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a b s t r a c t

Epidemiological studies have suggested that the long-term use of nonsteroidal anti-inflammatory drugs
that inhibit cyclooxygenase (COX) activity moderates the onset or progression of Alzheimer’s disease
(AD). Thus it has been suggested that prostaglandin E2 (PGE2), a major end-product of COX, may play a
pathogenic role in AD, but the involvement of PGE synthase (PGES), a terminal enzyme downstream from
COX, has not been fully elucidated. To examine the involvement in AD pathology of microsomal PGES-1
(mPGES-1), a PGES enzyme, we here prepared primary cerebral neuronal cells from the cerebri of wild-
type and mPGES-1-deficient mice and then treated them with b-amyloid (Ab) fragment 31–35 (Ab31–35),
which represents the shortest sequence of native Ab peptide required for neurotoxicity. Treatment of
wild-type neuronal cells with Ab31–35 induced mPGES-1 gene expression and PGE2 production, followed
by significant apoptotic cell death, but apoptosis was not induced in mPGES-1-deficient cells. Further-
more, the combined treatment of Ab31–35 and PGE2 induced apoptosis in mPGES-1-deficient neuronal
cells. These results indicated that mPGES-1 is induced during Ab-mediated neuronal cell death and is
involved in Ab-induced neurotoxicity associated with AD pathology.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Alzheimer’s disease (AD) is the most common neurodegenera-
tive disorder of the elderly and is characterized by senile plaques
in several regions of the central nervous system [1]. A number of
epidemiological studies have shown that the long-term use of non-
steroidal anti-inflammatory drugs (NSAIDs) reduces the risk of
developing AD and delays its onset [2,3]. It is known that NSAIDs
inhibit the activity of cyclooxygenase (COX), which catalyzes the
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conversion of arachidonic acid to prostaglandin H2 (PGH2), the pre-
cursor of PGE2 and other PGs. Of the two COX isoforms, COX-1 is
expressed constitutively in most tissues and is generally responsi-
ble for the production of the PGs that control normal physiological
functions, while COX-2 is induced in response to mitogens, cyto-
kines, and cellular transformation [4]. Although it remains unclear
precisely how NSAIDs inhibit AD development, several studies
have shown that elevated COX-2 expression is present in the cere-
bral cortex of the AD brain and that expression levels are correlated
with amyloid plaque density and neurofibrillary tangles [5–7]. Lev-
els of PGE2, the main product of COX, have been found to be signif-
icantly elevated in the cerebrospinal fluid of AD patients [8], thus
suggesting that PGE2 signaling may function in AD development.

PGE2 is synthesized from COX-derived PGH2 by PGE synthase
(PGES) activity. Thus far, three PGES enzymes have been identified:
microsomal PGES (mPGES)-1, mPGES-2, and cytosolic PGES
(cPGES) [9]. Among these PGES isozymes, mPGES-1 is induced by
proinflammatory stimuli and is downregulated by anti-inflamma-
tory glucocorticoids as in the case of COX-2, and is functionally
coupled with COX-2 in marked preference to COX-1 [9,10]. The
induction of mPGES-1 expression has been observed in various
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conditions and processes in which COX-2-driven PGE2 has been
implicated, including rheumatoid arthritis, the febrile response,
and reproduction [9]. It has also been reported that mPGES-1 levels
were elevated in Western Blots of middle frontal gyrus tissue ex-
tracts from AD patients relative to those of age-matched controls
[11]. Furthermore, Satoh et al. reported that b-amyloid peptide
(Ab), a major protein component of brain senile plaques in AD, in-
duced mPGES-1 expression in rat astrocytes in vitro [12]. However,
little is known about the involvement of mPGES-1, a downstream
enzyme of COX-2, in the pathophysiology of AD.

Ab has been shown to play a central role in AD development. It
is well established that Ab possesses neurotoxic activity [13]. Ab
neurotoxicity has been associated with peptide self-aggregation,
which leads to the formation of amyloid-like fibrils and eventually
to neuronal cell death through apoptosis [14]. Several small Ab
fragments induce cytotoxic and pro-apoptotic effects similar to
those observed for native Ab, Ab1–42 and Ab1–40, although it does
not exhibit any aggregation behavior [15]. Among them, Ab frag-
ment 31–35 (Ab31–35) represents the shortest sequence of native
peptides required for cytotoxicity and has been used to evaluate
the initial events in Ab-mediated neurotoxicity-associated AD
pathology [16–19]. In the present study, to examine the involve-
ment of mPGES-1 in Ab-induced neurotoxicity, we prepared pri-
mary cerebral neuronal cells from the cerebri of wild-type and
mPGES-1-deficient mice and then treated them with Ab31–35. The
results showed that mPGES-1 is induced in neuronal cells by
Ab31–35 and subsequently involved in Ab31–35-mediated apoptotic
neuronal cell death.
2. Materials and methods

2.1. Primary culture of cerebral neuronal cells

Mouse studies were approved by the Institutional Animal Care
and Use Committees of Showa University. mPGES-1�/� mice were
established as described previously [20,21], and backcrossed at
least ten generations with BALB/c mice [22].

Primary cerebral neuronal cells were prepared from the cerebri
of 16.5-day-old embryos of wild-type mice and those of mPGES-1�/�

mice using the Nerve-Cell Culture System (Sumitomo Bakelite,
Tokyo, Japan). In brief, cerebral tissues were cleaned of meninges,
minced, and treated with a protease mixture. After mechanical dis-
sociation by pipetting and treatment with dissociation solution, we
resuspended the cells in nerve cell culture medium, and then pla-
ted them onto poly-L-lysine-coated plates or glass dishes
(U35 mm) at a density of 2.4 � 106 cells/well. After 7 days of cul-
ture, neuronal cells were examined for the effects of Ab31–35 (Pep-
tide Institute, Inc., Minoh, Japan) on the expression of mPGES-1
and the cell death. Viable cells were peeled off by pipetting, and
were counted using the trypan blue exclusion method. Neuronal
cell identity was confirmed by immunostaining with the neuron
marker anti-microtubule-associated protein-2 (MAP-2) (Sigma,
St. Louis, MO, USA) and astrocyte marker anti-glial fibrillary acidic
protein (GFAP) antibodies (Chemicon, Billerica, MA, USA). The
amount of PGE2 was measured using enzyme immunoassay kits
(Cayman Chemical, Ann Arbor, MI, USA).
2.2. RT-PCR analysis

Total RNA was extracted from mouse primary cerebral neuronal
cells using Trizol Reagent (Invitrogen, Carlsbad, CA, USA), and RT-
PCR was performed using SuperScript III Reverse Transcriptase
(Invitrogen) and Ex-Taq Polymerase (TaKaRa Bio, Inc., Otsu, Japan).
Synthesis of cDNA was performed with 2 lg of the total RNA
isolated from mouse primary cerebral neuronal cells, oligo dT
primers, and SuperScript III Reverse Transcriptase (Invitrogen).
Subsequent amplifications of the partial cDNA fragments were per-
formed by Ex-Taq Polymerase using the reverse-transcribed prod-
ucts as a template with a set of specific oligonucleotide primers as
follows: mPGES-1 sense 50-GGCTGTCATCACAGGCCAGATGAGG-30

and antisense 50-CAGGAGAACTGGGCCAGGACATAGG-30; COX-2
sense 50-GGTCTGGTGCCTGGTCTGATGATG-30 and antisense 50-
GTCCTTTCAAGGAGAATGGTGC-30; and GAPDH sense 50-TCGTGGAT
CTGACGTGCCGCCTG-30 and antisense 50-CACCACCCTGTTGCTGTA
GCCGTAT. The PCR mixtures were subjected to 35 (for mPGES-1
and COX-2) or 25 (for GAPDH) cycles of amplification by denatur-
ation (45 s at 94�C), annealing (60 s at 60�C) and elongation (60 s at
72�C). The PCR products were analyzed by 1% agarose gel electro-
phoresis with ethidium bromide.

2.3. TUNEL staining experiments

The TUNEL staining experiments were performed as previously
described [23]. Briefly, after treatment with 30 lM Ab31–35 and/or
25 lM PGE2, the cells were fixed for 25 min in 4% paraformalde-
hyde in phosphate-buffered saline, permeabilized for 5 min in
0.2% Triton X-100, and then stained using the DeadEnd Fluoromet-
ric TUNEL system (Promega, Madison, WI, USA) according to the
manufacturer’s instructions. For the positive control experiments,
the cells were treated with DNase I (TaKaRa Bio, Inc.) for 10 min
before the staining. Three randomly chosen microscopic fields
were captured in images, and the number of TUNEL-positive neu-
ronal nuclei was calculated.
3. Results

3.1. Induction of mPGES-1 expression in Ab31–35-treated neuronal cells
in vitro

Primary cerebral neuronal cells were prepared from the cerebri
of 16.5-day-old mouse embryos and were then treated with
Ab31–35. As shown in Fig. 1A, RT-PCR analysis revealed that
mPGES-1 mRNA levels markedly increased with Ab31–35 treatment,
without altering COX-2 expression. Increased production of PGE2

was also observed, together with an increase in mPGES-1 expression
48 h after Ab31–35 treatment (Fig. 1C). On the other hand, neither
an induction of mPGES-1 nor an increment in PGE2 production
was observed in Ab31–35-treated neuronal cells derived from
mPGES-1-deficient mice. These results indicated that mPGES-1
contributes to the formation of PGE2 in Ab31–35-treated neuronal
cells.

Furthermore, to determine the cell type that expresses mPGES-
1, we carried out double-immunostaining analyses of mPGES-1
and GFAP or MAP-2. We found that the mPGES-1-immunoreactive
signals were enhanced near the nuclear membrane after Ab31–35

treatment (Fig. 1B). These signals were observed in GFAP-positive
astrocytes as well as in some MAP-2-positive neurons.

3.2. mPGES-1 deficiency ameliorates Ab31–35-induced neuronal cell
death in vitro

We then examined the effects of mPGES-1 deficiency on
Ab31–35-induced neuronal cell death in vitro. The number of pri-
mary neuronal cells derived from wild-type mice increased during
the study period (Fig. 2A). After 48 h of Ab31–35 treatment, this in-
crease was significantly repressed. Double-immunostaining of
GFAP and MAP-2 revealed that both GFAP-positive astrocytes and
MAP-2-positive neurons proliferated during the observation period
and the growth of each was suppressed by Ab31–35 (Fig. 2B). On the
other hand, Ab31–35 treatment did not suppress the proliferation of
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Fig. 1. Induction of mPGES-1 expression and PGE2 production in Ab31–35-treated
mouse cerebri neuronal cells. (A) RT-PCR analysis for mPGES-1 expression in
neuronal cells. RNA was prepared from neuronal cells cultured with or without
30 lM Ab31–35 for the indicated times, and then RT-PCR analyses for mPGES-1, COX-
2 and GAPDH (as a control) were performed. Representative results of at least three
experiments are shown. (B) Immunocytostaining analysis of mPGES-1 expression in
neuronal cells. mPGES-1 (green) and GFAP or MAP-2 (red) were double-immuno-
stained in neuronal cells cultured with or without 30 lM Ab31–35 for 72 h. Bar:
20 lm. (C) PGE2 production from neuronal cells. Neuronal cells were prepared from
wild-type (left) and mPGES-1 KO mice (right), and then were cultured with (closed
columns) or without 30 lM Ab31–35 (open columns) for the indicated times.
Amounts of PGE2 in culture medium from the cultured neuronal cells were assayed
used an enzyme immunoassay kit. All values are means ± SD for at least 4
independent experiments. ⁄P < 0.05 vs non-treated cells.
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Fig. 2. Effects of mPGES-1 deficiency on Ab31–35-induced cell death of mouse
cerebri neuronal cells. (A) Neuronal cells prepared from wild-type (left) and
mPGES-1 KO mice (right) were cultured with (closed columns) or without 30 lM
Ab31-35 (open columns) for the indicated times, and the cell numbers were counted.
All values are means ± SD for at least 3 independent experiments. ⁄P < 0.05 vs non-
treated cells. (B) GFAP (green) and MAP-2 (red) were double immunostained in
wild-type mouse- (upper) or mPGES-1 KO mouse-derived (lower) neuronal cells
cultured with or without 30 lM Ab31–35 for 72 h.
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Fig. 3. Effects of mPGES-1 deficiency on Ab31–35-induced apoptosis in mouse
cerebri neuronal cells. (A) Wild-type mouse- (left) or mPGES-1 KO mouse-derived
(right) neuronal cells cultured with (closed columns) or without 30 lM Ab31–35

(open columns) for 72 h, and the apoptotic cells were subjected to TUNEL staining.
All values are means ± SD for at least 5 independent experiments. ⁄P < 0.05 vs non-
treated cells. (B) mPGES-1 KO mouse-derived neuronal cells were cultured with or
without 30 lM Ab31–35 and 25 lM PGE2 for 72 h, and the apoptotic cells were
subjected to TUNEL staining. All values are means ± SD for at least 3 independent
experiments. ⁄⁄P < 0.01 vs Ab31–35 and PGE2-treated cells.
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neuronal cells derived from mPGES-1-deficient mice. Conversely,
Ab31–35 modestly increased the growth of mPGES-1-deficient cells
(Fig. 2A).

As it had been shown that Ab31–35 induces apoptosis in
cultured neuronal cells [16–19], we next carried out a TUNEL
staining analysis to examine the effects of an mPGES-1 defi-
ciency on Ab31–35-induced apoptosis. As shown in Fig. 3A, the
number of TUNEL-positive apoptotic cells increased when WT
neuronal cells were treated with Ab31–35 for 72 h. On the other
hand, apoptosis was not induced by Ab31–35 treatment of
mPGES-1-deficient neuronal cells. Moreover, PGE2 was not as
effective as Ab31–35 at inducing apoptosis in mPGES-1-deficient
cells; however, the combined treatment of Ab31–35 and PGE2

did induce apoptosis in these cells (Fig. 3B). These results indi-
cated that Ab31–35-induced mPGES-1-dependent PGE2 production
is necessary, but not sufficient, for Ab31–35-induced neuronal cell
apoptosis.
4. Discussion

In the present study, we demonstrated that mPGES-1 is induced
in Ab31-35-treated mouse cerebri nerve cells (Fig. 1) and that
mPGES-1 deficiency ameliorates Ab31-35-induced apoptosis of
these cells in vitro (Figs. 2 and 3). Ab31–35 has been used to evaluate
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the initial events in Ab-mediated neurotoxicity-associated AD
pathology [16–19]. These results indicated that the induction of
mPGES-1 is involved in Ab-induced neurotoxicity associated with
AD pathology.

As shown in Fig. 1A, Ab31–35 markedly increased mPGES-1
mRNA without eliciting any alterations in COX-2 expression in
mouse neuronal cells. The increase in mPGES-1 expression is
strongly correlated with the induction of COX-2 in many patholog-
ical conditions, and mPGES-1 has been shown to be preferentially
coupled with COX-2 activity to increase the pathologic production
of PGE2 [9,10]. However, such findings do not reflect what is al-
ways the case. Sandee et al. reported that mPGES-1 was overex-
pressed and involved in PGE2 production in both COX-1 and
COX-2 deficient cells [24]. Several studies have shown that COX-
2 expression is elevated in the cerebral cortex of the AD brain
[5–7]; however, it should be noted that decreased expression of
COX-2 in end-stage AD has also been reported [25]. mPGES-1
may play more a critical role than COX-2 in pathogenic PGE2 pro-
duction involved in AD pathology.

Our results also indicated that mPGES-1-derived PGE2 might be
involved in Ab31–35-induced apoptosis of neuronal cells in vitro
(Figs. 2 and 3). PGE2 exerts its biological actions via binding to four
specific receptor subtypes known as EP1, EP2, EP3 and EP4 [26].
Studies using EP2-deficient mice have shown that among these
four EPs, an EP present on microglia, EP2, plays an important role
in Ab-activated neurotoxicity [27,28]. Shie et al. used primary cul-
tures of wild-type neurons and microglia from either wild-type or
EP2-deficient mice, and found that Ab-treated wild-type microglia
enhanced Ab-induced apoptosis in wild-type neurons, but that Ab-
treated EP2-deficient microglia did not have the same effect [27].
Ab-induced expression of inducible nitric oxide synthase, which
can cause neurotoxicity, was also reduced in EP2-deficient microg-
lia. Furthermore, Liang et al. showed that a deletion of EP2 in APP-
swe-PS1DE9 mice, an AD model mouse strain, resulted in a marked
reduction in age-dependent lipid peroxidation in brain tissues [28].
Taken together, the results of these two reports indicated that the
activation of EP2 by PGE2 leads to the increased production of
microglial superoxides and neurotoxins, and subsequently of reac-
tive oxygen species, which in turn promotes lipid peroxidation and
injury in neurons. We also found that a deletion of mPGES-1 par-
tially inhibited the Ab31–35-induced generation of 8-isoprostane, a
lipid peroxide, in a mixed culture of neurons, astrocytes and
microglia (data not shown). mPGES-1-derived PGE2 produced in
response to Abby astrocytes or neurons might act on microglial
EP2 and promote oxidative damage leading to neuronal cell death.

Previous studies have demonstrated that PGE2-EP2 signaling
shows bidirectional effects that enhance Ab-induced neuronal cell
death and protect neuronal cells against Ab-induced cell death
[29]. Although PGE2 and EP2 agonists have neurotoxic effects
[30], lower concentrations of PGE2 and EP2 or EP4 agonists were
neuroprotective against Ab toxicity [29]. It was noteworthy in
the present study that mPGES-1-deficient neuronal cells did not
grow in the absence of Ab31–35 during the entire study period
(Fig. 2). These results suggest that a small amount of mPGES-1-de-
rived PGE2 might be involved in neuronal cell maintenance and
growth. We also found that Ab31–35 increased rather than sup-
pressed the growth of mPGES-1-deficient cells. It has been re-
ported that Ab induces arachidonic acid release by the activation
of phospholipase A2 in primary neuronal cells [31]. In mPGES-1-
deficient cells, Ab31–35 might enhance certain arachidonate metab-
olites other than PGE2, that stimulate neuronal cell growth. Further
studies are still needed to reveal the mechanism underlying
Ab31–35-enhanced growth of mPGES-1-deficient neuronal cells.

In conclusion, our results indicated that mPGES-1 is induced by
Ab and subsequently plays a critical role in Ab-mediated apoptotic
neuronal cell death associated with AD pathology. Although
epidemiological studies have suggested that long-term use of
NSAIDs moderates the onset or progression of AD, their intake is
frequently associated with gastrointestinal side effects. Because
the COX expressed in the gastrointestinal mucosa is primarily
COX-1, in recent years efforts have focused on the development
of highly selective COX-2 inhibitors with an improved gastric
tolerability profile. However, severe cardiovascular adverse
reactions challenged the initial enthusiasm for this new class of
anti-inflammatory drugs. Blockage of mPGES-1 could form the
basis for a novel therapeutic strategy for treating AD, and may
represent a safer approach than standard therapies involving
NSAIDs.
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