-1 and the
inducible expression of COX-2 were similar in vehicle-
injected mice and NS-398-injected mice (Figure 7B). The
expression levels of mPGES-2, cPGES and COX-1 were similar
in WT and mPGES-1 KO mice (data not shown). The inducible
expression of COX-2 was observed in WT and mPGES-1 KO
mice; the expression levels in the ipsilateral cortex and stria-
tum of WT mice were 130 � 4% (n = 3, P < 0.05) and 192 �

158% (n = 3, P < 0.05) respectively, versus those in the con-
tralateral hemisphere, while those in KO mice were 113 �

16% (n = 3, not significant) and 138 � 3% (n = 3, P < 0.01)
respectively. Immunostaining of mouse brain slices for
mPGES-1 and COX-2 revealed co-induction and
co-localization of these proteins in the ipsilateral cortex
(Figure 7C). As we have reported in the rat 2h occlusion
model (Ikeda-Matsuo et al., 2006), immunostaining of mouse

brain slices for mPGES-1, as well as COX-2, revealed induction
of these proteins in the Neu-N-positive cells in the peri-infarct
region and CD11b-positive cells in the core region of the
post-ischaemic cortex (Figure 7D).

mPGES-1 and COX-2 were coordinately involved in the
exacerbation of ischaemic injury in vivo
To elucidate the functional coupling of mPGES-1 and COX-2
in the ischaemic brain in vivo, we investigated the effect of
NS-398 on ischaemic brain injury in both WT and mPGES-1
KO mice. Injection of NS-398 (10 mg·kg-1, i.p.) after reper-
fusion significantly decreased infarct volume in the whole
brain and cerebral cortex of WT mice (Figure 8A,B). As we
have reported previously, the infarct volume of mPGES-1 KO
mice was significantly smaller than that of WT mice. NS-398
did not attenuate the infarction in mPGES-1 KO mice, sug-
gesting that mPGES-1 is required for the effects of COX-2,
which contribute to the expansion of infarction. The injec-
tion of NS-398 ameliorated the neurological dysfunctions by
48 h after ischaemia in WT mice, while it showed no effect
in mPGES-1 KO mice by 72 h after ischaemia (Figure 8C).
Furthermore, NS-398 significantly attenuated oedema
in the WT mice but not in the mPGES-1 KO mice
(Figure 9A).

The permeability of BBB was quantified by leakage of Evans
Blue into the ischaemic cortex. Evans Blue content in the
brain of sham-operated mice was very low (Figure 9B). Forty-
eight h after MCA occlusion, Evans Blue leakage into the
ischaemic cortex of WT mice was markedly increased com-
pared with that in sham-operated mice. NS-398 significantly

Figure 7 Co-induction of mPGES-1 and COX-2 contributes to post-ischaemic PGE2 production. (A) The production of PGE2 in the ipsilateral
or contralateral cortex of mPGES-1 KO (-/-) or WT (+/+) mice injected with NS-398 or vehicle (CTL), 24 h after MCA occlusion (MCAO) and
sham operation (SHAM) (n = 4–6 mice per group). (B) Western blot analysis for mPGES-1, COX-2, cPGES, mPGES-2, COX-1 and b-actin in the
ipsilateral (i) or contralateral (c) cerebral cortex (CTX) and striatum (STR) of WT mice injected with NS-398 or vehicle (CTL). Representative data
from three separate experiments are presented. (C) The double-immunostaining of mPGES-1 (red) and COX-2 (green) in the ischaemic regions
of the ipsilateral (ipsi) and contralateral (contra) cortex. Insets show high magnification of staining. (D) The double-immunostaining of
mPGES-1 (red) or COX-2 (red) and CD11b (green) in the ischaemic core region or Neu-N (green) in the peri-infarct region of the ipsilateral
cortex. Insets show high magnification of staining. The photos shown here are representative examples from three separate experiments (scale
bar, 20 mm; insets, 5 mm). **P < 0.01 versus the ipsilateral cortex of sham-operated WT mice or contralateral cortex of WT mice after MCA
occlusion; #P < 0.05 versus the ipsilateral cortex of CTL-injected WT mice after MCA occlusion; $$P < 0.01 versus the ipsilateral cortex of WT
mice after MCA occlusion. COX, cyclooxygenase; cPGES, mPGES, cytosolic/microsomal prostaglandin E synthase; KO, knockout; MCA, middle
cerebral artery; Neu-N, neuron-specific nuclear protein; WT, wild-type.
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reduced the Evans Blue level in the ischaemic cortex in WT
mice. In mPGES-1 KO mice, slight but significant Evans Blue
leakage was observed after ischaemia; however, NS-398 did
not attenuate the leakage in the mPGES-1 KO mice
(Figure 9C). Taken together, these results suggest that
mPGES-1 is needed for COX-2 to exert its effects, which con-
tribute to the oedema, BBB disruption and neuronal dysfunc-
tions observed after ischaemia, and that mPGES-1 is
functionally coupled with COX-2 to exacerbate stroke injury
through PGE2 production.

Figure 8 Protective effect of NS-398 on post-ischaemic symptoms
in WT mice but not in mPGES-1 KO mice. NS-398 (10 mg·kg-1; i.p.)
or vehicle was administered twice daily starting 10 min after MCA
occlusion. (A) Representative TTC-stained coronal sections 72 h after
MCA occlusion of the WT (+/+) mice and mPGES-1 KO (-/-) mice
injected with vehicle (CTL) or NS-398 (scale bar: 2 mm). (B) The
volume of infarcted cortex 72 h after ischaemia was estimated and
expressed as a percentage of the corrected tissue volume (n = 7–9
mice per group). (C) Neurological dysfunction in the NS-398-injected
WT and mPGES-1 KO mice 24, 48 and 72 h after ischaemia (n = 7–9
mice per group); **P < 0.01 versus WT control mice; N.S. (not
significant) versus mPGSE-1 KO control mice. KO, knockout; MCA,
middle cerebral artery; mPGES, microsomal prostaglandin E synthase;
WT, wild-type.

Figure 9 Protective effect of NS-398 on oedema and Evans Blue
extravasation after ischaemia in WT mice but not in mPGES-1 KO
mice. NS-398 (10 mg·kg-1; i.p.) or vehicle was administered twice
daily starting 10 min after MCA occlusion. (A) The corrected oedema
percentage in the NS-398 or vehicle (CTL)-injected WT (+/+) and
mPGES-1 KO (-/-) mice (n = 7–8 mice per group). **P < 0.01, *P <
0.05 versus the vehicle-injected WT mice. (B and C) The Evans Blue
contents of the ipsilateral and contralateral cortex after MCA occlu-
sion (MCAO) or sham-operation (SHAM) in WT (B) and mPGES-1 KO
(C) mice, injected with NS-398 or vehicle were measured 48 h after
transient ischaemia (n = 6–7 mice per group). **P < 0.01 versus the
contralateral cortex of mice after MCA occlusion or the ipsilateral
cortex of sham-operated mice; ##P < 0.01, N.S. (not significant) versus
the ipsilateral cortex of vehicle-treated mice after MCA occlusion The
insets in (B) and (C) show representative results of Evans Blue-stained
brain slices of a vehicle-injected WT (+/+) and mPGES-1 KO (-/-)
mouse respectively (scale bar: 2 mm). KO, knockout; MCA, middle
cerebral artery; mPGES, microsomal prostaglandin E synthase; WT,
wild-type.
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Discussion

Here we have shown that mPGES-1 and COX-2 are
co-induced and co-localized after ischaemic stimuli and coor-
dinately contribute to the exacerbation of ischaemic excito-
toxicity. Using mPGES-1 KO mice and inhibitors of mPGES-1
and COX-2, we provide clear evidence that mPGES-1 activity
is necessary for the neurotoxicity consequent on COX-2
induction in both in vitro and in vivo ischaemic models.

We have recently demonstrated that up-regulation of
mPGES-1 exacerbates the stroke injury observed after
ischaemia (Ikeda-Matsuo et al., 2006). In this study, cultures
of hippocampal slices from mPGES-1 KO mice showed lower
glutamate-induced excitotoxicity compared with those of WT
mice, indicating that mPGES-1 also exacerbates the excitotox-
icity in vitro. Thus, this excitotoxicity model of cultured hip-
pocampal slices is a useful in vitro tool for investigation of the
mPGES-1-related neurotoxicity observed in transient focal
ischaemia in vivo. Using this model, we showed that mPGES-1
activity was required for the neurotoxicity of COX-2.

Both mRNA and protein expression of mPGES-1 were
up-regulated by glutamate exposure, indicating that induc-
tion of mPGES-1 is regulated, at least in part, at the pre-
translational level. Considering that an excess amount of
extracellular glutamate is present in the post-ischaemic cortex
(Dávalos et al., 2000), glutamate may be one of the most
potent inducers of mPGES-1 in the post-ischaemic cortex.
Indeed, two transcription factors, NF-kB and Egr-1, which
have been demonstrated to be involved in transcriptional
regulation of mPGES-1 (Naraba et al., 2002; Barakat et al.,
2009), are known to be activated by glutamate and the
glutamate receptor agonist N-methyl-D-aspartate, as well as
by MCA occlusion (Bading et al., 1995; Huang et al., 2003; Lu
et al., 2003; Fan and Cooper, 2009). On the other hand, the
mRNA and protein of COX-2 were not significantly
up-regulated in the present study. In a similar focal ischaemia
model, Miettinen et al. (1997) have also demonstrated mod-
erate induction of the COX-2 protein. Because COX-2 is con-
stitutively expressed in neurons (Kaufmann et al., 1997; Quan
et al., 1998), the expression level of COX-2 analysed by
Western blot could be attributed to both glutamate/MCA-
occlusion-induced up-regulation and the neurotoxic effect,
which decreases COX-2-expressing neurons. On the other
hand, the immunostaining for COX-2 showed the induction
of COX-2 in the ipsilateral cortex of mice after MCA occlu-
sion, possibly because the induction of COX-2 was much
higher than the basal COX-2 expression, which was undetect-
able by this method. The double immunostaining for
mPGES-1 and COX-2 showed that mPGES-1 and COX-2 were
co-induced and co-localized in Neu-N-positive neurons and
CD11b-positive neutrophil/macrophage/microglia in the
peri-infarct region and ischaemic core region respectively.
Although we found no apparent changes in the expression of
cPGES, mPGES-2 or COX-1 after glutamate exposure or tran-
sient ischaemia, the possibility that other types of PGES or
COX contribute to post-ischaemic PGE2 production could not
be excluded. However, our results using mPGES-1-KO mice
and NS-398 indicate the predominant roles of mPGES-1 and
COX-2 in post-ischaemic PGE2 production, as well as the
potentiation of ischaemic injury, in the brain. On the other

hand, basal PGE2 levels in the brain were reduced but not
abolished by genetic deletion of mPGES-1 and were not
affected by inhibition of COX-2, suggesting that the contri-
bution of not only mPGES-1, but also other cPGES and/or
mPGES-2 and COX-1 are involved in the basal PGE2 produc-
tion (Figure 7A). Injection of NS-398 did not affect the expres-
sion of COX-1, COX-2, mPGES-2 or cPGES, but reduced the
expression of mPGES-1, indicating that a positive-feedback
mechanism may be involved in the induction of mPGES-1
expression and thereby escalate PGE2 production and inflam-
mation after cerebral ischaemia, as reported in rheumatoid
synovial fibroblasts (Kojima et al., 2003). Therefore, the pro-
tective effect of NS-398 on ischaemic injuries may be attrib-
uted to inhibition of post-ischaemic PGE2 production by not
only the inhibition of COX-2 activity, but also the inhibition
of mPGES-1 expression.

There was no compensatory up-regulation of other
enzymes involved in PGE2 biosynthesis in mPGES-1 KO mice.
By using these mice, we showed that genetic disruption of
mPGES-1 ameliorated glutamate-induced excitotoxicity and
brain injury. Similar protective effects were observed by
COX-2 inhibition; however, inhibition by both COX-2 and
mPGES-1 had neither an additive nor a synergistic protective
effect, indicating that mPGES-1 activity and PGE2 are required
for the COX-2 neurotoxicity observed after ischaemia. In
other words, among the COX-2 reaction products, PGE2 made
the greatest contribution to mediation of the neurotoxicity of
COX-2 in our experimental ischaemia models. Kunz et al.
(2007) have recently reported that the COX-2 inhibitor
NS-398 attenuated PGE2 production and brain injury, but did
not affect production of reactive oxygen species, suggesting
that COX-2 is not a major source of oxygen radicals after
cerebral ischaemia. Indeed, the reported phenotype of
mPGES-1 KO mice after ischaemic insult resembles that of
COX-2 KO mice (Iadecola et al., 2001; Ikeda-Matsuo et al.,
2006).

How, then, is the toxicity of post-ischaemic PGE2 mediated?
It has been shown that the heightened temperatures induced
by intracerebroventricular injection of PGE2 play a significant
role in potentiating the neural damage caused by global
ischaemia (Thornhill and Asselin, 1999). In our experimental
model, the rectal temperature was maintained at 37°C during
the operation. Furthermore, as we were able to detect the
COX-2/mPGES-1-related neuronal excitotoxicity even in the
cultured hippocampal slice system, we speculate that some or
all of the stroke injury observed in our in vivo system was the
result of direct damage through the induction of these
enzymes at the parenchymal lesion site. PGE2 can efflux by
simple diffusion after synthesis and activate four receptor
subtypes (EP1–4; nomenclature follows Alexander et al., 2008),
with quite different signalling cascades. The various roles of
the PGE2 receptors in the neuronal death induced by excito-
toxicity and ischaemic stroke have been clarified by genetic
deletion and selective inhibition of each EP receptor
(McCullough et al., 2004; Takadera et al., 2004; Ahmad et al.,
2005) – for example, deletion and inhibition of the EP1 recep-
tors partially reduces the neuronal damage caused by excito-
toxicity and ischaemic stroke (Ahmad et al., 2006; Kawano
et al., 2006). Interestingly, a recent study showed that genetic
deletion of the EP3 receptors reduces the neuronal damage
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caused by oxygen/glucose deprivation or ischaemic stroke
(Saleem et al., 2009). We have also confirmed the ameliora-
tion of excitotoxicity and stroke injuries by inhibition and
deletion of EP3 receptors (unpublished experiments). Thus,
EP3 receptors could be one of the important effectors for the
neurotoxicity of PGE2. Further studies will be needed to iden-
tify the mechanisms by which PGE2 synthesized by COX-2/
mPGES-1 affects neurotoxicity.

In summary, we have shown that mPGES-1 contributes
crucially to the neurotoxicity of COX-2 through PGE2 produc-
tion and plays a critical role in excitotoxicity and stroke
injuries. Accumulating reports show that COX-2 inhibitors
attenuate ischaemia-induced neurotoxicity and injury (Sug-
imoto and Iadecola, 2003; Candelario-Jalil et al., 2004; Ahmad
et al., 2009). These findings have important implications for
the therapeutic potential of COX-2 inhibitors in the treat-
ment of stroke. Our study suggests that not only COX-2
inhibitors, but also mPGES-1 inhibitors may have therapeutic
potential in the treatment of stroke. Considering that COX-2
inhibitors may non-selectively suppress the production of
many types of prostanoids that are essential for normal physi-
ological function of the brain (Kaufmann et al., 1997) and
that a large number of epidemiological studies have provided
evidence of an increased cardiovascular risk associated with
the use of COX-2 inhibitors (McAdam et al., 1999; Minuz,
2008), an mPGES-1 inhibitor may prove to be an injury-
selective inhibitor with fewer side effects. Thus, our results
suggest that mPGES-1 is a promising novel target for the
treatment of human stroke.
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