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Although augmented prostaglandin E2 (PGE2) synthesis and accu-
mulation have been demonstrated in the lesion sites of rodent
transient focal ischemia models, the role of PGE2 in neuronal
survival has been controversial, showing both protective and toxic
effects. Here we demonstrate the induction of microsomal PGE
synthase 1 (mPGES-1), an inducible terminal enzyme for PGE2

synthesis, in neurons, microglia, and endothelial cells in the cere-
bral cortex after transient focal ischemia. In mPGES-1 knockout
(KO) mice, in which the postischemic PGE2 production in the cortex
was completely absent, the infarction, edema, apoptotic cell death,
and caspase-3 activation in the cortex after ischemia were all
reduced compared with those in wild-type (WT) mice. Furthermore,
the behavioral neurological dysfunctions observed after ischemia
in WT mice were significantly ameliorated in KO mice. The ame-
liorated symptoms observed in KO mice after ischemia were
reversed to almost the same severity as WT mice by intracerebro-
ventricular injection of PGE2 into KO mice. Our observations sug-
gest that mPGES-1 may be a critical determinant of postischemic
neurological dysfunctions and a valuable therapeutic target for
treatment of human stroke.
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S troke remains a major cause of death and neuronal disability
worldwide. Although effective stroke treatments based on

thrombolysis and restoration of blood flow have been developed
(1), these therapies are effective only during the first few hours
after the onset of the stroke (2). At later times after ischemia,
many kinds of gene induction occur (3), some of which are
known to be involved in the brain inflammation that is a major
factor in the progression of the injury (4, 5).

Prostaglandin E2 (PGE2), one of the most likely candidates for
propagation of inflammation, is known to be accumulated at the
lesion sites of the postischemic brain (6, 7). PGE2 is sequentially
synthesized from arachidonic acid by cyclooxygenase (COX) and
PGE2 synthase (PGES). Among the COX isoforms, COX-2 is
the inducible form; however, it has been immunohistochemically
detected in neurons in the normal brain (8). COX-2 has been
demonstrated to be up-regulated after transient ischemia in
neurons (9–12) and has recently been identified in nonneuronal
cells as well at some lesion sites, e.g., in microglia in the brains
of patients with multiple sclerosis and chronic cerebral ischemia
(13, 14). The genetic disruption and chemical inhibition of
COX-2 have been shown to ameliorate neuronal death after
transient forebrain ischemia, suggesting that the PGE2 accumu-
lated through COX-2 induction mediates the toxic effects in the
brain (7, 10, 15). Conversely, the genetic disruption of EP2, one
of the PGE2 receptors expressed in the brain, has been shown to
exacerbate neuronal death after transient forebrain ischemia,
suggesting that PGE2 has a neuroprotective effect on postisch-
emic injury (16). In in vitro studies, the effect of PGE2 has also
been controversial, with results showing both toxic and protec-
tive effects on neuronal survival (17, 18). Therefore, a study of
PGES, a terminal enzyme for PGE2 synthesis, should provide a
considerable amount of information that could help to resolve
these discrepancies.

Three major isoforms of PGES were recently isolated: cyto-
solic PGES (cPGES), microsomal PGES 1 (mPGES-1), and
mPGES-2. Whereas cPGES and mPGES-2 are constitutively
expressed in various cells and tissues, mPGES-1 is induced by
proinflammatory stimuli and in various models of inflammation
and is functionally coupled to COX-2 (19, 20). The profile of the
mPGES-1 knockout (KO) mice strongly supports the idea that
mPGES-1 plays an important role in the inflammatory PGE2
production and in the inflammation in animal models of pain,
arthritis, and pyresis (21–23). Nonetheless, the behaviors and
roles of PGES in brain inflammation have not yet been estab-
lished. Recently, we demonstrated that the activation of micro-
glia by lipopolysaccharide contributes to PGE2 production
through the mPGES-1 induction at sites of inflammation of the
brain parenchyma (24). Here we show that the coinduction of
mPGES-1 and COX-2 in the neurons, microglia, and endothelial
cells in the cerebral cortex contributes not only to the postisch-
emic PGE2 production, but also to the edema, infarction,
apoptotic cell death, and even the behavioral neurological
dysfunctions observed after ischemia.

Results
Induction of mPGES-1 After Cerebral Ischemia. The immunostaining
for mPGES-1 and COX-2 of rat brains after 2 h of focal ischemia
followed by 24 h of reperfusion showed ipsilateral coinduction of
mPGES-1 and COX-2 in the postischemic lesion site (the pale
area in the Nissl staining; Fig. 1A). In sham-operated rats and
no-ischemia, no-surgery (NINS) rats, the induction of mPGES-1
was detected in neither the ipsilateral (right) nor contralateral
(left) cortex (see Fig. 7A, which is published as supporting
information on the PNAS web site). The immunostaining of
mPGES-1 observed in the cortex and striatum after ischemia was
abolished when a preabsorbed antibody with an antigen peptide
for mPGES-1 was used (Fig. 7B). The Western blot analysis
again demonstrated that mPGES-1 protein and COX-2 protein,
but not mPGES-2, cPGES, or COX-1 protein, were potently
induced in the ipsilateral cerebral cortex 24 h after transient
ischemia (Fig. 1B). Slight mPGES-1 induction in the striatum
also was detected. As was the case for mPGES-1 protein
induction, the mRNA of mPGES-1 was undetectable in the
contralateral hemisphere and was increased in the ipsilateral
(postischemic) striatum and cortex, but not in the hippocampus
(Fig. 1C). COX-2 mRNA also was expressed in the bilateral
hippocampus and induced in the postischemic cortex. A signif-
icant accumulation of PGE2 was detected only in the ipsilateral
cortex (Fig. 1D). We next investigated the time course of
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induction of mPGES-1 and COX-2 proteins. In the postischemic
cortex, but not in the cortex of sham-operated animals,
mPGES-1 protein was dramatically increased after 1 day, and by
1–3 days, the expression had reached a maximal level that was
�10-fold higher than that in the no-ischemia, no-surgery (NINS)
normal rats (Fig. 1E). In the contralateral hemisphere, slight
mPGES-1 up-regulation was observed after ischemia as com-
pared with sham-operated or NINS rats, but this effect was not
significant. The induction of the COX-2 protein after ischemia
was more transient than that of mPGES-1 (Fig. 1F). The basal
expressions of mPGES-1 and COX-2 in the hippocampus and
striatum did not change by sham operation (Fig. 7 C–F). The

content of PGE2 in ipsilateral cortex was increased 1 day after
ischemia (ipsilateral, 52.23 � 11.21 ng�g vs. contralateral, 3.46 �
0.73 ng�g; n � 4; P � 0.01), then decreased to the basal level 3
days after ischemia (ipsilateral, 6.73 � 2.30 ng�g vs. contralat-
eral, 2.20 � 0.13 ng�g; n � 4).

Immunostaining of rat brain slices for mPGES-1 revealed
induction of mPGES-1 in the peri-infarct and core region of the
postischemic cortex (Fig. 2A). In the peri-infarct region of the
postischemic cortex, there were numerous mPGES-1-positive
cells (43.33 � 1.64 cells�0.054 mm2, n � 9) with moderate
expression (Fig. 2B). Most of these cells showed a morphology
resembling neurons that have dendritic processes and are pos-
itive for neuron-specific nuclear protein (Neu-N), a specific
marker for neurons (Fig. 2D). Conversely, in the ischemic core
region, there were fewer mPGES-1-positive cells (17.11 � 1.51
cells�0.054 mm2; n � 9; P � 0.01 vs. the peri-infarct region) with

Fig. 1. mPGES-1 induction in the rat brain after transient ischemia. (A)
Immunostaining for mPGES-1 and COX-2 and Nissle staining of a coronal brain
slice 24 h after ischemia. Representative data from six animals are presented.
(Scale bar, 5 mm.) (B) (Upper) Western blot analysis of the expression of
mPGES-1, COX-2, mPGES-2, cPGES, and COX-1 in the hippocampus (Hip),
striatum (Str), and cortex (Ctx) of the ipsilateral (i) or contralateral (c) hemi-
sphere 24 h after ischemia. (Lower) Quantitated data from immunoblotting
with mPGES-1 antibody were scaled to a percentage of the maximal response.
(C) (Upper) Northern blot analysis of the expression of mPGES-1 and COX-2 in
the brain tissue 6 h after ischemia. GAPDH signals were used as loading
controls. (Lower) Quantitated data from blotting with mPGES-1 probe were
normalized to GAPDH and scaled to a percentage of the maximal response. (D)
The amount of PGE2 in the brain tissue 24 h after ischemia was measured by
using an enzyme immunoassay kit. (E and F) Time course of mPGES-1 (E) and
COX-2 (F) protein expression in the cortex of MCAO animals, sham-operated
animals killed 24 h after surgery (SHAM), and animals without surgery and
ischemia (no-ischemia, no-surgery; NINS). Quantitated data from immuno-
blotting with mPGES-1 and COX-2 antibody were scaled to a percentage of the
maximal response. n � 4 animals per group; **, P � 0.01 vs. the contralateral
tissue; ##, P � 0.01; and #, P � 0.05 vs. the ipsilateral cortex (day 1).

Fig. 2. Induction of mPGES-1 in neurons, microglia, and endothelial cells in
the cortex after ischemia. (A) The predesignated areas in the peri-infarct and
ischemic core regions of the postischemic cortex for microscopic examination.
(B and C) The immunostaining of mPGES-1 in the peri-infarct region (B) and
ischemic core region (C) of ipsilateral postischemic cortex and contralateral
cortex. (D–H) The double-immunostaining of mPGES-1 (red) and cell-type-
specific marker proteins (green) in the peri-infarct (D) and core (E–H) regions
of the cortex. Neurons (D and E), microglia (F), endothelial cells (G), and
astrocytes (H) were recognized by antibodies for Neu-N, CD11b, von Wille-
brand factor (VWF), and GFAP, respectively. Insets show high magnification of
each staining. The photographs shown are representative examples from
three separate experiments. (Scale bars: main images, 40 �m; Insets, 10 �m.)
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abundant expression (Fig. 2C). These cells were not positive for
Neu-N (Fig. 2E) but were positive for CD-11b or von Willebrand
factor (VWF), a specific marker for microglia or endothelial
cells, respectively (Fig. 2 F and G). High magnifications clearly
show that mPGES-1 and either CD-11b or VWF are expressed
in the same cells (Fig. 2 F Inset and G Inset). None of the
mPGES-1-positive cells were positive for glial fibrillary acidic
protein (GFAP), a specific marker for astrocytes (Fig. 2H).

Necessity of mPGES-1 for Postischemic PGE2 Production. To evaluate
the contribution of mPGES-1 to postischemic PGE2 production,
we used mPGES-1 KO mice. The postischemic PGE2 production
observed in the ipsilateral cortex of wild-type (WT) mice was
completely absent in that of mPGES-1 KO mice (Fig. 3A). The
expressions of mPGES-2, cPGES, and COX-1 and the inducible
expression of COX-2 were similar in WT and KO mice (Fig. 3B).
There were no significant differences between mPGES-1 KO
and WT mice in mean arterial pressure, pH, pCO2, or pO2 levels
and changes of cerebral blood flow before, during, or after
middle cerebral artery occlusion (MCAO) and in anatomy of the
circle of Willis or the origins of the cerebral arteries (see Table
1 and Fig. 8, which are published as supporting information on
the PNAS web site).

mPGES-1 Contributes to Edema, Infarction, Neurological Dysfunctions,
and Neuronal Apoptosis Observed After Ischemia. To investigate the
role of mPGES-1 in postischemic insult, we carried out studies
in mPGES-1 KO mice. We observed smaller infarct size in
mPGES-1 KO mice compared with WT mice (Fig. 4 A and B);
the infarct volume in both the whole brain and cortex of
mPGES-1 KO mice was �40% that of WT. The infarct volume
in the striatum of KO mice was �50% that of WT mice, but the
difference was not significant. The degree of edema of mPGES-1
KO mice was also significantly smaller, almost 50% that of WT
mice (Fig. 4C). To determine the functional role of mPGES-1 in
behavioral symptoms, we investigated the neurological dysfunc-
tion observed after MCAO. Mean neurological deficits of
mPGES-1 KO mice were significantly lower than those of WT
mice (Fig. 4D). The difference in spontaneous motor activity
after ischemia was also evident, whereas there was no phenotypic
difference between sham-operated WT and KO mice (Fig. 4E).

To explore the nature of differences in the infarction volume
between mPGES-1 KO and WT mice, we examined the apo-
ptotic reaction in the penumbra. Although the penumbra in KO
was not exactly in the same place as that in WT because of
smaller size of ischemic core region, we investigated three
predesignated areas in the cerebral cortex (Fig. 5 A and F). In
WT mice, significant TUNEL staining was observed in the

ipsilateral cortex at 24 h after ischemia, whereas the staining was
completely negative in the contralateral cortex (Fig. 5 C and D).
The mPGES-1 KO penumbra showed less in apoptosis compared
with WT (Fig. 5 B and E). Furthermore, immunoreactivity for
caspase-3 was not detectable in the contralateral hemisphere
(Fig. 5I). The caspases-3 activation became pronounced in the
middle cerebral artery (MCA) territory (Fig. 5J). The number of
the caspase-3 positive cells was significantly fewer in the cortex
of mPGES-1 KO than in that of WT (Fig. 5 G and K). The
Western blot analysis from whole cerebral cortex samples also
demonstrated a significant reduction of caspase-3 in the cortex
of mPGES-1 KO mice compared with that in WT mice (Fig. 5H).
There were fewer caspase-3-positive cells than TUNEL-positive
ones. Caspase-3 activation would be down-regulated at this
time point, possibly because caspase-3 activation is an event that
appears to occur before DNA fragmentation. The TUNEL
and caspase-3-positive cells were also positive for Neu-N (data
not shown), indicating neuronal apoptosis in the postischemic
cortex.

To investigate whether or not the improved symptoms in
mPGES-1 KO mice after ischemia resulted from absence of
PGE2 production in the brain, we injected PGE2 into the KO
mice brain. In the WT ipsilateral cortex, �3 ng of PGE2 was
produced after ischemia (Fig. 3) at 24 h after operation. There-
fore, 2.5 or 5 ng of PGE2 was injected into the bilateral cerebral
ventricle (1.25 or 2.5 ng each side) just before MCAO. The
intracerebroventricular (i.c.v.) injections of PGE2 significantly
increased infarct volume and edema percentage in the MCAO
KO mice (Fig. 6 A–C) to the same level as in the MCAO WT
mice (Fig. 4 A–C). Moreover, PGE2 significantly exaggerated the
neurological dysfunctions in KO mice (Fig. 6 D and E) to the

Fig. 3. mPGES-1 is an essential component for PGE2 production in the
postischemic cortex. (A) The production of PGE2 in the ipsilateral (i) or con-
tralateral (c) cortex of mPGES-1 KO (���) and WT (���) mice 24 h after MCAO
and sham operation. n � 8 animals per group; **, P � 0.01 vs. another sample.
(B) Western blot analyses for mPGES-1, COX-2, COX-1, cPGES, and mPGES-2 in
the cortex 24 h after transient ischemia. Representative immunoblots from
three separate experiments are presented.

Fig. 4. Deletion of the mPGES-1 resulted in marked amelioration of the
infarction, edema, and behavioral neurological dysfunctions observed after
ischemia. (A) Representative 2,3,5-triphenyltetrazolium chloride (TTC)-
stained coronal sections at �2, 0, �2, �4, and �8 mm from the bregma of the
mPGES-1 KO (���) and WT (���) mouse. (Scale bar: 5 mm.) (B) The volume
of infarcted brain tissue 24 h after ischemia was estimated and expressed as a
percentage of the corrected tissue volume. n � 10 animals per group; **, P �
0.01 vs. WT mice. (C) The corrected edema percentage in the mPGES-1 KO
(���) and WT (���) mice. n � 10 animals per group; **, P � 0.01 vs. WT mice.
(D) Improvement of neurological dysfunction in mPGES-1 KO mice. The neu-
rological score was measured 24 h after ischemia. n � 21–22 animals per
group; **, P � 0.01 vs. WT mice. (E) The motor activity of MCAO or sham-
operated (SHAM) mice. n � 9–10 animals for SHAM and n � 19–20 animals for
MCAO; **, P � 0.01 vs. SHAM WT mice; ##, P � 0.01 vs. MCAO-treated WT mice.
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same level as in the MCAO WT mice (Fig. 4 D and E). The i.c.v.
injections of PGE2 caused no infarction (Fig. 6A), edema (Fig.
6C), neurological dysfunction (data not shown), or reduction of
motor activity (Fig. 6E) in sham-operated KO mice.

Discussion
Here we have shown that the production of PGE2 through
mPGES-1 induction plays a key role in the formation of post-
ischemic brain infarction and neurological dysfunction in a
rodent model of ischemia.

The expression of mPGES-1 was markedly induced in the
cerebral cortex after transient ischemia. Although we found no
apparent changes in the expression of cPGES or mPGES-2 after
transient ischemia, the possibility that other types of PGES
contribute to postischemic PGE2 production could not be ex-
cluded. However, the cortices of the mPGES-1-KO mice were
unable to produce PGE2, even after transient ischemia, indicat-
ing that mPGES-1 plays a predominant role in postischemic
PGE2 production in the brain. There was no compensatory

up-regulation of other enzymes implicated in PGE2 synthesis in
mPGES-1 KO mice. By using these mice, we showed that genetic
disruption of mPGES-1 ameliorated cortical infarction, edema,
and apoptotic neuronal death. Moreover, the neurological dys-
functions after transient ischemia also were improved by genetic
disruption of mPGES-1. Because the reduction in cerebral blood
flow produced by MCAO, physiological parameters, as well as
the anatomy in the circle of Willis did not differ between the
genotypes, the amelioration of symptoms observed in mPGES-1
KO mice cannot be attributed to differences in the severity of the
ischemic insult. Together, these results suggest that mPGES-1 is
a critical factor in the formation of the brain infarction and
neurological dysfunction observed after ischemia. In recent
studies, COX-2-deficient mice showed attenuated ischemia-
induced neurotoxicity and DNA fragmentation as well as PGE2
production (7, 15). The phenotype in the postischemic insult of
mPGES-1 KO mice resembles that of COX-2-deficient mice.
This finding suggests that coordinate induction of mPGES-1 and
COX-2 is required for postischemic PGE2 production, which
causes inflammation and then ischemia-induced neuronal death.
In fact, in our rat transient ischemia model, prominent PGE2
production was observed only when and where the expressions
of both mPGES-1 and COX-2 were observed, i.e., in the cortex
1 day after ischemia, indicating again the necessity of the
coexpression of mPGES-1 and COX-2 in postischemic PGE2
production. The time courses of the expression of mPGES-1 and
COX-2 in the cortex differed from each other. The increased
mPGES-1 expression was maintained at least 3 days after
ischemia, whereas the enhanced expression of COX-2 was more
transient, suggesting a difference of the mechanisms underlying
the induction of mPGES-1 and COX-2. We have reported a
similar difference in time course between these proteins in
cultured microglia (24) and fibroblasts (25). The coexpressions
of mPGES-1 and COX-2 protein were both preceded by mRNA
induction, indicating that the induction of mPGES-1, as well as

Fig. 5. Deletion of the mPGES-1 gene resulted in a marked decrease in the
apoptotic neuronal death in the postischemic cortex. (A) Three predesignated
areas in the penumbra of the postischemic cortex for counting TUNEL-positive
cells. (B) The average number of TUNEL-positive cells per unit area (A) of
mPGES-1 KO (���) and WT (���) mice. n � 7 animals per group; **, P � 0.01
vs. WT mice. (C–E) Representative results of TUNEL staining in the contralateral
or ipsilateral cortex of the mPGES-1 KO and WT mouse. (Scale bar: 100 �m.) (F)
Three predesignated areas in peri-infarct (peri) and core regions for counting
caspase-3-positive cells in the cortex. (G) The average number of caspase-3-
positive cells per unit area (F) after transient ischemia. n � 7 animals per group;

**, P � 0.01 vs. WT mice. (H) The tissue lysates from the contralateral (c) or
ipsilateral (i) cortex were subjected to Western blot analysis for caspase-3. The
densities of immunoblots were measured. n � 5 animals per group; ##, P �
0.01 vs. contralateral cortex. (I–K) Representative caspase-3 immunostaining
in the cortex.

Fig. 6. i.c.v. injection of PGE2 exaggerated postischemic symptoms in
mPGES-1 KO mice. (A) Representative 2,3,5-triphenyltetrazolium chloride
(TTC)-stained coronal sections (3 mm from the prefrontal) from PGE2-injected
(5 ng) or vehicle-injected (CONT) mice brain 24 h after ischemia (MCAO) or
sham operation. (Scale bar: 5 mm.) (B and C) The corrected volume of infarcted
brain tissue (B) and the corrected edema percentage (C) were measured from
PGE2-injected (2.5 or 5 ng) or vehicle-injected (CONT) injected mice brain 24 h
after ischemia (MCAO) or sham operation and expressed as a percentage of
the total volume. (D and E) The neurological score (D) and the motor activity
(E) were measured 24 h after ischemia (MCAO) or sham operation. For B–E,
n � 7–10; **, P � 0.01; *, P � 0.05 vs. CONT.
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that of COX-2, is regulated at least in part at the transcription
level.

The double immunostaining for mPGES-1 and each brain cell-
specific marker protein shows that the mPGES-1 induction oc-
curred in neurons in the peri-infarct region and microglia and
vascular endothelial cells in the ischemic core region of the cortex.
Because neuronal COX-2 induction has been reported in the
peri-infarct region (12) and neuronal overexpression of COX-2
increases cerebral infarction (26), the coinduction of mPGES-1 and
COX-2 in neurons in the peri-infarct region may contribute to
postischemic brain injury. Moreover, because microglial and en-
dothelial COX-2 inductions after ischemia and multiple sclerosis
also have been reported (13, 14), PGE2 production through coin-
duction of mPGES-1 and COX-2 in microglia and endothelial cells
is suggested to play an important role in postischemic inflammation
and microcirculatory disturbances, which in turn contribute to
neuronal death and the expansion of cerebral infarction (5, 27).
Although we cannot exclude the possibility that the mPGES-1
induction observed in the cortex is due to the infiltrating monocytes,
it was shown recently that microglial activation precedes and
predominates over macrophage infiltration in transient focal cere-
bral ischemia (28). Our results suggest that neurons, microglia, and
endothelial cells are predominant sources of postischemic PGE2
production. Indeed, we recently identified a microglia-specific
mPGES-1 induction that contributed to PGE2 production in an
animal model of brain inflammation induced by intraparenchymal
injection of lipopolysaccharide (24). In addition, the endothelial
mPGES-1 induction is well known in the brains of several animal
models (29–31).

The involvement of PGE2 under induction of mPGES-1 in
expansion of postischemic brain injury was confirmed by the
ability of injected PGE2 to increase postischemic injury in
mPGES-1 KO mice. Although the PGE2 injected i.c.v. may not
remain elevated for a whole 24 h after ischemia, and further
study will be needed to quantify the optimal amount of injected
PGE2 and its time of action, PGE2 diffusing from the cerebral
ventricle to the striatum and�or cerebral cortex at an even earlier
time point than 24 h can be thought to exacerbate the postisch-
emic injury. PGE2 can efflux by simple diffusion after synthesis
and activate four receptor subtypes (EP1–4) with quite different
signaling cascades. Using EP2-deficient mice, it recently was
shown that the neuroprotective function of the EP2 receptor in
cerebral ischemia depends on cAMP signaling (16). How then is
the toxicity of mPGES-1 enzymatic activity mediated? The toxic
effects also could be mediated by PG receptor subtypes that are
not positively coupled to cAMP formation: for example, by EP3,
which is thought to mediate effects in a manner opposite to the
mediation by EP2; by EP1, which may enhance the elevation of
intracellular calcium concentrations in neurons after ischemia;
or by receptors of other prostanoids converted from PGE2, such
as PGF2�, which promotes neuronal death in spinal cord injury
(32). It also has been shown that the heightened temperatures
induced by i.c.v. injection of PGE2 play a significant role in
escalating the neural damage caused by global ischemia (33) and
that hypothermia rescues hippocampal CA1 neurons from fore-
brain ischemia (34). In our experimental model, the rectal
temperature was maintained at 37°C during the operation;
however, there may have been some differences in local brain
temperature during and�or after the ischemia between geno-
types. Therefore, further studies will be needed to identify the
mechanisms by which mPGES-1 affects neurotoxicity.

In summary, we have shown that mPGES-1 plays a critical role
in the infarction, edema, apoptotic neuronal death, behavioral
dysfunctions, and PGE2 production observed after ischemia.
Our results demonstrate that mPGES-1 is coinduced with
COX-2 mainly in the neurons and microglia in the cortex after
transient ischemia. Although augmented PGE2 synthesis has
been demonstrated in the lesion sites of rodent transient isch-

emia models, the role of PGE2 in neuronal cell death has been
controversial. We here demonstrate that postischemic PGE2
production is involved in the pathogenic events occurring in
cerebral ischemia and thus that inhibition of postischemic PGE2
production may be a valuable therapeutic strategy. Considering
that COX inhibitors may nonselectively suppress the production
of many types of prostanoids that are essential for normal
physiological function of the brain (8), a mPGES-1 inhibitor may
be an injury-selective and fewer-side-effect inhibitor. Thus, our
results suggest that mPGES-1 is a promising, previously unde-
scribed target for treatment of human stroke.

Materials and Methods
Animals. Male (270–300 g) Sprague–Dawley rats were purchased
from the Shizuoka Laboratory Animal Cooperative (Shizuoka,
Japan). mPGES-1 KO and WT mice (C57BL�6J � 129�SvJ
background) back-crossed to C57BL�6J mice for �8 generations
to avoid artifactual differences caused by genetic background
were used (21). Our preliminary data showed no significant
gender differences in infarct volume, degree of edema, neuro-
logical score, and motor activity 24 h after ischemia (see Table
2, which is published as supporting information on the PNAS
web site). Therefore, both male and female mice were studied at
weights of 24–30 g, and data from both sexes were pooled. In all
studies, the animal care and experimental procedures complied
with the guidelines of the Japanese Pharmacological Society.

Ischemia Model. Transient occlusion of the right MCA for 2 h was
carried out under halothane anesthesia and achieved by inserting
a nylon monofilament up to the MCA. Body temperature was
maintained �37°C. Details are provided in Supporting Materials
and Methods, which is published as supporting information on
the PNAS web site. In sham-operated animals, an incision was
made over the MCA, but the artery was not occluded. For i.c.v.
injection, 1-�l solutions of either PGE2 (1.25 or 2.5 ng��l) or
vehicle (0.25% dimithylsulfoxide in artificial cerebrospinal f luid)
were infused stereotaxically into the bilateral cerebroventricle
just before the MCAO (total PGE2 of 0, 2.5, or 5 ng). Details are
provided in Supporting Materials and Methods.

Staining of Brain Slice. Animals were anesthetized 24 h after
reperfusion. Frozen coronal sections (20 �m) were immuno-
stained as described (24) according to the protocol of the
avidin-biotin complex kit (Vector Laboratories). Details are
provided in Supporting Materials and Methods. The number of
caspase-3-positive cells was counted in each of three predesig-
nated areas of 0.29 mm2 in the peri-infarct and ischemic core
regions (Fig. 6G). For fluoroimmunostaining, the Cy3- or FITC-
conjugated secondary antibodies (Jackson ImmunoResearch)
were used and examined by using a confocal laser scanning
system (LSM510; Zeiss). TUNEL staining was performed ac-
cording to protocol of the In Situ Cell Death Detection Kit
(Roche Diagnostics). The number of TUNEL-positive cells was
counted in each of three predesignated areas of 25,600 �m2 in
the peri-infarct region (Fig. 6A).

Western and Northern Blotting. The cerebral hemispheres were
dissected into the cerebral cortex, striatum, and hippocampus
and lysed by homogenization. Western or Northern blotting was
performed as described (24) by using mPGES-1, mPGES-2,
cPGES, COX-1, COX-2, and caspase-3 antibodies or cDNA
probes for mPGES-1, COX-2, and GAPDH, respectively. De-
tails are provided in Supporting Materials and Methods.

PGE2 Assay. The cerebral hemispheres were dissected as described
above and then quickly frozen in liquid nitrogen and weighed to
determine the wet weight. Prostanoids were extracted by ho-
mogenization of the tissues in 70% methanol solution containing
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10 �M indomethacin and centrifugation at 15,000 � g for 20 min
at 4°C. The supernatant was evaporated and dissolved with the
assay buffer. The PGE2 concentration was determined according
to protocol of the enzyme immunoassay kit (Cayman Chemical,
Ann Arbor, MI).

Quantification of Infarct Volume. The quantification of infarct
volume was performed by 2,3,5-triphenyltetrazolium chloride
(TTC) staining and with SCION IMAGE software (Scion, Freder-
ick, MD). Details are provided in Supporting Materials and
Methods. Infarct volume of whole brain, cortex, or striatum �
[infarct volume of whole brain, cortex, or striatum�volume of
whole brain] � 100. Edema percent � [volume of postischemic
hemisphere � volume of contralateral hemisphere]�volume of
contralateral hemisphere � 100.

Behavioral Experiment. The animals were scored for neurological
deficits 24 h after transient ischemia as follows: 0, no deficit; 1,
f lexion of the torso and contralateral forelimb when lifted by the
tail; 2, contralateral forelimb weakness upon application of
pressure to the side of the body; 3, circling to the affected side;
and 4, no spontaneous locomotor activity. To measure the
spontaneous motor activities, the animals were placed in a
transparent box (25 � 40 � 20 cm) in which the floor was marked
with both longitudinal and transverse lines at 5-cm intervals, and

the number of times they crossed the lines over a period of 1 min
was measured.

Measurement of Physiological Parameters. Cerebral blood flow was
measured under 1% halothane anesthesia by the probe of
laser-Doppler flowmetry (ALF21; Advance Co. Ltd., Tokyo,
Japan) that was attached to the skull at 3 mm lateral and 1 mm
caudal to the bregma. In a separate cohort of animals, mean
arterial pressure was monitored, and arterial blood pH, pCO2,
and pO2 were measured before, during, and 30 min after
ischemia (Rapid Lab 248, Bayer, Wuppertal, Germany). For
studies of vascular anatomy, four unoperated mice of each
genotype were deeply anesthetized and perfused via the left
ventricle with 0.5 ml of 50% carbon black containing 10%
gelatin. The photograph of the ventral aspect of the brain was
taken by a digital microscope (VHX; Keyence, Osaka, Japan).

Statistical Analysis. Results are expressed as the mean � SEM.
Statistical significance was evaluated with one-way ANOVA
followed by Tukey’s method. P � 0.05 was considered statisti-
cally significant.
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