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Excitotoxicity-induced prostaglandin D, production
induces sustained microglial activation and delayed

neuronal death®

Kensuke Iwasa, Shinji Yamamoto, Sosuke Yagishita, Kei Maruyama, and Keisuke Yoshikawa'

Department of Pharmacology, Faculty of Medicine, Saitama Medical University, Iruma-gun, Saitama, Japan

Abstract Excitotoxicity is the pivotal mechanism of neuro-
nal death. Prostaglandins (PGs) produced during excitotox-
icity play important roles in neurodegenerative conditions.
Previously, we demonstrated that initial burst productions of
PGD,, PGE,, and PGF,, are produced by cyclooxygenase-2
(COX-2) in the hippocampus following a single systemic
kainic acid (KA) administration. In addition, we showed that
blocking of all PG productions ameliorated hippocampal
delayed neuronal death at 30 days after KA administration.
To investigate the role of individual PGs in the delayed neu-
ronal death, we performed intracerebroventricular injec-
tion of PGD,, PGE,, or PGF,, in rats whose hippocampal
PG productions were entirely blocked by pretreatment of
NS398, a COX-2 selective inhibitor. Administration of PGD,
and PGF,, had a latent contribution to the delayed neuronal
death, sustained over 30 days after a single KA treatment.
Furthermore, PGD, enhanced microglial activation, which
may be involved in the delayed neuronal death in the hippo-
campus.lill These findings suggest that excitotoxic delayed
neuronal death is mediated through microglia activated by
PGDy.—Iwasa, K., S. Yamamoto, S. Yagishita, K. Maruyama,
and K. Yoshikawa. Excitotoxicity-induced prostaglandin D,
production induces sustained microglial activation and de-
layed neuronal death. J. Lipid Res. 2017. 58: 649-655.
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Excitotoxicity, the pivotal mechanism of neuronal death,
is implicated in a wide range of neurodegenerative dis-
eases, such as hypoxia-ischemia, epilepsy, stroke, and
Alzheimer’s disease (1). In animal experiments, excito-
toxin kainic acid (KA) has been known to stimulate glu-
tamate receptors and induce hippocampal acute and
delayed neuronal death (2). Acute neuronal death is
caused by glutamate receptor-mediated mechanisms within
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a few days after excitotoxic insults (3). Delayed neuro-
nal death develops over several days after excitotoxic
insults (4).

Cyclooxygenases (COXs) oxidize arachidonic acid to
prostaglandin (PG) Gy and Hs, followed by PG synthases
that generates several PGs. PGs exert diverse biological ac-
tivities as intercellular signaling molecules through their
cognate G-protein-coupled receptors (5, 6). PGs produced
during excitotoxicity play important roles in neurodegen-
erative conditions (7, 8).

In our previous study, a comprehensive lipidomics analy-
sis demonstrated that large amounts of PGD,, PGE,, and
PGF,, are produced in the hippocampus after systemic KA
administration (9). These initial burst PG productions are
produced by COX-2, which is constitutively expressed in
the hippocampus (9). This occurs without upregulation of
COX-2 enzyme level (9). We also demonstrated that block-
ade of all PG productions ameliorated hippocampal de-
layed neuronal death at 30 days after KA administration,
whereas acute neuronal death occurred through a mecha-
nism independent of PG-associated pathways (10). In the
present study, we evaluated the role of individual PGs in
the delayed neuronal death. We performed intracerebro-
ventricular (i.c.v.) injection of individual PGs (PGD,, PGE,,
and PGF,,) in the rats, whose hippocampal PG produc-
tions were entirely blocked by pretreatment of NS398, a
COX-2 selective inhibitor. Numerous dying neurons were
observed in PGDq-treated or PGFy-treated rats 30 days af-
ter treatment, suggesting that PGD, and PGFy, contributed
to the excitotoxicity-induced delayed neuronal death. En-
hanced microglial activation was also observed in PGD,-
treated rats. These data suggest that microglia, activated by
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tive real-time PCR.
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PGD, after excitotoxicity, lead to delayed neuronal death
in the hippocampus.

MATERIALS AND METHODS

Animal procedures

Three-week-old male Wistar rats (Tokyo Laboratory Animals
Science, Tokyo, Japan) were housed in appropriate animal care
facilities at Saitama Medical University (Saitama, Japan) and were
handled according to established international guidelines. Ex-
perimental protocols were approved by the Animal Research
Committee of Saitama Medical University. Rats were maintained
on a 12 h/12 h light/dark cycle with free access to tap water and
a regular diet (CE-2, Clea, Tokyo, Japan). KA, NS398, PGD,,
PGE,, PGFy,, and PG]J, were purchased from Cayman Chemical
(Ann Arbor, MI). KA (10 mg/kg, dissolved in saline) and NS398
(10 mg/kg, dissolved in saline containing 20% (DMSO) were in-
jected intraperitoneally (i.p.) into the rats. PGDy, PGE,, PGF,,,
and PGJ, (dissolved in saline containing 0.1% ethanol) were ad-
ministered at a concentration of 500 ng/5 pl by bilateral i.c.v. in-
jections. Rats were reared until after 30 days of KA administration.
The administration protocol of the reagents is described in Table 1.
For protocol A, rats received saline 30 min after pretreatment
with 20% DMSO in saline. After a further 30 min, the rats re-
ceived 0.1% ethanol in saline (control group). For protocol B,
rats received KA 30 min after pretreatment with 20% DMSO in
saline. After a further 30 min, the rats received 0.1% ethanol in
saline (KA group). For protocol C, rats received KA 30 min after
pretreatment with NS398 in saline. After a further 30 min, the rats
received 0.1% ethanol in saline (NS + KA group). For protocol D,
rats received KA 30 min after pretreatment with NS398 in saline.
After a further 30 min, the rats received PGDy in saline (NS + KA +
PGDy group). For protocol E, rats received KA 30 min after pre-
treatment with NS398 in saline. After a further 30 min, the rats
received PGE, in saline (NS + KA + PGE, group). For protocol F,
rats received KA 30 min after pretreatment with NS398 in saline.
After a further 30 min, the rats received PGF,, in saline (NS + KA +
PGF,, group). For protocol G, rats received KA 30 min after pre-
treatment with NS398 in saline. After a further 30 min, the rats
received PGJ, in saline (NS + KA + PGJ, group) (Table 1).

Histology

Rats were intracardially perfused with 4% paraformaldehyde in
PBS. Brains were removed and postfixed overnight in 4% parafor-
maldehyde in PBS. Paraffin embedding and sectioning (6 pm
thick coronal sections) of brains were conducted at Bozo Center
Inc. (Tokyo, Japan). For histology, sections on slides were depar-
affinized and permeabilized with methanol and soaked in 0.3%
hydrogen peroxide to block endogenous peroxidase activity. He-
matoxylin and eosin (H and E) staining was performed according
to standard protocols. Sections were then coverslipped by using
Poly-Mount (Polysciences Inc., Boston, MA).

Fluoro Jade C (FJC) staining was performed according to the
manufacturer’s instruction [Ready-to-Dilute (RTD) FJC Staining
Kit, Biosensis, Temecula, CA]. Slides were incubated in sodium
hydroxide for 5 min, then washed with 70% ethanol, followed by
distilled water. Slides were then incubated in potassium perman-
ganate for 10 min. Next, slides were washed with distilled water
and moved to low light for staining with FJC and 4’,6-diamidino-
2-phenylindole (DAPI) for 15 min. Slides were rinsed with dis-
tilled water and cleared by brief immersion in xylenes. Slides
were then coverslipped by using p-xylenebis(pyridinium)bro-
mide (DPX) (Merck KGaA, Darmstadt, Germany).

For immunofluorescence, sections were incubated for 1 h in a
blocking buffer (PBS, 5% BSA, and 0.1% polyoxyethylene sorbi-
tan monolaurate) and incubated with antiionized calcium bind-
ing adaptor molecule 1 antibody (anti-Iba-1; 1:1,000; Wako,
Osaka, Japan) at 4°C overnight, followed by incubation for 1 h
with secondary antibody (Cy3-conjugated AffiniPure goat anti-
rabbit IgG; 1:500, Jackson ImmunoResearch, Inc., West Grove,
PA) fluorochrome-conjugated in the dark at 25°C. Nuclei were
labeled with DAPI mounting medium. Sections were then cover-
slipped by using DPX. Sections were photographed at 20x magni-
fication on a Keyence BZ-9000 microscope (Keyence Corp.,
Osaka, Japan). Images were captured by using a Keyence BZ-9000
BZ-II Analyzer.

RNA extraction and quantitative real-time PCR

After rearing for 30 days, rats were euthanized, and hippo-
campi were collected for RNA extraction. Samples of fresh frozen
hippocampus were processed for RNA extraction by using ISO-
GEN (NIPPON GENE, Tokyo, Japan) following the manufactur-
er’s instructions. Extracted RNA was resuspended in RNase-free
molecular-grade water (TAKARA BIO Inc., Shiga, Japan) and
stored at —80°C until analysis. For quantitative real-time PCR
(Q-PCR), total RNA (3 ng) was reverse-transcribed by using a
PrimeScript RT reagent kit (TAKARA BIO Inc.). Q-PCR was per-
formed by using the 7900 Sequence Detection System (Applied
Biosystems, Foster City, CA) with the following gene-specific prim-
ers: phosphoglycerate kinase 1 (PGKI; forward: 5-tccatggtgggtgt-
gaatctg-3; reverse: b'-cagctggatcttgtctgcaactt-3), glial fibrillary
acidic protein (GFAP; forward: 5™-agtggccaccagtaacatgcaa-3’; re-
verse: 5’-ggactcaaggtcgcaggtcaa-3’), and CD11b (forward: 5™-ccact-
cattgtgggcagete-3’; reverse: 5'-caccggcttcattcatcatgte-3’). Q-PCR
conditions were 95°C for 30 s, followed by 40 cycles of 5 s at 95°C
and 34 s at 60°C. The amount of target gene expression was calcu-
lated by using the AACG; method (11). Data were analyzed by us-
ing the relative quantification technique. Q-PCR results were
normalized to the expression levels of PGKI. Relative changes in
gene expression were reported as a percentage of the expression
in control rats.

Western blotting

Hippocampi were homogenized on ice in RIPA [50 mM Tris-
HCI pH 8.0, 150 mM NaCl, 5 mM EDTA, 1% NP-40, 0.1% SDS,
and 0.5% deoxycholate] buffer containing 1:1,000 dilution of a
protease inhibitor cocktail (CalBiochem, San Diego, CA) with a

TABLE 1. The reagents administration protocol

Protocol Group 0 (min) 30 (min) 60 (min)

A Control group 20% DMSO/saline (i.p.) Saline (i.p.) 0.1% EtOH/saline (i.c.v.)
B KA group 20% DMSO/saline (i.p.) KA (i.p.) 0.1% EtOH/saline (i.c.v.)
C NS + KA group NS398 (i.p.) KA (i.p.) 0.1% EtOH/saline (i.c.v.)
D NS + KA + PGD, group NS398 (i.p.) KA (i.p.) PGD, (i.c.v.)

E NS + KA + PGE, group NS398 (i.p.) KA (i.p.) PGE, (i.c.v.)

F NS + KA + PGFy, group NS398 (i.p.) KA (i.p.) PGF,, (i.c.v.)

G NS + KA + PGJ, group NS398 (i.p.) KA (i.p.) PGJ, (i.c.v.)
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tissue homogenizer (Brinkmann Instruments, Westbury, NY).
Proteins were separated on precast SDS gels and transferred to
nitrocellulose membranes. After blocking with 5% skim milk
(MEGMILK SNOW BRAND Co. Ltd., Tokyo, Japan) in PBS con-
taining 0.05% Tween 20 (PBS-T), the membranes were incubated
with the primary antibodies [anti-GFAP (Abcam, Cambridge,
MA) and anti-Ibal (Wako)] overnight, followed by incubation
with HRP-conjugated secondary antibodies (Cell Signaling Tech-
nology, Beverly, MA) and washing with PBS-T three times. The
membranes were treated with reagent for exposure (Chemi-Lumi
One Super, nacalai tesque, Japan; ImmunoStar LD, Wako, Ja-
pan). Image of the membranes was captured by using a C-DiGit
blot scanner (LI-COR, Lincoln, NE) and subjected to Image]
analysis.

Statistical analyses

Data were analyzed by one-way ANOVA followed by Newman-
Keuls post hoc test. All data were analyzed by using GraphPad
Prism (Version 5.01; GraphPad Software, San Diego, CA) and ex-

pressed as mean + SEM. P values < 0.05 were considered statisti-
cally significant (* P< 0.05; ** P<0.01; *** P<(.001).

RESULTS

Histopathological analyses of the effects of PGs on
KA-induced delayed neuronal death in the hippocampus
In adult rats, KA induces delayed neuronal death in the
hippocampal CAl, CA3, and dentate gyrus via downregula-
tion of GluA2. However, in juvenile rats, GluA2 expression
is unchanged in the CA3 pyramidal and dentate gyrus
granule cells, which leads to resistance to excitotoxic neu-
ronal death (12). Therefore, we evaluated the delayed neu-
ronal death in the hippocampal CAl region of 3-week-old
juvenile rats, because CAl pyramidal neurons are particu-
larly vulnerable to excitotoxicity in the rat hippocampal

neurons at this age. A single systemic treatment of KA in-
duced delayed neuronal death in the pyramidal layer of
the CAl regions of the hippocampus. H and E staining re-
vealed KA-induced morphological changes in neurons,
with the appearance of condensed/pyknotic nuclei (Fig. 1).
Histopathological sections of the hippocampus from con-
trol rats exhibited intact pyramidal cells (Fig. 1A). Many
neurons with pyknotic nuclei and hypereosinophilic cyto-
plasm appeared 30 days after KA treatment in rats of the
KA group (Fig. 1B), whereas the NS + KA treatment re-
sulted in fewer dying neurons (Fig. 1C). Numerous dying
neurons were detected in the rats of the NS + KA + PGD,
(Fig. 1D) and NS + KA + PGF,, (Fig. 1F) groups, whereas a
lower number of dying neurons were observed in the NS +
KA + PGE, group (Fig. 1E). Similar results were obtained
from FJC staining, which selectively identified dying neu-
rons. Numerous FJC-positive neurons were detected in the
hippocampus of the KA (Fig. 2B), NS + KA + PGD, (Fig.
2D), and NS + KA + PGF,, (Fig. 2F) groups. Fewer FJC posi-
tive neurons were observed in the NS + KA (Fig. 2C) and
NS + KA + PGE, (Fig. 2E) groups.

Glial responses to hippocampal injury

The activation and proliferation of glial cells are known
to be involved in excitotoxic insults. We measured gene ex-
pression and protein levels of astrocytic (Fig. 3) and mi-
croglial (Fig. 4) markers. No significant differences were
observed in the GFAP (astrocytic marker) gene expression
(Fig. 3A) and protein levels (Fig. 3B). We showed by im-
munofluorescence staining that Iba-l-positive microglia
were detected in the hippocampus of KA (Fig. 4B) and NS
+ KA + PGD, (Fig. 4D) groups. Consistent with the micros-
copy data, a significant increase in the gene expression of
CD11b (microglial marker) was observed in the rats of the
NS + KA + PGDy group (Fig. 4G), and protein levels of

Fig. 1. Histopathological sections (H and E stain-
ing) of the hippocampal CAI region. Representative
photomicrographs of coronal brain sections at the
level of the fimbria demonstrate neuronal death of the
hippocampal CAl region to 30 days after the reagents
administration are shown. H and E staining of control
(A), KA (B), NS + KA (C), NS + KA + PGD, (D), NS +
KA + PGE, (E), and NS + KA + PGFy, (F) groups is
shown. Scale bar, 50 pm.
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Iba-1 were increased in the KA and NS + KA + PGD, groups
(Fig. 4H).

The effects of PGJ,, a downstream metabolite of PGD,,
on KA-induced delayed neuronal death

To investigate the effects of PGD, downstream products,
we evaluated delayed neuronal death and microglial acti-
vation in the PGJo-treated rats. KA treatment induced nu-
merous dying and FJC-positive neurons (Fig. 5A, D) and
Iba-1 positive microglia (Fig. 5G). Fewer dying and FJC-
positive neurons as well as Iba-1 positive microglia were ob-
served in the NS + KA (Fig. 5B, E, H) and NS + KA + PGJ,
(Fig. 5C, F, I) groups.

DISCUSSION

In this study, we have demonstrated that PGDy and PGF,,
contribute to the excitotoxicity-induced delayed neuronal

1501
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Fig. 2. Degenerate neuron staining of the hippo-
campal CAl region. Representative photomicrographs
of coronal brain sections at the level of the fimbria
demonstrate degenerate neuron of the hippocampal
CA1 region to 30 days after all of the reagent adminis-
tration are shown. FJC staining of control (A), KA (B),
NS + KA (C), NS + KA + PGD; (D), NS + KA + PGE,
(E), and NS + KA + PGF,, (F) groups is shown. Scale
bar, 50 wm.

death in the hippocampus. A single i.c.v. treatment of
PGD; and PGFy, in the acute phase had a latent contribu-
tion to delayed neuronal death in the CAl sustained over
30 days after a single KA treatment. We also found that
PGD, enhanced microglial activation, which may be involved
in the delayed neuronal death in the hippocampus.

PGD, is one of the most abundant PGs in the brain and
regulates sleep, modulation of body temperature, hor-
mone release, and nociception (13, 14). It signals through
two distinct G-protein-coupled receptors (15), DP1 and
DP2 receptor (CRTHZ2), that have opposing effects on
cAMP regulation (16, 17). Signaling through the DPI re-
ceptor stimulates adenylyl cyclase, leading to increased
levels of cCAMP and neuronal protection against acute neu-
rological conditions such as excitotoxicity, ischemia, and
stroke (18, 19). DP1 receptor expresses in the hippocam-
pal neurons and protects neurons from acute excitotoxic
injury in a cAMP-dependent manner (20). Our results
showed that PGD, promoted microglial activation and

l

Fig. 3. The mRNA and protein levels of astrocytic
marker. A: The mRNA expression levels of GFAP rela-
tive to PGKI in the hippocampus to 30 days after all of
the reagent administration, as determined by real-time
PCR. B: The protein levels of GFAP in the hippocam-
pus to 30 days after all of the reagent administration.
Data are means + SEM. Statistical analysis was per-
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formed by using one-way ANOVA followed by posthoc
Newman-Keuls test.
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Fig. 4. Immunofluorescence staining, mRNA expres-
sion, and protein levels of microglial marker. Iba-1
staining of control (A), KA (B), NS + KA (C), NS + KA +
PGDy (D), NS + KA + PGE, (E), and NS + KA + PGFq,
(F) groups is shown. G: The mRNA expression levels
of CD11b relative to PGKI in the hippocampus after
30 days of KA exposure, as determined by real-time
PCR. H: The protein levels of Iba-1 in the hippocam-
pus to 30 days after all of the reagent administration.
Data are means + SEM. Statistical analysis was per-
formed by using one-way ANOVA followed by posthoc
Newman-Keuls test. * P < 0.05; ** P < 0.01; *** P <
0.001 vs. control. Scale bar, 50 pm.
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induced delayed neuronal death, sustained more than 30
days after KA-induced excitotoxicity. Supporting our re-
sults, DP1 receptor is also expressed in microglia (21) and
can therefore respond to PGD,. The microglial PGDy-DP1
pathway is known to mediate neuronal damage though mi-
croglial activation (22). Furthermore, microglia upregu-
late cell proliferation signals in response to PGDs, in the
chronic phase of neurodegeneration, such as in Alzheim-
er’s disease (21). Thus, PGD, produced by excitotoxicity in
the acute phase may enhance microglial activation and
lead to persistent activation of microglia, resulting in a con-
sequent exertion of neurotoxic effects in the hippocampus
over a long period.

To investigate whether PGDy itself or PGD, downstream
products exert neuroinflammatory responses, we analyzed
the PGJo-treated rats and found that PGJ, did not affect mi-
croglial activation and delayed neuronal death. PGD, is
initially converted to PGJ,, which can undergo further con-
version to A12-PGJ, and then to 15-deoxy—A'2’ "_PGJ, (15d-
PGJy). 15-PG]J, has antiinflammatory properties via PPARy
and proinflammatory properties via DP2 mechanisms
(23, 24). One possible reason for our results is the coun-
teracting effects of proinflammatory and antiinflamma-
tory actions of 15d-PGJ,. In addition, the amounts of PGD,

downstream products (PGJy, A12-PGJ,, and 15d-PGJ,) were
almost undetectable in our previous comprehensive lipido-
mics analysis (9), suggesting that they are not major me-
tabolites of PGD, in the KA-administrated rat hippocampus.
These results suggest that PGD, itself probably contributes
to microglial activation and delayed neuronal death.

In our experimental condition, PGE, did not actively
evoke the KA-induced delayed neuronal death. We have
speculated that the possible reason is PGE, receptor sub-
type diversity, because PGE, activates four kinds of recep-
tor subtypes (EP1-4) (25). EP1 disrupts Ca”™ homeostasis
and acts on brain injury induced by excitotoxicity (26).
EP2 mediates neuroprotection in a cAMP-dependent man-
ner (27). Pharmacological studies indicate that EP3 and
EP4 mediate neurotoxicity and neuroprotection, respec-
tively (28, 29). Therefore, the contribution of PGE, to the
delayed neuronal death is complicated by its pleiotropic
effects.

Prostamide/PGF synthase, which catalyzes the conver-
sion of PGH, to PGF,, and prostamide H, to prostamide
Fy (80), is expressed in oligodendrocytes (31), and PGFy,
receptor (FP) is expressed in oligodendrocytes and astro-
cytes (32, 33). Several lines of evidence suggest that PGF,,/
FP signaling mediates neurotoxicity, and inhibition of
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PGF,,/FP signaling protects from brain damage in isch-
emia (34), middle cerebral artery occlusion (35), and de-
myelination model (32). Similarly, we found that PGFy,
contributes to neuronal degeneration. PGF,,/FP signal-
ing in oligodendrocytes and/or astrocytes probably medi-
ates neurotoxicity and is involved in the delayed neuronal
death.

Astrocytes are known to have a dual role in neurotoxic-
ity and neuroprotection in neurodegenerative conditions
(36). In the present study, none of the PGs examined sig-
nificantly changed mRNA and protein levels of GFAP in
the 30 days after KA treatment. We previously reported that
blockade of all PG productions did not affect the astrocyte
reactivity after KA-induced excitotoxicity (10). Therefore,
astrocyte reactivity in the KA-induced excitotoxicity might
be independent of PG-associated pathways.

Our data demonstrated that the excitotoxicity-induced
immediate surge of PGDy and PGFy, productions (30 min
after an excitotoxic insult) are a critical acute-phase event
that results in delayed neuronal death, sustained over a
long period (30 days) in the hippocampus. An instanta-
neous inhibitory treatment of PGD, and PGF,, produc-
tions is an important therapeutic strategy to reduce brain
damage induced by excitotoxic mechanisms.Hl
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