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Abstract

15-Deoxy-�12,14-prostaglandin J2 (15d-�12,14-PGJ2) is an endogenous ligand for a nuclear peroxysome proliferator activated receptor-�
(PPAR). We found novel binding sites of 15d-�12,14-PGJ2 in the neuronal plasma membranes of the cerebral cortex. The binding sites of
[3H]15d-�12,14-PGJ2 were displaced by 15d-�12,14-PGJ2 with a half-maximal concentration of 1.6 �M. PGD2 and its metabolites also
inhibited the binding of [3H]15d-�12,14-PGJ2. Affinities for the novel binding sites were 15d-�12,14-PGJ2 � �12-PGJ2 � PGJ2 � PGD2.
Other eicosanoids and PPAR agonists did not alter the binding of [3H]15d-�12,14-PGJ2. In primary cultures of rat cortical neurons, we
examined the pathophysiologic roles of the novel binding sites. 15d-�12,14-PGJ2 triggered neuronal cell death in a concentration-dependent
manner, with a half-maximal concentration of 1.1 �M. The neurotoxic potency of PGD2 and its metabolites was also 15d-�12,14-PGJ2 �
�12-PGJ2 � PGJ2 � PGD2. The morphologic and ultrastructural characteristics of 15d-�12,14-PGJ2-induced neuronal cell death were
apoptotic, as evidenced by condensed chromatin and fragmented DNA. On the other hand, we detected little neurotoxicity of other
eicosanoids and PPAR agonists. In conclusion, we demonstrated that novel binding sites of 15d-�12,14-PGJ2 exist in the plasma membrane.
The present study suggests that the novel binding sites might be involved in 15d-�12,14-PGJ2-induced neuronal apoptosis.
© 2003 Elsevier Inc. All rights reserved.
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Introduction

Eicosanoids, which are oxygenated metabolites of ara-
chidonic acid (AA), modulate cellular function during a
variety of physiologic and pathologic processes [1]. Eico-
sanoids are divided into two groups according to their
mechanism of action: the conventional eicosanoids, e.g.,
prostaglandin D2 (PGD2), and the cyclopentenone-type
PGs, e.g., 15-deoxy-�12,14-prostaglandin J2 (15d-�12,14-

PGJ2). The conventional eicosanoids act on cell surface
receptors to exert their action [2]. On the other hand, the
cyclopentenone PGs are actively transported into cells and
accumulate in the nucleus and thereby exert a wide variety
of biological actions. One such effect is cell growth inhibi-
tion induced by blockage of cell cycle progression [3].
Thus, 15d-�12,14-PGJ2 has been believed to lack cell surface
receptors.

PGD2 is metabolized to PGJ2, �12-PGJ2, and 15d-�12,14-
PGJ2 in the presence of serum albumin [4]. Although the
intracellular receptor of 15d-�12,14-PGJ2 had not been re-
ported, 15d-�12,14-PGJ2 is an endogenous ligand for per-
oxysome proliferator-activated receptor-� (PPAR) and is a
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weak activator of PPAR� [5,6]. The PPARs belong to the
nuclear receptor superfamily of ligand-dependent transcrip-
tion factors. PPAR� is nominally expressed in hippocampal
and cerebellar neurons [7], but it has not yet been detected
in the cerebral cortex. On the other hand, PPAR� is located
in the nuclei of both neurons and glial cells in the cerebral
cortex [8]. Recently, this nuclear receptor emerged from a
role limited to lipid and glucose metabolism and adipocyte
differentiation to a power player in the general transcription
control of numerous cellular processes, with implications
for cell cycle control, apoptosis, carcinogenesis, inflamma-
tion, atherosclerosis, and immunomodulation [9].

PPAR� agonists, including 15d-�12,14-PGJ2, rescue cer-
ebellar granule neurons from lipopolysaccharide-induced
cell death in vivo [10]. On the contrary, 15d-�12,14-PGJ2

induces cell death via apoptosis in primary cultures of rat
cortical neurons and human neuroblastoma SH-SY5Y cells
[11]. 15d-�12,14-PGJ2 causes cleavage of poly (ADP-ribose)
polymerase (PARP), a protein target for caspase [11]. The
caspase inhibitor, Z-VAD, prevents the morphologic
changes and the cleavage of PARP caused by 15d-�12,14-
PGJ2, indicating an involvement of caspase in 15d-�12,14-
PGJ2-mediated apoptosis [11]. However, they have not yet
demonstrated that the apoptotic signals induced by 15d-
�12,14-PGJ2 are mediated through the binding to PPAR�.
Collectively, these reports suggest that 15d-�12,14-PGJ2 in-
duces apoptosis independently of PPAR�. Actually, 15d-
�12,14-PGJ2 induces apoptosis via a novel mechanism in-
volving reactive oxygen species and is unrelated to
activation of PPAR� in hepatic myofibroblasts [12]. More-
over, 15d-�12,14-PGJ2 inhibits the �2 integrin-dependent
production of reactive oxygen intermediates, suggesting its
interaction with an unknown receptor on neutrophils distinct
from PPAR� [14]. These PPAR-independent pathways sug-
gest novel targets for 15d-�12,14-PGJ2.

In the present study, we synthesized [3H]15d-�12,14-
PGJ2 from [3H]PGD2 in serum-free medium. To ascertain
whether novel targets of 15d-�12,14-PGJ2 exist, we per-
formed a binding assay of [3H]15d-�12,14-PGJ2 to plasma
membranes of cortical neurons. Here, we provide the first
evidence that ovel binding sites of 15d-�12,14-PGJ2 exist on
the neuronal cell surface. Furthermore, we evaluate the
pathophysiologic roles of the novel binding site in primary
cultures of cortical neurons and suggest a possible involve-
ment of the novel binding sites in the 15d-�12,14-PGJ2-
induced apoptosis.

Materials and methods

Materials

Dulbecco’s modified Eagle’s medium, Leibovitz’s L-15
medium, trypsin, deoxyribonuclease I, fetal bovine serum,
horse serum, penicillin, and streptomycin were obtained
from Gibco (Grand Island, NY). PGD2, PGE2, 9�-11�-

PGF2, PGF2�, PGI2, PGJ2, �12-PGJ2, 15d-�12,14-PGJ2,
LTB4, LTC4, and LTD4 were purchased from Cascade Bio-
chem Ltd. (Berkshire, UK). WY-14643 and clofibrate were
purchased from Biomol Research Laboratories, Inc. (PA,
USA). BRL-49653, Troglitazone, Pioglitazone, U-46619, a
stable agonist for TXA2 receptor, and BWA868C were
synthesized in our laboratory. [3H]PGD2 (68 Ci/mmol) was
purchased from Perkin–Elmer Life Science Products (Bos-
ton, MA). A glass fiber filter (GF/C) was obtained from
Whatman (Maidstone, UK). Hoechst 33258 was purchased
from Molecular Probes (Eugene, OR). A kit for the TUNEL
assay was purchased from Boehringer Mannheim (Mann-
heim, Germany). All other chemicals were of reagent grade.

Preparation of [3H]15d-�12,14-PGJ2

[3H]15d-�12,14-PGJ2 was produced by treatment of
[3H]PGD2 as follows. A solution of [3H]PGD2 (168 Ci/
mmol, 42 �Ci) in methanesulfonic acid:water (1:2) (0.5 ml)
was stirred for 1 h at 50°C. The reaction mixture was poured
into ice water (5 ml), extracted with ethyl acetate, washed
with water and brine, and purified by preparative high-
performance liquid chromatography (HPLC) to give
[3H]15d-�12,14-PGJ2 (14 �Ci, radiochemical purity 95.6%).
The HPLC conditions were as follows: column: TSKgel
ODS 80TS 4.6 mm � 15 cm; mobile phase: CH3CN:H2O:
AcOH � 55:45:0.03; flow rate: 1 ml/min; detector: UV �
210 nm; scintillator: ULTIMA FLO-M 1.5 ml/min for ra-
dioactivity; flow monitor: Packard 525TR; and retention
time: 13 min. [3H]15d-�12,14-PGJ2 was identified with stan-
dard 15d-�12,14-PGJ2 by thin liquid chromatography (TLC).
The TLC conditions were as follows: plate: Silicagel
(Merck KGF254, solvent:chloroform methyl alcohol � 9:1,
Rf � 0.4). Identification of [3H]15d-�12,14-PGJ2 was car-
ried out by means of ultraviolet (UV) spectrometry of 15d-
�12,14-PGJ2. UV spectra were recorded by HPLC with a UV
spectrometer (200–400 nm) and a Waters 990 photodiode
array detector. The UV max was 308 nm. The specific
radioactivity of [3H]15d-�12,14-PGJ2 was more than 10 Ci/
mmol.

Preparation of [3H]�12-PGJ2

[3H]�12-PGJ2 was prepared by treatment of [3H]PGD2 as
follows. A solution of [3H]PGD2 (NEN, Lot No. 3301-014,
168 Ci/mmol, 100 �Ci) in human serum albumin–0.1 M
phosphate buffer (5 mg/ml, pH 7.02) (0.5 ml) was allowed
to stand for 2 days at 37°C. The reaction mixture was
acidified to pH 3 with 0.1 M citric acid (0.5 ml) and
extracted with ethyl acetate (4 ml � 2). The extracts were
washed with water (1.5 ml � 2) and brine (1 ml), dried with
sodium sulfate, and concentrated under reduced pressure.
The concentrate was purified by preparative HPLC to give
[3H]�12-PGJ2 (17.3 �Ci, radiochemical purity above
99.9%; specific radioactivity, more than 10 Ci/mmol).
[3H]�12-PGJ2 was identified with standard �12-PGJ2 by
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cochromatography on TLC and HPLC and UV spectrome-
try. The conditions for TLC and HPLC were as follows:
TLC: plate: Silicagel Merck KGF254; solvent: benzene:ethyl
acetate:acetic acid � 50:50:2, Rf � 0.28. HPLC: column:
TSKgel ODS 80TM 4.6 mm � 25 cm. Mobile phase: ace-
tonitrile:water:acetic acid � 43:57:0.1; flow rate: 1 ml/min;
detector: UV � 210 nm, Retention time: 20 min. UV spec-
tra (UV max 248 nm) were recorded by HPLC with a UV
spectrometer (Waters 990 photodiode array detector; UV:
190–400 nm). The radiochemical purity was determined by
HPLC equipped with a radioactivity flow monitor (Packard
525TR).

Preparation of [3H]PGJ2

[3H]PGJ2 was prepared by treatment of [3H]PGD2 as
follows. A solution of [3H]PGD2 (NEN, Lot No. 3301-014,
168 Ci/mmol, 100 �Ci) in 0.1 M phosphate buffer (pH 7.02)
(50 �l) was allowed to stand for 24 h at 37°C. The reaction
mixture was subjected to preparative HPLC to give
[3H]PGJ2 (4.59 �Ci, radiochemical purity above 99%; spe-
cific radioactivity, more than 10 Ci/mmol). [3H]PGJ2 was
identified with unlabeled standard PGJ2 by cochromatogra-
phy on TLC and HPLC. The conditions for TLC and HPLC
were as follows. TLC: plate: Silicagel Merck KGF254; sol-
vent: benzene:ethyl acetate:acetic acid � 50:50:2; Rf �
0.25. HPLC: Column: TSKgel ODS 80TM 4.6 mm � 25
cm, mobile phase: acetonitrile:water:acetic acid � 40:60:
0.1; flow rate: 1 ml/min; detector: UV � 210 nm; retention
time: 24 min. The radiochemical purity was determined by
HPLC equipped with a radioactivity flow monitor (Packard
525TR).

Binding assay of [3H]15d-�12,14-PGJ2, [3H]�12-PGJ2,
and [3H]PGJ2

Plasma membranes were prepared from rat cortices
(E19) as previously reported [14]. As a plasma membrane
marker, 5�-nucleotidase activity was measured according to
the method of Aronson et al. [15]. The purity of plasma
membranes was 10–15 times as high as that of homoge-
nates. The standard reaction mixture of [3H]15d-�12,14-
PGJ2 contained 50 mM Tris–HCl buffer (pH 8.0), 100 mM
NaCl, [3H]15d-�12,14-PGJ2, and plasma membranes (10 �g)
in a total volume of 100 �l. Incubation was initiated by
addition of the reaction mixture to platelets or cultured
neurons and was carried out at 4°C for 24 h. We determined
nonspecific binding by performing incubations with
[3H]15d-�12,14-PGJ2 in the presence of 100 �M unlabeled
15d-�12,14-PGJ2. The specific binding was calculated by
subtraction of the nonspecific binding from the total bind-
ing. Binding assays of [3H]�12-PGJ2 and [3H]PGJ2 were
performed according to that of [3H]15d-�12,14-PGJ2. All
values were expressed as means of duplicate or triplicate
experiments.

Binding assay of [3H]PGD2

The preparation of platelet membranes and the binding
assay of [3H]PGD2 were performed as described previously
[16]. Briefly, frozen-thawed membranes (80 �g) were in-
cubated with 5 nM [3H]PGD2 in the absence or presence of
increasing concentrations of the compounds in the incuba-
tion buffer (50 mM Tris–HCl buffer, pH 7.4, containing 10
mM MgCl2) for 90 min at 4°C or for 60 min at room
temperature, respectively. Nonspecific binding was deter-
mined in the presence of 10 �M unlabeled PGD2. The
incubation was terminated by rapid vacuum filtration with
use of a glass fiber filter and washed several times in
ice-cold saline, and then the radioactivities retained on the
filters were measured with a liquid scintillation counter. The
inhibitory activity of the compounds against the [3H]PGD2

specific binding was evaluated by estimation of its half-
maximal inhibitory concentration (IC50) from each dis-
placement curve.

Tissue cultures

Neuronal cell cultures were prepared from rat cerebral
cortices [17]. Cerebral cortices were dissociated in isotonic
buffer [18] with 4 mg/ml trypsin and 0.4 mg/ml deoxyribo-
nuclease I. Cells were plated at a density of 2.5 � 105

cells/cm2 on poly-L-lysine-coated dishes in conditioning
medium, Leibovitz’s L-15 medium supplemented with 5%
fetal bovine serum, and 5% horse serum at 37°C in 5% CO2

and 9% O2. On day 1 after plating, cultures were treated
with 0.1 �M arabinosylcytosine C. Cultures prepared by
this method consisted of approximately 95% neurons and
5% astrocytes.

Analysis of cell survival

Neurons (2.5 � 105 cells/cm2) were treated with 15d-
�12,14-PGJ2 or its related compounds at 37°C. The 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide dye
(MTT) reduction assay was employed for assessment of
neurotoxicity of PGD2 and its metabolites as previously
reported [19].

Fluoromicroscopic analysis

Assessment of chromatin condensation was performed as
previously described [20,21]. Neurons (2.5 � 105 cells/cm2)
were treated with 10 �M PGD2 or 1 �M 15d-�12,14-PGJ2 at
37°C for 12 h. The culture medium was exchanged with
phosphate-buffered saline containing 10 �M Hoechst 33258
fluorescent dye. Cells were incubated for 10 min at 37°C in
the dark and washed with phosphate-buffered saline.
Hoechst33258-positive cells were visualized by fluores-
cence microscopy (365 nm excitation and 420 nm emis-
sion). Stained nuclei were categorized as follows: (i) normal
nuclei, homogeneously stained chromatin; (ii) intact nuclei
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with condensed chromatin, crescent-shaped areas of con-
densed chromatin often located near the periphery of the
nucleus; and (iii) fragmented nuclei, more than two con-
densed micronuclei within the area of a neuron.

In situ labeling of nuclear DNA fragments

Neurons (2.5 � 105 cells/cm2) were treated with 10 �M
PGD2 or 1 �M 15d-�12,14-PGJ2 at 37°C for 12 h. Cortical
cell cultures were stained by the TdT-mediated dUTP-biotin
nick end-labeling (TUNEL) technique as described [22].
Apoptotic cells could be distinguished morphologically
from necrotic cells by the presence of condensed brown
nuclei.

Transmission electron microscopy

Ultrastructure of neurons was analyzed as previously
[23]. Neurons (2.5 � 105 cells/cm2) were treated with 10
�M PGD2 or 1 �M 15d-�12,14-PGJ2 at 37°C for 12 h. Cells
were fixed in situ with 2.5% glutaraldehyde in phosphate
buffer at 4°C for 2 h, and postfixed with 1% osmium
tetroxide at 4°C. To increase contrast, cells were double-
fixed with saturated thiocarbohydrazide-osmium. Samples
were dehydrated in a graded series of ethanols and embed-
ded in Epon 812. Ultrathin sections cut on a Reichert ultra-
microtome were stained with uranyl acetate and lead citrate
and were examined with a JOEL JEM 1200EX electron
microscope.

Metabolism of [3H]PGD2

[3H]PGD2 was incubated in serum-free culture medium
at 37°C. At the indicated times, samples were withdrawn,
acidified to pH 3 with formic acid, and extracted immedi-
ately with ethyl acetate. The solvent was evaporated under
nitrogen, and residual metabolites of [3H]PGD2 were con-
verted quantitatively into naphthacyl ester by reaction with
�-bromoacetonaphtone and diisopropylethylamine in aceto-
nitrile. The acetonitrile was evaporated, and the residue was
reconstituted in the chromatographic mobile phase contain-
ing glyceryl guiacholate, an internal standard for quantita-
tion.

Statistical analysis

Data are given as means � SEM (n � number of obser-
vations). Data were analyzed statistically by use of Stu-
dent’s nonpaired t test for comparison with the control
group, and data on various inhibitors and blocker groups
were analyzed statistically by use of two-way ANOVA
followed by Dunnett’s test for comparison with the PG
group [24]. A half-maximal effective concentration (EC50)
and IC50 values were calculated by Microsoft Excel Fit as
previously reported [25].

Results

Binding assay of [3H]15d-�12,14-PGJ2 and [3H]PGD2 on
neuronal membranes

A binding assay of [3H]15d-�12,14-PGJ2 to the plasma
membranes (10 �g) was performed at 4°C for 24 h. Specific
binding of [3H]15d-�12,14-PGJ2 was more than 80%,
whereas that of [3H]PGD2 was less than 20% (Fig. 1A).
PGD2 receptor is expressed in various peripheral tissues,
including platelets [26,27]. It may be difficult to detect
PGD2 receptor at low temperature. Therefore, we performed
the binding assay of [3H]PGD2 under more optimal condi-
tions at a higher temperature. As previously reported [16],
we confirmed the specific binding sites of [3H]PGD2 in
platelets by incubation at 25°C for 1 h (Fig. 1B). Nonspe-
cific binding was measured at 100 �M PGD2, and the
specific binding consisted 57.0% of total binding in plate-

Fig. 1. (A) Binding assay of [3H]PGD2 and [3H]15d-�12,14-PGJ2. Plasma
membranes from neurons (20 �g protein) were incubated with 10 nM
[3H]PGD2 (open columns) or 10 nM [3H]15d-�12,14-PGJ2 (closed col-
umns) at 4°C for 24 h. Total and nonspecific bindings of [3H]PGD2 or
[3H]15d-�12,14-PGJ2 were measured in the absence and presence of 100
�M PGD2 or 100 �M 15d-�12,14-PGJ2, respectively. The specific bindings
were calculated from the differences between total and nonspecific bind-
ings. (B) Binding assay of [3H]PGD2: Neurons (open columns) or platelets
(closed columns) were incubated with 5 nM [3H]PGD2 at 25°C for 1 h.
Total and nonspecific bindings of [3H]PGD2 were measured in the absence
and presence of 100 �M PGD2, respectively. The specific bindings were
calculated from the differences between total and nonspecific bindings.

215T. Yagami et al. / Experimental Cell Research 291 (2003) 212–227



lets. However, few binding sites of PGD2 have been de-
tected in the cerebral cortex, whereas the specific binding of
PGD2 is highest in the pituitary gland, followed by the
hypothalamus and the olfactory bulb of the rat brain [28].
We observed that nonspecific binding of [3H]PGD2 con-
sisted of 84.3% of the total binding, and we confirmed that
there were few specific binding sites of [3H]PGD2 in the
cerebral cortex (Fig. 1B). Thus, novel binding sites of
[3H]15d-�12,14-PGJ2 were detected in plasma membranes
under conditions different from the optimal one for
[3H]PGD2 binding.

Effect of temperature on binding of [3H]15d-�12,14-PGJ2

to plasma membranes

We examined the effect of temperature on the binding of
[3H]15d-�12,14-PGJ2 to plasma membranes of rat cortical
neurons (Fig. 2A). The ratio of specific binding of [3H]15d-
�12,14-PG J2 to the total binding was 76.2% for incubation
at 25°C for 1 h. The total binding of [3H]15d-�12,14-PG J2

for incubation at 25°C for 24 h was 3.1 times as high as that
for 1 h. The ratio of its specific binding at 25°C for 24 h
(47%) was lower than that at 25°C for 1 h (76%). On the
other hand, the total binding of [3H]15d-�12,14-PGJ2 for
incubation at 4°C for 1 h was reduced to half of that at 25°C
for 1 h (Fig. 2A). The ratio of specific binding of [3H]15d-
�12,14-PG J2 to the total binding at 4°C for 1 h (37%) was
lower than that at 25°C for 1 h (76%). However, the total
binding of [3H]15d-�12,14-PGJ2 for incubation at 4°C for
24 h was 18.2 times as large as that at 4°C for 1 h. In
addition, the ratio of specific binding of [3H]15d-�12,14-
PGJ2 to the total binding at 4°C for 24 h (87%) was higher
than that at 4°C for 1 h (37%). Thus, incubation of [3H]15d-
�12,14-PGJ2 at 4°C was optimal.

Effect of time and protein concentration on binding of
[3H]15d-�12,14-PGJ2 to plasma membranes

We examined the time dependence of [3H]15d-�12,14-
PGJ2 binding to plasma membranes. Incubation at 4°C in-
creased the specific binding of [3H]15d-�12,14-PGJ2, and it
reached a plateau at 16 h (Fig. 2B).

Next, we examined the dependence of the protein con-
centration on the binding assay of [3H]15d-�12,14-PGJ2 to
plasma membranes at 4°C for 24 h. At 20 �g, total binding,
nonspecific binding, and specific binding were increased
linearly (Fig. 3A). Thus, incubation of [3H]15d-�12,14-PGJ2

with 10 �g plasma membranes at 4°C for 24 h was optimal.

Effect of 15d-�12,14-PGJ2-related compounds on binding
of [3H]15d-�12,14-PGJ2 to plasma membranes

We investigated the inhibitory effects of 15d-�12,14-
PGJ2-related compounds on the binding of 10 nM [3H]15d-
�12,14-PGJ2 to plasma membranes (Fig. 3B). At 10 �M,
their inhibitory effect was 15d-�12,14-PGJ2 � �12-PGJ2 �

PGJ2 � PGD2 in sequence. In addition to 15d-�12,14-PGJ2

and its precursors, PGA2 significantly displaced the binding
of [3H]15d-�12,14-PGJ2. On the other hand, IC50 values of
PGE2, LTB4, and BWA868C, a PGD2 receptor blocker,
were above 100 �M. Thus, 15d-�12,14-PGJ2 inhibited the
binding of [3H]15d-�12,14-PGJ2 to plasma membranes most
potently among 15d-�12,14-PGJ2-related compounds.

Effect of 15d-�12,14-PGJ2 on binding of [3H]15d-�12,14-
PGJ2 to plasma membranes

We investigated the effects of 15d-�12,14-PGJ2 on
[3H]15d-�12,14-PGJ2 binding to plasma membranes (10 �g)
at 4°C for 24 h (Fig. 4A). 15d-�12,14-PGJ2 inhibited the

Fig. 2. Effect of temperature and time on the binding of [3H]15d-�12,14-
PGJ2 to plasma membranes. (A) Temperature: Plasma membranes from
neurons (20 �g protein) were incubated at 25° or 4°C for 1 or 24 h. Total
binding (closed columns) and nonspecific bindings (open columns) of 10
nM [3H]15d-�12,14-PGJ2 were measured in the absence and presence of
100 �M 15d-�12,14-PGJ2, respectively. The specific binding (hatched col-
umns) was calculated from the differences between total and nonspecific
binding. (B) Time: Plasma membranes from neurons (10 �g protein) were
incubated at 4°C for 1–24 h. Total (circles) and nonspecific (triangles)
bindings of 10 nM [3H]15d-�12,14-PGJ2 were measured in the absence and
presence of 100 �M 15d-�12,14-PGJ2, respectively. The specific binding
(squares) were calculated from the differences between total and nonspe-
cific bindings.
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specific binding of [3H]15d-�12,14-PGJ2 in a concentration-
dependent manner, and its IC50 value was 1.6 �M. By Hill
plot, a pseudo-Hill coefficient was 0.622 (Fig. 4B). Thus,
15d-�12,14-PGJ2 appeared to recognize binding sites with
different affinities in plasma membranes.

Concentration dependence of [3H]15d-�12,14-PGJ2 on
binding to plasma membranes

We examined the concentration dependence of [3H]15d-
�12,14-PGJ2 on the binding to plasma membranes of rat
cortical neurons (Fig. 5A). At the indicated concentrations,

[3H]15d-�12,14-PGJ2 was incubated with plasma mem-
branes (10 �g) at 4°C for 24 h. [3H]15d-�12,14-PGJ2 bound
to plasma membranes in a concentration-dependent manner,
shown as a saturation curve. On the other hand, nonspecific
binding of [3H]15d-�12,14-PG J2 in the presence of 100 �M
15d-�12,14-PGJ2 occurred in proportion to its concentration.
The specific binding of [3H]15d-�12,14-PGJ2 consisted of
more than 80% of the total binding at any concentration.
Although the specific binding increased in a concentration-
dependent manner, it did not reach the saturation shown in
Fig. 5A. Because a concentration of [3H]15d-�12,14-PGJ2

higher than 40 nM could not be prepared by the present

Fig. 3. Effect of protein and 15d-�12,14-PGJ2-related compounds on the binding of [3H]15d-�12,14-PGJ2 to plasma membranes. (A) Protein: Plasma
membranes from neurons were incubated at 4°C for 24 h at the indicated protein concentrations. Total binding (circles) and nonspecific bindings (triangles)
of 10 nM [3H]15d-�12,14-PGJ2 were measured in the absence and presence of 100 �M 15d-�12,14-PGJ2, respectively. The specific binding (squares) was
calculated from the differences between total and nonspecific binding. (B) 15d-�12,14-PG J2-related compounds: Plasma membranes from neurons (10 �g
protein) were incubated with 10 nM [3H]15d-�12,14-PGJ2 at 4°C for 24 h in the presence of PGD2, PGJ2, �12-PGJ2, 15d-�12,14-PGJ2, PGA2, PGE2, LTB4,
or BWA868C at 10 �M. The control value of [3H]15d-�12,14-PGJ2 binding was 2522.8 cpm.
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synthesis method, a pseudo-Scatchard analysis was per-
formed (Fig. 5B). Pseudovalues of Bmax and Kd were 30.2
pmol/mg protein and 16.5 nM.

Inhibitory effects of 15d-�12,14-PGJ2 precursors on
specific binding sites of [3H]PGJ2 and [3H]�12-PGJ2

We investigated the inhibitory effects of 15d-�12,14-PGJ2

precursors on the binding of 10 nM [3H]PGJ2 (Fig. 6A) and
10 nM [3H]�12-PGJ2 (Fig. 6B) to plasma membranes. 15d-
�12,14-PGJ2, �12-PGJ2, and PGJ2 inhibited the specific bind-
ing of [3H]PGJ2 and [3H]�12-PGJ2 in a concentration-de-
pendent manner. Their inhibitory effects on the specific
binding of [3H]PGJ2 and [3H]�12-PGJ2 were 15d-�12,14-
PGJ2 � �12-PGJ2 � PGJ2 in sequence. PGD2 had little
effect on the specific binding of [3H]PGJ2 and [3H]�12-
PGJ2. Thus, both [3H]PGJ2 and [3H]�12-PGJ2 recognized
the specific binding sites of [3H]15d-�12,14-PGJ2 in plasma
membranes.

Effects of 15d-�12,14-PGJ2 and its precursors on neuronal
cell survival

Primary cultures of dissociated cortical neurons were
exposed to 15d-�12,14-PGJ2 and its precursors, and neuronal
cell death was quantified at the indicated times after expo-
sure (Fig. 7A). As well as 15d-�12,14-PGJ2, PGD2, PGJ2,
and �12-PGJ2 also killed neurons within 8 h (Fig. 7A).
Among them, 15d-�12,14-PGJ2 caused neuronal cell death
most rapidly, and �12-PGJ2, PGJ2, and PGD2 did so in
sequence. PGD2 required a latent time to induce neuronal
cell death (Fig. 7A). As shown in Fig. 5B, 15d-�12,14-PGJ2

caused neuronal cell death in a concentration-dependent
manner (EC50 � 1.1 �M). The EC50 of PGD2 (�10 �M)
was higher than that of 15d-�12,14-PGJ2 (Fig. 7B). Thus, the
potency of their neurotoxicity was 15d-�12,14-PGJ2 � �12-
PGJ2 � PGJ2 � PGD2.

Fig. 5. Concentration dependency of [3H]15d-�12,14-PGJ2 on the binding to
plasma membranes. (A) Ligand dependence: Plasma membranes from
neurons (10 �g protein) were incubated with [3H]15d-�12,14-PGJ2

(1.25–40 nM) at 4°C for 24 h. Total (circles) and nonspecific (triangles)
bindings of [3H]15d-�12,14-PGJ2 were measured in the absence and pres-
ence of 100 �M 15d-�12,14-PGJ2, respectively. The specific bindings
(squares) were calculated from the differences between total and nonspe-
cific bindings. (B) Scatchard analysis: Data of A were analyzed by the
Scatchard plot.

Fig. 4. Effect of 15d-�12,14-PG J2 on the binding of [3H]15d-�12,14-PG J2

to plasma membranes. (A) 15d-�12,14-PGJ2: Plasma membranes from
neurons (10 �g protein) were incubated with 10 nM [3H]15d-�12,14-PGJ2

at 4°C for 24 h in the presence of 15d-�12,14-PGJ2 at the indicated
concentrations. (B) Hill plot: Data of (A) were analyzed by the pseudo-Hill
plot.
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Effects of 15d-�12,14-PGJ2-related compounds on cortical
neuronal cell survival and specific binding of [3H]
15d-�12,14-PGJ2 to plasma membranes

Primary cultures of dissociated cortical neurons were
exposed to 15d-�12,14-PGJ2-related compounds, and neuro-
nal cell death was quantified 24 h later (Fig. 8A). 15d-
�12,14-PGJ2 is known to be an endogenous ligand for
PPAR�. However, PPAR� activators such as BRL-49653,
troglitazone, and pioglitazone did not kill neurons at 10 �M.
Although 15d-�12,14-PGJ2 is also known to be a weak
ligand for PPAR�, PPAR� activators such as WY-14643
and clofibrate had no effect on cell survival (Fig. 8A). Thus,
15d-�12,14-PGJ2 induced neuronal cell death independently
of PPAR� and PPAR�.

Next, we examined inhibitory effects of PPAR� activa-
tors and PPAR� activators on the specific binding of
[3H]15d-�12,14-PGJ2 to plasma membranes (Fig. 8B). Nei-
ther PPAR� activators nor PPAR� activators bound the

specific binding sites of [3H]15d-�12,14-PGJ2. Thus, the
specific binding sites of [3H]15d-�12,14-PGJ2 in the plasma
membrane was distinguished from PPAR� and PPAR� in
the nucleus.

Effects of eicosanoids on neuronal survival

Primary cultures of dissociated cortical neurons were
exposed to eicosanoids, and neuronal cell death was quan-
tified 48 h later (Fig. 9). PGD2 and PGA2 exhibited neuro-
toxicity at 10 �M, whereas other eicosanoids such as PGE2,
9�-11�-PGF2, PGF2�, PGI2, U-46619, LTC4, and LTD4

had no effect on neuronal cell survival (Fig. 9A). An en-
dogenous PPAR� agonist, LTB4, also exhibited neurotox-
icity (Fig. 9A). The neurotoxicity of PGD2 was not sup-
pressed by BWA868C, a PGD2 receptor blocker (Fig. 9B).

Fig. 7. Effects of 15d-�12,14-PGJ2 and its precursors on neuronal cell
survival. (A) Time course: Cortical neurons were treated with serum-free
medium containing PGD2 (closed circles), PGJ2 (open squares), �12-PGJ2

(open triangles), or 15d-�12,14-PGJ2 (open circles) at 10 �M. MTT-reduc-
ing activity was determined at the indicated time points after PGs treat-
ment. (B) Dose response: Cortical neurons were treated with serum-free
medium containing PGD2 (closed circles) or 15d-�12,14-PGJ2 (open cir-
cles) at the indicated concentrations. MTT-reducing activity was deter-
mined 24 h later. Data are expressed as means � SEM (n � 4). *P � 0.05,
**P � 0.01, compared with control by ANOVA followed by Dunnett’s
test.

Fig. 6. Inhibitory effects of 15d-�12,14-PG J2 precursors on specific binding
sites of [3H]PGJ2 and [3H]�12-PGJ2. Plasma membranes from neurons (10
�g protein) were incubated with PGJ2 (open circles), �12-PGJ2 (open
triangles), or 15d-�12,14-PGJ2 (open squares) at the indicated concentra-
tions in the presence of 10 nM [3H]PGJ2 (A) or 10 nM [3H]�12-PGJ2 (B)
at 4°C for 24 h. Control values of [3H]PGJ2 and [3H]�12-PGJ2 binding
were 1798 and 6021 cpm, respectively.
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Thus, there was a close correlation between the neurotox-
icity of eicosanoids and the affinity of eicosanoids to the
specific binding sites of [3H]15d-�12,14-PGJ2.

Morphologic changes in PG-treated neurons

In control cultures, examination of neurons by light mi-
croscopy showed extended neurites and smooth, round cell
bodies (Fig. 10A). On the other hand, 15d-�12,14-PGJ2-
treated neurons showed some disruption of neurites. Some
cell bodies shrank and lost their bright phase-contrast ap-
pearance at 24 h (Fig. 10B). Neurons treated with PGD2

showed a similar disruption of neurites (Fig. 10C). The
morphologic disruption in PGD2-treated neurons was not

suppressed by BWA868C (Fig. 10D). Thus, the morpho-
logic changes in PGD2-treated neurons were similar to those
in 15d-�12,14-PGJ2-treated ones, but were not ascribed to
the activation of PGD2 receptor.

Apoptotic features of PGD2- and 15d-�12,14-PGJ2-treated
neurons

We studied the condensation of chromatin, a character-
istic feature of apoptosis, in neurons (Figs. 11 and 12).
PG-treated neurons were stained with Hoechst 33258 fluo-
rescent dye (Fig. 11A–C). In untreated cultures, cells
showed little fluorescence in the nucleus (Fig. 11A). On the
other hand, condensed and fragmented chromatin was

Fig. 8. Effects of PGD2 metabolites and PPAR� activators on neuronal cell survival and on the binding of [3H]15d-�12,14-PG J2 to plasma membranes. (A)
MTT assay: Rat cortical neurons were treated with 10 �M PGD2 metabolites and PPAR� activators. MTT-reducing activity was determined 24 h later. Data
are expressed as means � SEM (n � 4). **P � 0.01, compared with control by ANOVA followed by Dunnett’s test. (B) Binding assay: Plasma membranes
from neurons (10 �g protein) were incubated with 10 nM [3H]15d-�12,14-PGJ2 at 4°C for 24 h in the presence of 10 �M PGD2 metabolites and PPAR�
activators. The control value of [3H]15d-�12,14-PGJ2 binding was 2522.8 cpm.
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clearly observed in PGD2- (Fig. 11B) and 15d-�12,14-PGJ2-
treated cultures (Fig. 11C). The number of nuclei that con-
tained condensation or fragmentation of chromatin was in-
creased in PGD2- and 15d-�12,14-PGJ2-treated neurons as
compared to untreated controls (Fig. 12).

We also studied another apoptotic feature, fragmentation
of DNA (Fig. 11D–F). With the TUNEL technique, it is
possible to discriminate morphologically between the
apoptotic nuclei by the presence of strand breaks in the
DNA and the nonapoptotic nuclei by labeling of the nicked
ends of DNA. After neurons were incubated without (Fig.
11D) or with PGD2 (Fig. 11E) and 15d-�12,14-PGJ2 (Fig.
11F) for 12 h, the number of TUNEL-positive nuclei was

increased in PGD2- and 15d-�12,14-PGJ2-treated neurons as
compared to untreated controls (Fig. 12). Thus, both PGD2

and 15d-�12,14-PGJ2 caused apoptotic features in cortical
neurons.

Ultrastructural changes of PGD2- and 15d-�12,14-PGJ2-
treated neurons

Neurons were incubated with vehicle (Fig. 13A), PGD2

(Fig. 13B), or 15d-�12,14-PGJ2 (Fig. 13C) for 18 h. On
analysis by electron microscopy, the morphology of vehi-
cle-treated neurons was healthy at 18 h (Fig. 13A). On the
other hand, PGD2- and 15d-�12,14-PGJ2-treated neurons

Fig. 9. Effects of eicosanoids on neuronal cell survival. (A) Cortical neurons were treated with various eicosanoids at 10 �M. (B) Effects of BWA868C on
PGD2-induced neuronal cell death. Cortical neurons were treated with BWA868C at the indicated concentrations in the presence of 10 �M PGD2.
MTT-reducing activity was determined 48 h later. Data are expressed as means � SEM values (n � 4). **P � 0.01, compared with control by ANOVA
followed by Dunnett’s test.
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showed characteristics of apoptosis (Fig. 13B and C). The
neuronal size decreased progressively throughout the stages
of cell death discussed below. In the early stage of PG-
treated neuronal cell death, the plasma membrane became
difficult to resolve, whereas features in the cytosol and the
nucleus were unaltered. In the PGD2-treated neurons, mi-
crotubles, neurofilaments, and ribosomes appeared con-
densed as the neurons continued to shrink. Moreover, de-
crease of the rough endoplasmic reticulum and progressive
swelling of the Golgi cisterna were observed within the
cytoplasm. The nucleus shrank progressively, and chroma-
tin clumps became increasingly electron-dense. In the 15d-
�12,14-PGJ2-treated neurons, intracellular organelles such as
the endoplasmic reticulum and the Golgi apparatus were
lost, but the mitochondria remained intact. Condensation
and fragmentation of chromatin were noted in the nucleus
(Fig. 13B). Finally, the dying cells fragmented into small

pieces. Thus, both PGD2 and 15d-�12,14-PGJ2 caused
apoptosis in cortical neurons.

Nonenzymatic reaction from PGD2 to 15d-�12,14-PGJ2

PGD2 is dehydrated to PGJ2 in aqueous solution [29],
and metabolized to 15-deoxy-�12,14-PGD2 (15d-�12,14-
PGD2), �12-PGJ2, and 15d-�12,14-PGJ2 in the presence of
human albumin [4]. Therefore, we examined how
[3H]PGD2 was metabolized in serum-free culture medium
during incubation at 37°C (Fig. 14). The content of
[3H]PGD2 was decreased to 20% at 41 h and to 0% within
160 h. Second, the content of [3H]PGJ2 was increased
sharply, reached a peak (40.8%) at 17 h, and then decreased
to 0% within 160 h. Third, the contents of [3H]�12-PGJ2 and
[3H]15d-�12,14-PGJ2 were persistently increased to 40 and
45%, respectively, during incubation. Finally, that of
[3H]15d-�12,14-PGD2 was increased slightly, reached a pla-
teau (10%), and stayed at that level during incubation. Thus,
[3H]PGD2 was nonenzymatically metabolized to [3H]15d-
�12,14-PGD2, [3H]PGJ2, [3H]�12-PGJ2, and [3H]15d-�12,14-
PGJ2 in serum-free culture medium.

Fig. 11. Apoptotic features of PG-treated neurons. Cortical neurons were
treated with control (A and D), 10 �M PGD2 (B and E), or 10 �M
15d-�12,14-PGJ2 (C and F). Neurons were stained with 1 �M Hoechst
33258 for 10 min 12 h later (A, B, and C). Neurons were fixed with 4%
paraformaldehyde, washed twice with PBS, and stained by the TUNEL
technique 12 h later (D, E, and F). Bar � 100 �m.

Fig. 10. Morphologic changes in PG-treated neurons. Cortical neurons
were treated with vehicle (A), 10 �M PGD2 (B), 10 �M PGD2 � 10 �M
BWA868C (C), or 10 �M 15d-�12,14-PGJ2 (D). Neurons were examined
by phase-contrast microscopy 24 h later. Bar � 100 �m.
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Discussion

In the present study, we found the novel binding sites of
15d-�12,14-PGJ2 in the plasma membrane distinct from a
nuclear receptor, PPAR�. The novel binding sites appear to
be associated with 15d-�12,14-PGJ2-induced apoptosis. To
our knowledge, this is the first report on the cell surface
binding sites of 15d-�12,14-PGJ2.

Recently, it has been reported that 15d-�12,14-PGJ2 in-
duces neuronal apoptosis in primary cultures of rat cortical
neurons [11]. In the present study, we confirmed that 15d-
�12,14-PGJ2-treated neurons exhibited apoptotic features
such as condensed chromatin and fragmented DNA. PGJs
are identified as natural ligands for PPAR� and were found
to promote adipocyte differentiation [5,6]. 15d-�12,14-PGJ2

induced neuronal apoptosis via PPAR� [11]. However, neu-
ronal expression of PPAR� has not yet been detected in the
cerebral cortex. No neurotoxicity of PPAR� agonists was
detected in primary cultures of cortical neurons. Moreover,
nonsteroidal anti-inflammatory drugs with PPAR� agonistic
effects reduce apoptosis in cerebellar granule cells [31].
15d-�12,14-PGJ2 induced apoptosis in cortical neurons in-
dependently of PPAR� activation.

The cyclopentenone PGs have been believed to lack cell
surface receptors. However, we found novel binding sites of
15d-�12,14-PGJ2 in plasma membranes of cortical neurons.
The affinity for the binding site was 15d-�12,14-PGJ2 �
�12-PGJ2 � PGJ2 � PGD2. Furthermore, we detected the
binding sites of 15d-�12,14-PGJ2 precursors in plasma mem-
branes by using [3H]PGJ2, and [3H]�12-PGJ2. 15d-�12,14-
PGJ2, �12-PGJ2, and PGJ2 inhibited the specific binding of
[3H]PGJ2 and [3H]�12-PGJ2 in a concentration-dependent
manner. The inhibitory effects of PGD2 metabolites on the
binding sites of [3H]PGJ2 and [3H]�12-PGJ2 were 15d-
�12,14-PGJ2 � �12-PGJ2 � PGJ2 � PGD2, in the same
sequence as those to the binding sites of [3H]15d-�12,14-
PGJ2. Thus, PGJ2 and �12-PGJ2 also appeared to recognize
the same binding sites of 15d-�12,14-PGJ2 in plasma mem-
branes.

What type of pathophysiologic roles do the binding sites
of 15d-�12,14-PGJ2 play? 15d-�12,14-PGJ2 induced neuronal
cell death via apoptosis. The neurotoxic potency was 15d-
�12,14-PGJ2 � �12-PGJ2 � PGJ2 � PGD2, in the same
sequence as the affinity for the novel binding sites. Another
cyclopentenone PG, PGA2, also exhibited an affinity for the
binding sites of 15d-�12,14-PGJ2 and neurotoxicity. None of
the other eicosanoids, PPAR agonists, or a PGD2 receptor
blocker exhibited any affinity for the binding sites and the
neurotoxicity. The affinity of eicosanoids for the binding
sites closely paralleled their neurotoxicity, suggesting in-
volvement of the novel binding sites in neuronal cell death.
To test the possibility, we performed binding assays of
[3H]15d-�12,14-PGJ2 in various cells. We found the novel
binding site of [3H]15d-�12,14-PGJ2 in the plasma mem-
brane of bronchial smooth muscle cells. The inhibitory
effects of 15d-�12,14-PGJ2 precursors to the binding site was
15d-�12,14-PGJ2 � �12-PGJ2 � PGJ2 � PGD2, in the same
sequence as for neurons. Toxic effects of 15d-�12,14-PGJ2

precursors were 15d-�12,14-PGJ2 � �12-PGJ2 � PGJ2 �
PGD2, in the same sequence as for neurons. Thus, one of the
pathologic roles of 15d-�12,14-PGJ2 was cell toxicity.

In a competition experiment, the IC50 of 15d-�12,14-PGJ2

to the binding sites of [3H]15d-�12,14-PGJ2 was 1.6 �M. On
the other hand, the apparent Kd value of [3H]15d-�12,14-
PGJ2 was 16.5 nM by Scatchard analysis. The apparent
discrepancy between the IC50 and Kd values can be ex-
plained as below. The Hill coefficient of [3H]15d-�12,14-
PGJ2 was less than 1, suggesting that there were several
binding sites with different affinities. Because the specific
binding of [3H]15d-�12,14-PGJ2 did not reach saturation in
the Scatchard plot, there were two binding sites of [3H]15d-
�12,14-PGJ2 with low and high affinities for 15d-�12,14-
PGJ2. 15d-�12,14-PGJ2 appeared to induce neuronal cell
death via the low-affinity binding site, but not the high-
affinity binding site.

PGD2 is one of the conventional eicosanoids, but it
induced neuronal apoptosis as well as the cyclopentenone-
type PGs, i.e., 15d-�12,14-PGJ2. Does PGD2 trigger apopto-
sis via GTP-binding protein-coupled PGD2 receptors? This

Fig. 12. 15d-�12,14-PGJ2-induced apoptosis. Cortical neurons were treated
with control (0.1% ethanol), 10 �M PGD2, or 10 �M 15d-�12,14-PGJ2. (a)
Hoechst33258- and (b) TUNEL-positive neurons were detected 12 h later.
Data are expressed as means � SEM values (n � 4). **P � 0.01,
compared with control by ANOVA followed by Dunnett’s test.
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Fig. 13. Ultrastructural changes in cortical neurons by PGD2 and 15-d-�12,14-PGJ2. Cortical neurons were treated with vehicle (A), 10 �M PGD2 (B), or 10
�M 15d-�12,14-PGJ2 (C). The cultures were examined 12 h later by electron microscopy. Bar � 3 �m.



possibility was not supported: First, the DP receptor blocker
did not inhibit PGD2-induced neuronal cell death. Second,
little mRNA of the PGD2 receptor is observed in the rat
[26,27] and human [25] cerebral cortex. Third, few binding
sites of [3H]PGD2 were detected in plasma membranes from
cortices of rat and human (32). Fourth, the extent of specific
[3H]PGD2 in total binding is much lower (30–40%) than
that of [3H] 15d-�12,14-PGJ2 (�80%), although binding
sites of PGD2 have been reported in synaptosomes of rat
[27] and human brains [33]. Fifth, the ED50 value (8.2 �M)
of PGD2 is much higher than the affinity for PGD2 receptor
[dissociation constant (Kd) � 28 nM] [27]. Finally, PGD2

required a latent time to cause apoptosis. Thus, it is unlikely
that PGD2 causes neuronal cell death via the PGD2 receptor.

PGD2 was shown to be dehydrated to PGJ2 in aqueous
solution [30], and metabolized to 15-deoxy-�12,14-PGD2

(15d-�12,14-PGD2), �12-PGJ2, and 15d-�12,14-PGJ2 in the
presence of human albumin [4]. We confirmed that PGD2

was nonenzymatically metabolized to 15d-�12,14-PGD2,
PGJ2, �12-PGJ2, and 15d-�12,14-PGJ2 in serum-free culture
medium. In the present culture, PGJ2, �12-PGJ2, and 15d-
�12,14-PGJ2 caused neuronal cell death without a latent
time. Among the PGJ2 series, 15d-�12,14-PGJ2 induced neu-
ronal cell death most potently and rapidly. The process of
neuronal cell death induced by PGD2 showed apoptotic
features such as progressive cell shrinkage, blebbing of the
plasma membrane, clumping of chromatin, and fragmenta-
tion of DNA. These apoptotic features were similar to those
of 15d-�12,14-PGJ2-treated neurons. Taken together with

previous reports, the present study indicated that PGD2

induced apoptosis via its metabolites, especially 15d-�12,14-
PGJ2, in neurons.

J-series PGs, including 15d-�12,14-PGJ2, induce apopto-
sis in tumor cells [10]. In proliferative cells, 15d-�12,14-
PGJ2 arrests the progression of the cell cycle, inhibits the
growth of tumors, and initiates an irreversible apoptotic
pathway. How does 15d-�12,14-PGJ2 induce apoptosis in
nonproliferative cells such as differentiated neuronal cells?
Independently of PPAR�, 15d-�12,14-PGJ2 generates reac-
tive oxygen species and induces apoptosis of human hepatic
myofibroblasts [12]. Previously, we have reported that re-
active oxygen species mediate apoptosis by neurotoxins
such as amyloid-� proteins [34,35], suggesting a novel
mechanism that involves oxidative stress and is related to
the cell surface binding sites of 15d-�12,14-PGJ2. Further
studies are required to elucidate how the novel binding sites
of 15d-�12,14-PGJ2 is involved in neuronal apoptosis.

Recently, it has been reported that 15d-�12,14-PGJ2 is
involved in neurologic diseases such as sporadic amyotro-
phic lateral sclerosis [36]. Furthermore, its precursor, PGD2,
is increased significantly in several neurologic diseases such
as Alzheimer’s disease (AD) [37] and stroke [38]. AD is
characterized clinically by progressive dementia and patho-
logically by cortical atrophy, neuronal loss, neurofibrillary
tangles, senile plaques, and vascular deposits of amyloid-�
protein (A�) in various regions of the cerebral cortex and
the hippocampus. A� is a 39- to 43-amino-acid hydropho-
bic peptide, and A�-induced neuronal cell death is typified
by several characteristic features of apoptosis, such as for-
mation of cell surface blebs, chromatin condensation, and
DNA fragmentation [21,39]. A� causes peroxidation of the
plasma membrane [34,35], activation of L-type voltage-
dependent calcium channels, and elevation of the intracel-
lular Ca2� level ([Ca2�]i) [35,39–42]. The resulting in-
crease in [Ca2�]i activates phospholipase A2 (PLA2), which
will release AA from the membrane. Recently, we have
reported that A� generated PGD2 before neuronal cell death
[39].

Stroke is caused by an acute obstruction of arteries,
resulting in ischemia, i.e., insufficient blood flow. Several
inflammatory factors, including sPLA2-IIA and eicosanoids
such as PGD2, are increased in the MCA-occluded rat brain
[43]. Recently, we have established sPLA2-IIA-induced
neuronal cell death as an in vitro model for stroke [23].
sPLA2-IIA potentiates Ca2� influx into neurons via L-type
voltage-sensitive calcium channels [44]. We have reported
that sPLA2-IIA generated PGD2 from neurons before neu-
ronal cell death. Thus, PGD2 appears be involved in the
neuronal cell death of AD and stroke via the novel binding
sites of 15d-�12,14-PGJ2.

In conclusion, we demonstrated that novel binding sites
of 15d-�12,14-PGJ2 exist on the cell surface of cortical
neurons. 15d-�12,14-PGJ2 induces neuronal apoptosis inde-
pendently of PPAR�. We suggest that the novel binding

Fig. 14. Metabolism of PGD2 in the culture medium. PGD2-[3H]PGD2 was
incubated in the serum-free culture medium at 37°C. At the indicated
times, samples were withdrawn, acidified to pH 3 with formic acid, and
extracted immediately with 3X 5 ml of ethyl acetate. The solvent was
evaporated under nitrogen, and residual metabolites of [3H]PGD2 were
quantitatively converted into its naphthacyl ester by reaction with �-bro-
moacetonaphtone and diisopropylethylamine in acetonitrile. The acetoni-
trile was evaporated, and the residue was reconstituted in chromatographic
mobile phase containing glyceryl guiacholate, an internal standard for
quantitation. PGD2 (closed circles), PGJ2 (open circles), �12-PGJ2 (open
triangles), 15d-�12,14-PGJ2 (open squares), and 15d-�12,14-PGD2 (closed
triangles).
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sites of 15d-�12,14-PGJ2 might be involved in 15d-�12,14-
PGJ2-induced neuronal apoptosis.
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