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A Novel Antipyretic Action of 15-Deoxy-A'*'*-Prostaglandin
J, in the Rat Brain

Abdeslam Mouihate, Lysa Boissé, and Quentin J. Pittman
Neuroscience Research Group, Department of Physiology and Biophysics, Faculty of Medicine, University of Calgary, Alberta, T2N 4N1 Canada

Fever is animportant part of the host defense response, yet fever can be detrimental if it is uncontrolled. We provide the first evidence that
15-deoxy-A'>"*-prostaglandin J, (15d-PGJ,), an endogenous ligand for peroxisome proliferator-activated receptor y (PPARYy), can
attenuate the febrile response to lipopolysaccharide (LPS) in rats via an action on the brain. Furthermore, we show that PPARYy is
expressed in the hypothalamus, an important locus in the brain for fever generation. In addition, 15d-PG]J, and its synthesizing enzyme
(PGD, synthase) were present in rat cerebrospinal fluid, and their levels were enhanced in response to systemic injection of LPS. The
antipyretic effect of 15d-PGJ, was associated with reduction in LPS-stimulated cyclooxygenase-2 expression in the hypothalamus but not
in p44/p42 mitogen-activated protein kinase phosphorylation or in the expression of the PPARYy.

Thus it is likely that there is a parallel induction of an endogenous prostanoid pathway in the brain capable of limiting deleterious

actions of the proinflammatory prostaglandin E,-dependent pathway.
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Introduction

Fever is a regulated increase in core temperature (Kluger, 1991)
that can be initiated by a multitude of proinflammatory cytokines
such as interleukin-1p, interleukin-6, and TNFa« (Luheshi and
Rothwell, 1996). These proinflammatory cytokines activate de
novo synthesis of cyclooxygenase-2 (COX-2) in the endothelial
and perivascular cells in the fever-controlling region of the hypo-
thalamus (Schiltz and Sawchenko, 2002). Induced COX-2 (Lac-
roix and Rivest, 1998; Matsumura et al., 1998) generates prosta-
glandin E, (PGE,) (Yamagata et al., 2001), which activates
neurons in the preoptic region of the hypothalamus to cause heat
conservation and fever generation (Lipton et al., 1973; Scammell
etal., 1996). Although the mechanisms of fever genesis have been
studied extensively, our understanding of the molecular determi-
nants of fever resolution is still incomplete. Clinical and experi-
mental observations have shown that the increase in body tem-
perature seldom exceeds an upper limit even during a prolonged
fever. Furthermore, such a fever can normally resolve even in the
absence of exogenous administration of antipyretic drugs (Kozak
et al., 2000; Tatro, 2000; Aronoff and Neilson, 2001). This con-
sistently observed phenomenon suggests the existence of an en-
dogenous antipyretic system that prevents the body from reach-
ing an excessively high temperature that would be harmful
(Greisman and Mackowiak, 2002). We and others have explored
several endogenous antipyretic systems that include vasopressin
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(Veale et al., 1981; Pittman et al., 1998), a-melanocyte-
stimulating hormone (Murphy et al., 1983), glucocorticoids
(Morrow et al., 1993), the P-450-dependent epoxygenase path-
way (Kozak et al., 2000), and anti-inflammatory cytokines such
as IL-10 (Leon, 2002; Cartmell et al., 2003) and IL-1 receptor
antagonist (Cartmell et al., 1998). Although the mechanism of
endogenous antipyretics is mostly unknown, it is well established
that a target of exogenous antipyretic therapy is COX-2 (Tatro,
2000).

In addition to PGE, genesis, cyclooxygenation of arachidonic
acid during inflammation also leads to the formation of prosta-
glandin D, (PGD,) and its metabolite 15-deoxy-A'*'*-
prostaglandin J, (15d-PG]J,) (Hirata et al., 1988; Shibata et al.,
2002). PGD, formation, and consequently 15d-PGJ, production,
results from an isomerization of PGH, by lipocalin-type PGD,
synthase (PGD,-S) in rat brain (Urade et al., 1985; Beuckmann et
al., 2000). In vitro studies in various non-neuronal tissues showed
that after binding with high affinity to its nuclear receptor perox-
isome proliferator-activated receptor y (PPARy) (Forman et al.,
1995; Kliewer et al., 1995), 15d-PGJ, alters the nuclear factor k B
(NF-k B)-dependent pathways (Gilroy et al., 1999; Rossi et al.,
2000; Straus et al., 2000), reduces the expression of lipopolysac-
charide (LPS)-activated proinflammatory cytokines such as
interleukin-18 and TNFa (Simonin et al., 2002), and attenuates
the expression and activity of COX-2 induced by LPS (Inoue et
al., 2000; Maggi et al., 2000; Simonin et al., 2002).

Because COX-2 plays a major role in LPS fever (Lacroix and
Rivest, 1998; Matsumura et al., 1998; Li et al., 1999), we hypoth-
esized that 15d-PGJ, may act in the brain to attenuate LPS-
induced fever and reduce COX-2 expression in a fever-
controlling region in rat brain. The questions addressed in this in
vivo study are as follows. (1) Is the 15d-PGJ, receptor (i.e.,
PPARY) expressed in the hypothalamus? (2) Does 15d-PGJ, af-
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fect LPS fever? (3) Can 15d-PGJ, affect COX-2 expression in the
hypothalamus of LPS-treated rats? (4) Is 15d-PGJ, produced in
the brain during fever?

Materials and Methods

Male Sprague Dawley rats bred in the University of Calgary vivarium were
kept in temperature-controlled quarters under a normal 12 hr light/dark
cycle (lights on at 7 A.M.). They were housed individually, and pellet chow
and water were accessible ad libitum. All experimental protocols were ap-
proved by the University of Calgary Animal Care Committee and performed
in accordance with the Canadian Council of Animal Care guidelines.

General animal preparations and surgery. Male rats weighing 250-270
gm were anesthetized with sodium pentobarbital (60 mg/kg, i.p.) and
implanted with a stainless steel guide tube (23 ga thin wall) that was
positioned above the lateral ventricle (coordinates: 0.8 mm caudal to
bregma; 1.6 mm lateral to midline; 2.6 mm ventral to the cortical surface)
according to the stereotaxic atlas of Paxinos and Watson (1986). A preca-
librated, battery-driven temperature transmitter (Mini-Mitter, Sunriver,
OR) was inserted into the abdominal cavity of each rat. After at least 1
week of recovery, rats were transferred to an environmentally isolated
and temperature-controlled (22°C) testing room and allowed to acclima-
tize to the environment for 1 d. Rats were anesthetized with urethane (1.5
gm/kg, i.p.) (Malkinson et al., 1988) and wrapped loosely in a blanket to
facilitate heat retention. Under these conditions, we can elicit reproduc-
ible and dose-dependent febrile responses to both intraperitoneal and
intracerebroventricular pyrogens (Malkinson et al., 1988; Komaromi et
al,, 1994; Chen et al., 1997). Rats were then given an infusion of either
saline or 15d-PGJ, at a rate of 25 ul/hr for 2 hr. In preliminary experi-
ments, a dose of 10 ng/ul of 15d-PGJ, did not affect LPS fever in a
consistent manner. In the experiments reported here, a dose of 50 ng/ul,
which is within the range of the in vitro effective doses of 15d-PGJ, (Jiang
etal.,, 1998; Rossi et al., 2000), was used. All rats received an intraperito-
neal injection of LPS at 30 min after the beginning of the intracerebro-
ventricular infusion of either 15d-PGJ, or saline solutions to allow time
for 15d-PGJ, to diffuse to its active site in the brain and initiate its
signaling cascade. Core temperatures were monitored for 6 hr after LPS
injection using a telemetry system (DataQuest IT; Data Sciences Inc., St.
Paul, MN) that automatically takes a reading every 5 min.

Protein extraction. Three hours after intraperitoneal injection of LPS in
the presence of intracerebroventricular infusion of 15d-PGJ, as de-
scribed above, another group of urethane-anesthetized rats were tran-
scardially perfused with cold PBS containing (in mm): 137 NaCl, 2.7 KCl,
10 Na,HPO,, 1.8 KH,PO,, to remove the blood. A basal diencephalon
region that consists of the preoptic area and the hypothalamus was
quickly dissected and put in lysis buffer [MOPS: 20 mm Mg (C,H;0,),:
4.5 mm KCl: 150 mm, 1% Triton] supplemented with protease inhibitor
tablets (catalog #D68298; Roche Diagnostics, Mannheim, Germany) and
a mixture of protease and phosphatase inhibitors (1 um okadaic acid,
catalog #495604, and 1 uM microcystin-LR, catalog #475815; both pur-
chased from Calbiochem, La Jolla, CA; 1 mm sodium vanadate, catalog
#5-6508, Sigma; 500 um phenyl-methyl-sulfonyl-fluoride, catalog
#837091, Boehringer Mannheim, Indianapolis, IN). After mechanical
dissociation of the brain tissue, protein levels were assayed using a bicin-
choninic acid protein assay (Pierce, Rockford, IL; reagent A, catalog
#23223, and reagent B, catalog #23224). The proteins were then putin a
sample buffer composed of 125 mm Tris-HCI (Sigma; T-1503), 3% SDS
(Bio-Rad Laboratories, Richmond, CA; catalog #161-0301), 20% Glyc-
erol (Sigma; G-5516), bromophenol blue (Sigma; B-5525), 20%
B-mercapto-ethanol (BDH Ltd., Poole, UK; catalog #44143), boiled for 5
min, and stored at —20°C until Western blot analysis.

Western blot analysis. Protein extracts from each individual rat (30 pg
per well) were separated on 10% SDS-PAGE (15% SDS-PAGE for
PGD,-S detection) using a constant current of 30 mA per gel of 1.2 mm
of thickness. Molecular weights markers (Bio-Rad; catalog #161-0372)
were used in each individual gel. At the end of separation, the proteins
were transferred onto nitrocellulose membrane for 2 hr under a constant
current (1.2 mA/cm? of gel surface) using a transfer buffer containing
20% methanol, 50 mM Trizma base (Sigma), 40 mum glycine (Sigma), and
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0.04% SDS (Bio-Rad). Membranes were then incubated overnight at 4°C
with 10% fat-free milk in Tris-buffered saline containing Tween 20
(TBS-T) composed of 20 mm Trizma-base (Sigma), 0.15 M sodium chlo-
ride (Fisher Scientific), and 0.1% polyoxyethylene-sorbitan monolaurate
(Sigma). Immunostaining for the target proteins was performed as de-
scribed previously (Mouihate et al., 2002). Well characterized rabbit an-
tibodies for COX-2 (Cayman Chemical Company; catalog #160126)
(Mouihate et al., 2002; Mouihate and Pittman, 2003), PPARy (detects
both yl and 2 forms; Santa Cruz Biotechnology; catalog #sc-7196)
(Bordji et al., 2000; Wang et al., 2002), phospho-p44/p42 mitogen-
activated protein kinase (MAPK) antibody (Cell Signaling Technology;
catalog #9106S) (Bolshakov et al., 2000), and goat antibody for PGD,-S
(Santa Cruz Biotechnology; catalog #sc-14825) (Urade et al., 1985) were
used at 1:2000, 1:1000, 1:1000, and 1:1000, respectively. After 2 hr of
incubation with primary antibodies, the membrane was washed with
TBS-T and incubated with either goat anti-rabbit IgG conjugated with
horseradish peroxidase (COX-2, PPARvy, phospho-p44/p42 MAPK;
1:4000) (Santa Cruz Biotechnology; sc-2004) or donkey anti-goat IgG
conjugated with horseradish peroxidase (for PGD,-S; 1:2000) (Santa
Cruz Biotechnology; catalog #sc-2020) for 1 hr at room temperature. A
chemiluminescence substrate was applied to the membrane (ECL Kit,
Amersham Biosciences, Arlington, IL), and protein bands were visual-
ized using Kodak X-Omat film (Eastman Kodak Company, Rochester,
NY). In these experiments, actin served as housekeeping protein. There-
fore, after detection of either COX-2 or PPARy bands, membranes were
stripped with mercaptoethanol (BDH Ltd.) and reblotted with rabbit
anti-actin antibody (Sigma; catalog #A2066) at 1:10,000 dilution and
processed as described above.

Cerebrospinal fluid collection and enzyme immunoassay. A group of 30
male rats were injected with either saline or LPS (200 ug/kg or 400 ug/kg,
i.p.). At different time points after injection, rats were anesthetized with
urethane, and the neck muscles were reflected to gain access and with-
draw a CSF sample (~140 ul) from the cisterna magna. CSF samples
were quickly frozen and stored at —70°C until use. 15d-PG]J, levels were
assayed using an enzyme immunoassay kit (Assay Designs, Ann Arbor,
MI) according to the manufacturer’s instructions. This kit has a sensitiv-
ity of 36.8 pg/ml and intra-assay and inter-assay precisions of 6 and 13%,
respectively. A fraction of CSF was also used for Western blot. A volume
of 40 ul of CSF of each rat was mixed with 20 ul of sample buffer (the
composition is described above). These CSF samples were then boiled for
5 min and stored at —20°C until immunoblotting. An equal volume of 10
wl of each CSF sample was separated on 15% SDS-PAGE and processed
for PGD,-S detection as described above.

Data analysis. Temperature readings at 10 min intervals (average of
two consecutive 5 min readings) were calculated as net deviation from
the mean baseline temperature. Data are presented as means = SE. Fever
data were subjected to two-way ANOVA followed by Student-Newman—
Keuls post hoc comparisons to identify significant difference at various
time points.

For immunoblots, the area under the intensity profile curve of a given
band was quantified using Quantity One Quantitation software (Bio-
Rad). The ratio of optical value densities of (protein of interest)/actin
were calculated. These ratios values were then normalized to their corre-
sponding values in control rats (saline-injected rats). Immunoblot data
were compared using either a paired ¢ test (two experimental groups) or
ANOVA (three or more experimental groups). Enzyme immunoassay
data were compared using Kruskal-Wallis analysis of variance on ranks
followed by Dunn’s multiple comparison test. Significance was accepted
at the 0.05 level.

Results

15d-PG]J, attenuates LPS-induced fever

To test whether 15d-PGJ, affects body temperature in the ab-
sence of any other stimulus, rats received intraperitoneal saline in
conjunction with an intracerebroventricular infusion of either
saline or 15d-PGJ, (50 ng/ul at a rate of 25 ul/hr) for 2 hr. Basal
body temperature was similar in both saline- and 15d-PG]J,-
treated rats [36.23 = 0.41 (n = 5) and 36.5 = 0.25 (n = 6),
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Figure 1. 15d-PGJ, effects on LPS-induced fever. Rats were infused intracerebroventricu-
larly with either saline or 15d-PGJ, (50 ng/pl) for 2 hr at a rate of 25 wl/hr and concomitantly
received one of the following intraperitoneal injections: saline (4), LPS at a dose of 200 wg/kg
(B), and LPS at a dose of 400 r.g/kg ( (). Data are presented as means == SEM; “n” represents
the number of rats per group. *p << 0.05.

respectively]. As shown in Figure 1 A, in the absence of any pyro-
gen (intraperitoneal saline), the body temperature of 15d-PGJ,-
treated rats (intracerebroventricular) was not significantly differ-
ent from the control group (intracerebroventricular saline).
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A second series of rats were infused as above with either saline
(n = 6) or 15d-PG]J, (50 ng/ul; n = 7) for 2 hr (at a rate of 25
wl/hr). Both rat groups had similar basal body temperature (sa-
line group: 36.03 * 0.31; 15d-PGJ, group: 36.34 = 0.33). At the
30th min of the intracerebroventricular infusion, which corre-
sponds to time 0, all rats received an injection of LPS (200 ug/kg,
i.p.). LPS induced a progressive and sustained rise in core tem-
perature of ~1°C in both the control and 15d-PGJ,-treated
groups (Fig. 1 B). 15d-PGJ, had no significant effect on the febrile
response, although the mean temperature of the 15d-PGJ,-
treated rats was consistently lower than the saline control.

In a different rat group, either saline or 15d-PG]J, (50 ng/ul)
was infused as in the experimental design described above. Basal
body temperature was similar in both control and 15d-PG]J,-
treated rats [36.22 = 0.3 (n = 7) and 36.55 = 0.26 (n = 6),
respectively]. Figure 1C shows that LPS at a dose of 400 ug/kg
induces a progressive and sustained rise in core temperature of
~1.5°C in control rats (intracerebroventricular saline, for 2 hr).
This LPS-induced fever was significantly reduced to ~0.7°C by
the infusion of 15d-PG]J, (50 ng/ul, i.c.v.).

15d-PG]J, reduces COX-2 expression in the hypothalamus of
LPS-treated rats

Because of the pivotal role of COX-2 in LPS fever, the effect of
15d-PGJ, on hypothalamic COX-2 expression in vivo was ex-
plored. In this experiment, rats were injected intracerebroven-
tricularly with either saline or 15d-PGJ, (50 ng/ul) as described
previously. They then all received an injection of LPS (400 ug/kg,
i.p.), and COX-2 expression in the hypothalamus was assessed at
3 hr after LPS injection. As shown in Figure 2A, there is less
COX-2 [at the expected molecular weight of 72 kDa (Mouihate
and Pittman, 2003)] protein expressed in the hypothalamus of a
15d-PG]J,-treated rats, whereas the amount of actin protein re-
mains constant. Densitometric analysis showed that 15d-PGJ,
significantly reduced COX-2 expression in the hypothalami of
LPS-treated rats (Fig. 2 B).

PPARvY is expressed in the rat hypothalamus

Rats received an intracerebroventricular infusion of either saline
or 15d-PGJ, (50 ng/ul) as described above. Three hours after LPS
injection (400 pg/kg, i.p.), hypothalamic proteins were processed
for immunodetection of PPARY. Figure 3A displays two immu-
noreactive bands at ~50 kDa as described by Bordji et al. (2000)
and Wang et al. (2002). The high molecular weight band was
more abundant. Both PPARy-immunoreactive bands were unaf-
fected by intracerebroventricular infusion of 15d-PGJ, to LPS-
treated rats. We also determined whether LPS alone would affect
PPARYy expression. As shown in Figure 3B, LPS (400 ug/kg, i.p.)
did not affect the expression levels of PPARy in the hypothalamus
as compared with control rats (intraperitoneal saline).

15d-PGJ, effects on the phosphorylation status of

p44/p42 MAPK

Because in vitro expression PPARYy can be enhanced by its own
ligands through an activation of p44/p42 MAPK, this experiment
was designed to explore whether this prostaglandin can alter
phosphorylation status of p44/p42 MAPK in the hypothalami of
LPS-treated rats. Three hours after LPS injection, hypothalamic
proteins were processed for immunodetection of the phosphor-
ylated p44/p42 MAPK. Our experiment revealed two immuno-
reactive bands at the expected molecular weights of 44 and 42
kDa (Bolshakov et al., 2000) (Fig. 4A). Densitometric analysis
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Figure2. 15d-PGJ, effects on induced COX-2. Proteins were extracted from hypothalami of
rats that received LPS injection (400 wug/kg, i.p.) and intracerebroventricular infusion of either
saline or 15d-PGJ, as described above. They were separated by electrophoresis, and C0X-2 and
actin were immunodetected as shown in a representative blot (A). Optical density analysis of
(0X-2is shown in B.*p < 0.05; n = 3 for each data point.

showed that 15d-PGJ, treatment does not affect the phosphory-
lation levels of p44/p42 MAPK (Fig. 4B).

LPS effects on 15d-PG]J, and PGD,-S levels in the CSF

This experiment was designed to test whether 15d-PG]J, and its
upstream synthesizing enzyme PGD,-S are present in cerebrospi-
nal fluid and whether their levels are affected after an immune
challenge. Rats received an intraperitoneal injection of either sa-
line or LPS (200 or 400 ug/kg). One or 2 d after LPS injection,
CSF samples were collected separately from each rat brain, and
15d-PGJ, levels were measured. As shown in Figure 5, the basal
level of 15d-PG]J, in rat CSF is 185.1 = 39.36 pg/ml. One day after
intraperitoneal injection, LPS at a dose of 400 ug/kg but not at a
dose of 200 wg/kg significantly enhanced 15d-PGJ2 levels in the
CSF (881.2 * 228.2 and 319.4 & 78.78 pg/ml, respectively). Two
days after LPS injection, mean values of 15d-PGJ, were increased
but were not significantly different from control group (762.3 =
230.8 pg/ml for LPS at 200 ug/kg; 568.4 == 209.6 pg/ml for LPS at
400 ug/kg).

Because 15d-PG]J, is a metabolite of PGD, and PGD, genesis
depends on PGD,-S, CSF samples were also processed for immu-
nodetection of PGD,-S levels. A PGD,-S-immunoreactive band
at the expected molecular weight of 26 kDa (Urade et al., 1985) was
present in all CSF samples (Fig. 6). Densitometric analysis showed
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that PGD,-S levels in rat CSF were significantly enhanced after in-
traperitoneal injections of LPS at doses of both 200 ug/kg (Fig. 6A)
and 400 pg/kg (Fig. 6 B) as compared with control rats. It is note-
worthy that at 1 d after LPS injection, PGD,-S levels are significantly
higher in CSF of rats that received a dose of 400 ug/kg of LPS when
compared with that of rats injected with a dose of 200 ug/kg.

Discussion
Several in vitro studies have established a role for 15d-PG]J, in
attenuating expression of proinflammatory related genes (Maggi
et al., 2000; Rossi et al., 2000; Straus et al., 2000; Clark, 2002). To
the best of our knowledge, this is the first in vivo study to show
that 15d-PGJ, possesses antipyretic properties. When injected
into the brain (intracerebroventricular injection), this prosta-
glandin attenuated LPS fever and reduced COX-2 expression in
the hypothalamic regions of LPS-treated rats. Furthermore, the
PPARY receptor for 15d-PGJ, was also present in the hypothala-
mus and was unchanged during fever development. These data
suggest that 15d-PGJ, most likely affects LPS fever at the CNS
level by acting on COX-2 expression in the fever-controlling re-
gion of the hypothalamus.

15d-PG]J, has been studied extensively since its discovery as an
endogenous specific ligand for PPARYy. The most known and
widely studied aspect of 15d-PGJ, actions is its anti-
inflammatory function. Indeed, 15d-PGJ, attenuates immune
activation of several proinflammatory molecules in various cul-
ture systems (for review, see Straus and Glass, 2001). LPS activa-
tion of proinflammatory genes coding for interleukin-1p, induc-
ible nitric oxide, TNFa, and COX-2 was attenuated substantially
in the presence of 15d-PG]J, (Petrova et al., 1999; Maggi et al.,
2000; Drew and Chavis, 2001; Janabi, 2002; Simonin et al., 2002).
Interestingly, these same genes are involved in fever develop-
ment. This study is the first to show that 15d-PGJ, reduces LPS
fever and that 15d-PGJ, is present in the rat CSF and can be
additionally generated when rats are immune challenged. These
increased levels of 15d-PG]J, are likely to be brought about by
LPS-induced increase in PGD,-S level or activity, or both.

Evidence exists that 15d-PG]J, can be produced within the
CNS. In fact, the 15d-PG]J, precursor PGD, (Shibata et al., 2002)
is actively produced and released in cerebrospinal fluid (Urade et
al., 1985, 1993). Furthermore, our data demonstrate that LPS
increases the levels of 15d-PGJ, and, as reported previously,
PGD,-S in the CSF (Ishizaka et al., 2001). It is questionable
whether 15d-PGJ2 plays a role in acute defervescence, because
our urethane-anesthetized model is probably not ideal for study-
ing defervescent mechanisms. Nonetheless, the presence of ele-
vated levels of 15d-PG]J, in the CSF 1-2 d after LPS raises the
possibility that this prostaglandin may play a role in modeling the
CNS response to peripheral inflammation at these times. In pre-
liminary experiments, we did not observe a significant increase in
the basal levels of 15d-PGJ, in the CSF 3 and 6 hr after LPS
injection (data not shown). This apparent temporal discrepancy
between fever defervescence and increased levels of 15d-PG]J,
may be attributable to the quick degradation and conversion of
15d-PGJ, to its metabolites (Shibata et al., 2002). Local release
and action of 15d-PGJ, within the fever-sensitive area to cause
acute defervescence cannot be excluded (Mong et al., 2003).

The 15d-PGJ, attenuates the hypothalamic expression of
COX-2, a key enzyme in fever generation, thus raising the possi-
bility that COX-2 may be a preferential target in 15d-PGJ,-
induced antipyresis. The reduced COX-2 expression by 15d-PG]J,
is most likely brought about by an alteration of the NF-« B path-
way (Rossi et al., 2000) because this pathway leads to COX-2
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In addition to altering the NF-« B path-
way and consequently the expression of
COX-2, 15d-PG]J, can alter the p44/p42 MAPK pathway and en-
hance the expression of PPARy (Prusty et al., 2002). In this study,
neither PPARY receptor expression in the hypothalamus nor the
active form of p44/p42 MAPK was affected by intracerebroven-
tricular injection of 15d-PGJ, into brains of immune-challenged
rats. These data support the notion that the effects of 15d-PGJ, on
the febrile response do not require the p44/p42 MAPK-
dependent pathway.

PPARy mRNA is transiently expressed in relatively high levels
in the CNS during rat embryonic development (Braissant and
Wahli, 1998). In adult rats, however, small amounts of PPARy
mRNA were detected by in situ hybridization in the hippocampus
and cerebellum (Braissant et al., 1996). There has been no report
of its presence in hypothalamic structures. Because mRNA ex-
pression does not always equate to protein expression (Tropea et
al., 2001), we used Western blot with a well characterized PPARy
antibody (Bordji et al., 2000; Wang et al., 2002) to detect whether
the protein was present. This is the first demonstration that
PPARY is expressed in the hypothalamic region of the rat brain
and that such expression was unaffected by intraperitoneal LPS
injection. Despite its established role in attenuating proinflam-
matory responses (Heneka etal., 2000; Sastre et al., 2003), PPARy
may not be the only receptor involved in mediating the effects of
15d-PG]J, because this prostaglandin can also alter NF-« B acti-
vation in a PPARy-independent manner (Straus et al., 2000),
probably through PPARGS receptor subtype (Welch et al., 2003;
Woods et al., 2003). In vitro studies would be required to deter-
mine whether either receptor binding properties or post-receptor
signaling mechanisms remain similarly unaltered.

It was curious that the antipyretic effect of 15d-PGJ, was more
apparent when higher doses of LPS were injected. This effect is
unlikely to be accounted for by an increase in the sensitivity to
15d-PGJ,, because LPS does not affect expression levels of hypo-
thalamic PPARy receptor (Fig. 3B). It is more likely that a higher
dose of LPS was needed to induce enhanced endogenous intra-
cellular levels of 15d-PGJ,, which when combined with exoge-
nous 15d-PGJ, could exert a more powerful antipyretic effect (Fig.
5) (Ishizaka etal., 2001). Alternatively, threshold levels of inflamma-
tion may be required before 15d-PGJ, becomes effective. In support

infusion of either saline or 15d-PGJ, (50 ng/wl) for 2 hr at a rate of 25 wl/hr. B, Rats received an injection of either saline or LPS
(400 grkg, i.p.). Hypothalamic proteins were separated by electrophoresis. PPAR-y- and actin-immunoreactive bands were
detected (top panels). Optical density analysis of the PPARy is shown in bottom panels (n = 3 for each treatment group).
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Figure 4. 15d-PGJ, and the p44/p42 MAPK. Rats received LPS injection (400 wg/kg, i.p.)
and intracerebroventricular infusion of either saline or 15d-PGJ, as described above. Proteins
were extracted from their hypothalami and separated by electrophoresis. The phosphorylated
p44/p42 MAPK- and actin-immunoreactive bands are shown in A. Optical density analysis of
p44/p42 MAPK is shown in B (n = 3 for each treatment group).

of this, we were able to detect greater quantities of 15d-PGJ, and
PGD,-S diffusing into the CSF at the higher does of LPS.

The possibility that centrally injected 15d-PG]J, can cross the
blood—brain barrier and act on peripheral immune targets is un-
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Figure 5.  LPS effects on CSF levels of 15d-PGJ, Rats received either saline (control) or LPS
injection (200 or 400 yxg/kg, i.p.), and CSF was collected at either 1 or 2 d after injections. CSF
levels of 15d-PGJ, were determined using an enzyme immunoassay. n = 6 animals at each
time point; *p << 0.05.
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Figure 6.  LPS effect on CSF levels of PGD,-S. Rats received either saline (control) or LPS
injection at a dose of 200 wg/kg (A) or 400 peg/kg (B). CSF was collected at either 1d (LPS 1d)
or 2 d (LPS 2d) after LPS injections and separated by electrophoresis. PGD,-S was immunode-
tected (top panels), and its optical density analysis is shown in the bottom panels. n = 6
animals at each time point; *p << 0.05.

likely. Prostaglandins containing a cyclopentenone ring (such as
15d-PGJ,) are inactivated after a single passage through the lung
(Horton and Jones, 1969; Papanicolaou and Meyer, 1972; Naru-
miya etal., 1999). Even if all the 15d-PGJ, were to escape into the
peripheral circulation and not be inactivated, its concentration
(0.2-0.4 uM) would still be less than what has been found to be
effective in vitro (Jiang et al., 1998; Rossi et al., 2000). Therefore,
it is more likely that centrally applied 15d-PGJ, exerts its antipy-
retic effect by acting locally in the CNS.

The physiological significance of the presence of 15d-PGJ, in
the CNS is poorly understood. The potential role of 15d-PGJ, in
thermoregulation is a very interesting avenue. 15d-PGJ, may act
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through a short and locally activated loop to bring down the
immune-induced activation of cyclooxygenases and terminate
deleterious effects of prolonged inflammatory processes (Straus
and Glass, 2001). Whether this feedback loop is active under all
conditions or whether it is temporally dissociated from the proin-
flammatory prostaglandin pathway activation remains to be
seen. Now that we have shown that PPARY is present in the
fever-controlling region of rat brain, that its ligand 15d-PG]J, is
active on fever response, and that peripheral inflammatory stim-
uli increase levels of 15d-PG]J, in CSF, this sets the stage to inves-
tigate a possible role for the endogenous 15d-PG]J, actions in both
short-term and chronic neuro-immune responses.

References

Aronoff DM, Neilson EG (2001) Antipyretics: mechanisms of action and
clinical use in fever suppression. Am ] Med 111:304-315.

Beuckmann CT, Lazarus M, Gerashchenko D, Mizoguchi A, Nomura S, Mo-
hri I, Uesugi A, Kaneko T, Mizuno N, Hayaishi O, Urade Y (2000) Cel-
lular localization of lipocalin-type prostaglandin D synthase (beta-trace)
in the CNS of the adult rat. ] Comp Neurol 428:62-78.

Bolshakov VY, Carboni L, Cobb MH, Siegelbaum SA, Belardetti F (2000)
Dual MAP kinase pathways mediate opposing forms of long-term plas-
ticity at CA3-CA1 synapses. Nat Neurosci 3:1107-1112.

Bordji K, Grillasca JP, Gouze JN, Magdalou J, Schohn H, Keller JM, Bianchi A,
Dauca M, Netter P, Terlain B (2000) Evidence for the presence of perox-
isome proliferator-activated receptor (PPAR) alpha and gamma and retinoid
Z receptor in cartilage. PPARgamma activation modulates the effects of
interleukin-1beta on rat chondrocytes. ] Biol Chem 275:12243-12250.

Braissant O, Wahli W (1998) Differential expression of peroxisome
proliferator-activated receptor-alpha, -beta, and -gamma during rat em-
bryonic development. Endocrinology 139:2748-2754.

Braissant O, Foufelle F, Scotto C, Dauca M, Wahli W (1996) Differential
expression of peroxisome proliferator-activated receptors (PPARs): tis-
sue distribution of PPAR-alpha, -beta, and -gamma in the adult rat. En-
docrinology 137:354-366.

Cartmell T, Poole S, Rothwell NJ, Luheshi GN (1998) Relationship between
interleukin-1 and interleukin-1 receptor antagonist during the develop-
ment of fever in the rat. Ann NY Acad Sci 856:252-255.

Cartmell T, Ball C, Bristow AF, Mitchell D, Poole S (2003) Endogenous
interleukin-10 is required for the defervescence of fever evoked by local
lipopolysaccharide-induced and Staphylococcus aureus-induced inflam-
mation in rats. J Physiol (Lond) 549:653—664.

Chen X, Landgraf R, Pittman QJ (1997) Differential ventral septal vasopres-
sin release is associated with sexual dimorphism in PGE2 fever. Am J
Physiol 272:R1664-1669.

Clark RB (2002) The role of PPARs in inflammation and immunity. J Leu-
koc Biol 71:388—400.

Drew PD, Chavis JA (2001) The cyclopentone prostaglandin 15-deoxy-
delta(12,14) prostaglandin J2 represses nitric oxide, TNF-alpha, and
IL-12 production by microglial cells. ] Neuroimmunol 115:28-35.

Forman BM, Tontonoz P, Chen J, Brun RP, Spiegelman BM, Evans RM
(1995) 15-Deoxy-delta 12,14-prostaglandin J2 is a ligand for the adipo-
cyte determination factor PPAR gamma. Cell 83:803—812.

Gilroy DW, Colville-Nash PR, Willis D, Chivers J, Paul-Clark MJ, Willoughby
DA (1999) Inducible cyclooxygenase may have anti-inflammatory
properties. Nat Med 5:698-701.

Greisman LA, Mackowiak PA (2002) Fever: beneficial and detrimental ef-
fects of antipyretics. Curr Opin Infect Dis 15:241-245.

Heneka MT, Klockgether T, Feinstein DL (2000) Peroxisome proliferator-
activated receptor-vy ligands reduce neuronal inducible nitric oxide syn-
thase expression and cell death in vivo. ] Neurosci 20:6862—6867.

Hirata Y, Hayashi H, Ito S, Kikawa Y, Ishibashi M, Sudo M, Miyazaki H,
Fukushima M, Narumiya S, Hayaishi O (1988) Occurrence of 9-deoxy-
delta 9, delta 12—13,14-dihydroprostaglandin D2 in human urine. J Biol
Chem 263:16619-16625.

Horton EW, Jones RL (1969) Prostaglandins Al, A2 and 19-hydroxy Al;
their actions on smooth muscle and their inactivation on passage through
the pulmonary and hepatic portal vascular beds. Br ] Pharmacol
37:705-722.

Inoue H, Tanabe T, Umesono K (2000) Feedback control of cyclooxygenase-2
expression through PPARgamma. ] Biol Chem 275:28028-28032.



1318 - J. Neurosci., February 11, 2004 - 24(6):1312-1318

Ishizaka M, Ohe Y, Senbongi T, Wakabayashi K, Ishikawa K (2001) Inflam-
matory stimuli increase prostaglandin D synthase levels in cerebrospinal
fluid of rats. NeuroReport 12:1161-1165.

Janabi N (2002) Selective inhibition of cyclooxygenase-2 expression by 15-
deoxy-delta(12,14)(12,14)-prostaglandin J(2) in activated human astro-
cytes, but not in human brain macrophages. ] Immunol 168:4747-4755.

Jiang C, Ting AT, Seed B (1998) PPAR-gamma agonists inhibit production
of monocyte inflammatory cytokines. Nature 391:82—86.

Kliewer SA, Lenhard JM, Willson TM, Patel I, Morris DC, Lehmann JM
(1995) A prostaglandin J2 metabolite binds peroxisome proliferator-
activated receptor gamma and promotes adipocyte differentiation. Cell
83:813-819.

Kluger MJ (1991) Fever: role of pyrogens and cryogens. Physiol Rev 71:93-127.

Komaromi I, Malkinson TJ, Veale WL, Rosenbaum G, Cooper KE, Pittman
QJ (1994) Effect of potassium-induced cortical spreading depression on
prostaglandin-induced fever in conscious and urethane-anesthetized rats.
Can ] Physiol Pharmacol 72:716-721.

Kozak W, Kluger M]J, Tesfaigzi J, Kozak A, Mayfield KP, Wachulec M,
DokladnyK (2000) Molecular mechanisms of fever and endogenous an-
tipyresis. Ann NY Acad Sci 917:121-134.

Lacroix S, Rivest S (1998) Effect of acute systemic inflammatory response
and cytokines on the transcription of the genes encoding cyclooxygenase
enzymes (COX-1 and COX-2) in the rat brain. ] Neurochem 70:452—466.

Leon LR (2002) Invited review: cytokine regulation of fever: studies using
gene knockout mice. ] Appl Physiol 92:2648-2655.

Li S, Wang Y, Matsumura K, Ballou LR, Morham SG, Blatteis CM (1999)
The febrile response to lipopolysaccharide is blocked in cyclooxygenase-
2(—/—), but not in cyclooxygenase-1(—/—) mice. Brain Res 825:86—94.

Lipton JM, Welch JP, Clark WG (1973) Changes in body temperature pro-
duced by injecting prostaglandin E1, EGTA and bacterial endotoxins into
the PO-AH region and the medulla oblongata of the rat. Experientia
29:806—808.

Luheshi G, Rothwell N (1996) Cytokines and fever. Int Arch Allergy Immu-
nol 109:301-307.

Maggi Jr LB, Sadeghi H, Weigand C, Scarim AL, Heitmeier MR, Corbett JA
(2000) Anti-inflammatory  actions of  15-deoxy-delta  12,14-
prostaglandin J2 and troglitazone: evidence for heat shock-dependent
and -independent inhibition of cytokine-induced inducible nitric oxide
synthase expression. Diabetes 49:346—355.

Malkinson TJ, Cooper KE, Veale WL (1988) Physiological changes during
thermoregulation and fever in urethane-anesthetized rats. Am J Physiol
255:R73-R81.

Matsumura K, Cao C, Ozaki M, Morii H, Nakadate K, Watanabe Y (1998)
Brain endothelial cells express cyclooxygenase-2 during lipopolysaccharide-
induced fever: light and electron microscopic immunocytochemical studies.
J Neurosci 18:6279—-6289.

Mong JA, Devidze N, Frail DE, O’Connor LT, Samuel M, Choleris E, Ogawa
S, Pfaff DW (2003) Estradiol differentially regulates lipocalin-type pros-
taglandin D synthase transcript levels in the rodent brain: evidence from
high-density oligonucleotide arrays and in situ hybridization. Proc Natl
Acad Sci USA 100:318-323.

Morrow LE, McClellan JL, Conn CA, Kluger MJ (1993) Glucocorticoids
alter fever and IL-6 responses to psychological stress and to lipopolysac-
charide. Am J Physiol 264:R1010-R1016.

Mouihate A, Pittman QJ (2003) Neuro-immune response to endogenous
and exogenous pyrogens is differently modulated by sex steroids. Endo-
crinology 144:2454-2460.

Mouihate A, Clerget-Froidevaux MS, Nakamura K, Negishi M, Wallace JL,
Pittman QJ (2002) Suppression of fever at near term is associated with
reduced COX-2 protein expression in rat hypothalamus. Am ] Physiol
283:R800—-R805.

Murphy MT, Richards DB, Lipton JM (1983) Antipyretic potency of cen-
trally administered alpha-melanocyte stimulating hormone. Science
221:192-193.

Narumiya S, Sugimoto Y, Ushikubi F (1999) Prostanoid receptors: struc-
tures, properties, and functions. Physiol Rev 79:1193-1226.

Papanicolaou N, Meyer P (1972) Inactivation of prostaglandins E2 and A2
on their single passage through the pulmonary vascular bed in anaesthe-
tized rats. Rev Can Biol 31:313-316.

Paxinos G, Watson C (1986) The rat brain in stereotaxic coordinates, Ed 2.
New York: Academic.

Mouihate et al. » 15d-PGJ, and Antipyresis

Petrova TV, Akama KT, Van Eldik L] (1999) Cyclopentenone prostaglan-
dins suppress activation of microglia: down-regulation of inducible
nitric-oxide synthase by 15-deoxy-Deltal2,14-prostaglandin J2. Proc
Natl Acad Sci USA 96:4668—4673.

Pittman QJ, Chen X, Mouihate A, Martin S (1998) Vasopressin-induced
antipyresis. Sex- and experience-dependent febrile responses. Ann NY
Acad Sci 856:53-61.

Prusty D, Park B-H, Davis KE, Farmer SR (2002) Activation of MEK/ERK
signaling promotes adipogenesis by enhancing PPAR and C/EBP gene
expression during the differentiation of 3T3-L1 preadipocytes. ] Biol
Chem 277:46226—46232.

Rossi A, Kapahi P, Natoli G, Takahashi T, Chen Y, Karin M, Santoro MG
(2000) Anti-inflammatory cyclopentenone prostaglandins are direct in-
hibitors of IkappaB kinase. Nature 403:103—-108.

Sastre M, Dewachter I, Landreth GE, Willson TM, Klockgether T, van Leuven
F, Heneka MT (2003) Nonsteroidal anti-inflammatory drugs and per-
oxisome proliferator-activated receptor-y agonists modulate immunos-
timulated processing of the amyloid precursor protein through regulation
of B-secretase. ] Neurosci 23:9796-9804.

Scammell TE, Elmquist JK, Griffin JD, Saper CB (1996) Ventromedial pre-
optic prostaglandin E2 activates fever-producing autonomic pathways.
J Neurosci 16:6246—6254.

Schiltz JC, Sawchenko PE (2002) Distinct brain vascular cell types manifest
inducible cyclooxygenase expression as a function of the strength and
nature of immune insults. ] Neurosci 22:5606-5618.

Shibata T, Kondo M, Osawa T, Shibata N, Kobayashi M, Uchida K (2002)
15-Deoxy-delta 12,14-prostaglandin J2. A prostaglandin D2 metabolite gen-
erated during inflammatory processes. ] Biol Chem 277:10459-10466.

Simonin MA, Bordji K, Boyault S, Bianchi A, Gouze E, Becuwe P, Dauca M,
Netter P, Terlain B (2002) PPAR-gamma ligands modulate effects of
LPS in stimulated rat synovial fibroblasts. Am J Physiol 282:C125-C133.

Straus DS, Glass CK (2001) Cyclopentenone prostaglandins: new insights
on biological activities and cellular targets. Med Res Rev 21:185-210.

Straus DS, Pascual G, Li M, Welch ]S, Ricote M, Hsiang CH, Sengchan-
thalangsy LL, Ghosh G, Glass CK (2000) 15-Deoxy-delta 12,14-
prostaglandin J2 inhibits multiple steps in the NF-kappa B signaling path-
way. Proc Natl Acad Sci USA 97:4844—4849.

Tatro JB (2000) Endogenous antipyretics. Clin Infect Dis 31 [Suppl
5]:5190-S201.

Tropea D, Capsoni S, Tongiorgi E, Giannotta S, Cattaneo A, Domenici L
(2001) Mismatch between BDNF mRNA and protein expression in the
developing visual cortex: the role of visual experience. Eur ] Neurosci
13:709-721.

Urade Y, Fujimoto N, Hayaishi O (1985) Purification and characterization
of rat brain prostaglandin D synthetase. ] Biol Chem 260:12410-12415.

Urade Y, Kitahama K, Ohishi H, Kaneko T, Mizuno N, Hayaishi O (1993)
Dominant expression of mRNA for prostaglandin D synthase in leptome-
ninges, choroid plexus, and oligodendrocytes of the adult rat brain. Proc
Natl Acad Sci USA 90:9070-9074.

Ushikubi F, Segi E, Sugimoto Y, Murata T, Matsuoka T, Kobayashi T, Hizaki
H, Tuboi K, Katsuyama M, Ichikawa A, Tanaka T, Yoshida N, Narumiya
S (1998) Impaired febrile response in mice lacking the prostaglandin E
receptor subtype EP3. Nature 395:281-284.

Veale WL, Kasting NW, Cooper KE (1981) Arginine vasopressin and en-
dogenous antipyresis: evidence and significance. Fed Proc 40:2750-2753.

Wang N, Verna L, Chen NG, Chen J, Li H, Forman BM, Stemerman MB
(2002) Constitutive activation of peroxisome proliferator-activated
receptor-gamma suppresses pro-inflammatory adhesion molecules in
human vascular endothelial cells. ] Biol Chem 277:34176—34181.

Welch JS, Ricote M, Akiyama TE, Gonzalez FJ, Glass CK (2003) PPAR
gamma and PPAR delta negatively regulate specific subsets of lipopoly-
saccharide and IFN-gamma target genes in macrophages. Proc Natl Acad
Sci USA 100:6712—6717.

Woods JW, Tanen M, Figueroa DJ, Biswas C, Zycband E, Moller DE, Austin
CP, Berger JP (2003) Localization of PPARdelta in murine central ner-
vous system: expression in oligodendrocytes and neurons. Brain Res
975:10-21.

Yamagata K, Matsumura K, Inoue W, Shiraki T, Suzuki K, Yasuda S, Sugiura
H, Cao C, Watanabe Y, Kobayashi S (2001) Coexpression of microsomal-
type prostaglandin E synthase with cyclooxygenase-2 in brain endothelial
cells of rats during endotoxin-induced fever. ] Neurosci 21:2669-2677.



