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Review

The differential role of prostaglandin E2 receptors
EP3 and EP4 in regulation of fever

Michael Lazarus

Department of Neurology, Beth Israel Deaconess Medical Center, and Program in Neuroscience, Harvard
Medical School, Boston, MA, USA

The innate immune system of mammals is able to detect bacteria when they infect local tissue or
enter the blood stream, and initiate an immediate immune response. Prostaglandin (PG) E2 is consi-
dered as the most important link between the peripheral immune system and the brain. Due to four
PGE2 receptors (EP receptors) and their differential expression in various areas of the hypothalamus
and brain stem, PGE2 mediates different components of the acute phase reaction. A fever model is
discussed in which the preoptic area contains the mechanisms for both hyperthermic and hypothermic
responses and EP receptors in the median preoptic area (MnPO) modulate the thermogenic system.
The neuron-specific modulation of EP receptors in the MnPO can be critically tested by using Cre-
recombinase-mediated DNA recombination in genetically engineered mice. A concept for mice with
conditional expression of EP3R and EP4R to investigate the different roles of those receptors in lipo-
polysaccharide (LPS)-induced fever is presented.
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1 Introduction

It is critical for mammals to be able to detect bacteria imme-
diately when they infect local tissue and enter the blood-
stream, and to mount a vigorous immune response. Fever,
sickness behavior (malaise, increased pain sensitivity,
changes in wake-sleep cycles, and feeding), and changes in
secretion of hormones such as corticosteroids are compo-
nents of the acute phase reaction, an adaptive suite of
responses to systemic inflammatory stimuli.

Sir John Vane has made in 1971 the fundamental discovery
that anti-inflammatory compounds such as aspirin act by
blocking the formation of prostaglandins (PGs) [1]. Origin-
ally, PGs were discovered independently by Goldblatt and
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von Euler [2, 3] in 1935 as a “vasodilatory substance” in
seminal fluid and seminal vesicles from most animals
including man and are involved in a large number of bio-
chemical processes, often in extremely low concentrations.
PGs are formed from unsaturated fatty acids, primarily ara-
chidonic acid, whereby cyclic endoperoxides constitute an
important branching point from which the stable PGs as
well as the more unstable thromboxanes and prostacyclin
are formed.

PGE?2 is now considered as the most important link between
the peripheral immune system and the brain. Produced at
the boundaries between the bloodstream and brain tissue
and small enough to penetrate the blood-brain barrier
(BBB) and enter the CNS, PGE2 is the ideal candidate to
translate a peripheral immune signal into an acute phase
response by modulating neural activity through four speci-
fic receptors. In this short review, the differential role of
PGE receptors EP3 and EP4 in the regulation of fever will
be discussed.

2 Febrile response and hypothermia

A hallmark of the CNS response to inflammation is that
many of its manifestations, including fever and corticotro-
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Figure 1. Biosynthesis of PGs. Microsomal PG E
PGHZ PGE synthase-1 (MPGES-1) catalyzes the isomeriza-
i l tion of the 9,11-endoperoxide group of PGH2, a
v common precursor of various prostanoids, to
PGF, , PGD,, PGI,

Thromboxane A,

EP1-4 receptors

phin activation, can be prevented by blocking the produc-
tion of PGs [1, 4]. Both lipopolysaccharide (LPS) and cyto-
kines activate intracellular signaling cascades in endothelial
cells in small blood vessels and in vascular-associated
macrophages, termed perivascular cells, in the brain (Fig.
1) [5-7]. This cascade results in phospholipase A2 degrad-
ing phospholipids into arachidonic acid and increased
expression of cyclooxygenase type 2 (COX-2) 8, 9]. COX-
2 converts arachidonic acids to PGH2, from which specific
PG synthases synthesize various PGs [10, 11]. In addition,
macrophages and dendritic cells of the abdominal cavity
including Kupffer cells in the liver can produce PGE2 in
response to LPS [12, 13] and sensory neurons of the vagus
nerves express receptors for PGE2 that can activate afferent
nerve fibers [14] (for review see [15, 16]).

In the normal brain, COX-2 is present in certain neurons
and meningeal cells but little is found in brain vascular cells
[17-21]. Following administration of LPS or interleukin-1f
(IL-1PB), there is little change in neuronal expression of
COX-2, but intense induction of COX-2 is seen in vascular
cells of the brain parenchyma and subarachnoidal space
[17,22-24].

A variety of enzymes have been characterized as PG E
synthase [25, 26] but it was until 1999 when a membrane-
bound PG E synthase (mPGES-1) was identified [27] and
its coordinate up-regulation with COX-2 was shown [12,
28]. In the normal brain, mPGES-1 is very little expressed
in endothelial cells, but highly abundant in this type of cells
in response to systemic administration of LPS or IL-1f and
the distribution is very similar to that of COX-2 [29-31].

A key role of both COX-2 and mPGES-1 in producing fever
has been demonstrated in mouse strains lacking these key
enzymes [32-34]. Animals lacking either COX-2 or
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PGE2 having 9-keto and 11-hydroxy groups.
PGH2 is produced from arachidonic acid by
cyclooxygenases.

mPGES-1 fail to produce a fever response when stimulated
with LPS.

Because PGE2 is a lipid mediator, it can cross the BBB in
the circumventricular organs, which lack a BBB, or pene-
trating venules around the margins of the brain, and as a
result it can act in the adjacent brain on neurons expressing
E type PG receptors (EPRs) to differentially activate vari-
ous pathways of the CNS in response to systemic immune
challenge. EP receptors are G-protein-coupled receptors
and classified into four subtypes: EP1, EP2, EP3, and EP4.
These receptors can be grouped into three categories on the
basis of their signal transduction: the EP1 receptor
increases intracellular Ca*". The receptors, which mediate
increases in intracellular cyclic adenosine monophosphate
(cAMP), consist of the EP2 and EP4 receptors. The EP3
receptor expressed in the brain is an inhibitory receptor that
mediates decreases in intracellular cAMP, although other
splicing variants of the EP3R have different signaling path-
ways.

E-type PGs have been considered as principal mediator of
fever since Milton and Wendlandt [35] reported in 1970
that injection of PG El into the third ventricle of cats ele-
vated body temperature. Conversely, injecting a COX inhi-
bitor into the preoptic area attenuated fever dramatically
[36], indicating that both the production of PGE2 and its
neuronal targets for fever production are located at the ante-
rior tip of the third ventricle, a region containing the median
preoptic area (MnPO), organum vasculosum of the lamina
terminalis (OVLT), and ventromedial preoptic nucleus
(VMPO).

One major clue to identifying the key circuitry involved in
the CNS responses to systemic immune challenge is the
location of EP receptors in the brain. Oka et al. [37] mapped
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the distribution of EP receptors by using in situ hybridiza-
tion for their mRNA. These studies and those by others
demonstrated that EP3 receptors are highly localized to the
MnPO appearing at rostral levels as an inverted Y-shaped
structure, capping the vascular organ of the OVLT. The
localization of intense expression in the MnPO provides an
important clue to the genesis of fever responses as the EP3
receptor is probably the most critical for producing fever.
EP4 receptors are found at highest levels in the VMPO and
the lateral OVLT, but are also found at lower levels in the
MnPO.

In order to clarify which of the EP receptors might be
involved in fever responses, Oka et al. [38] have injected
highly specific EP receptor agonists intracerebroventricular
(i.c.v.) into awake rats and recorded body temperature tele-
metrically. In these experiments, it was found that the EP3
agonist (ONO-AE-248) caused a 1.0-1.5°C fever that
reached its maximum after 40 min after the injection. This
response was substantially delayed from PGE2, which
causes a brisk fever response in about 20 min. Conversely,
the EP4 agonist (ONO-AE1-329) caused a 0.5°C hypother-
mia. These experiments demonstrated that the EP3 recep-
tors are capable of producing hyperthermic responses,
whereas the EP4 receptor is more likely to produce
hypothermic responses.

A study of EP receptor knockout mice showed that only
mice with EP3 [39], but not EP1, EP2, or EP4 receptor gene
deletion lacked a hyperthermic response to i.c.v. PGE2,
suggesting a crucial role for EP3 receptors in producing
fever in mice. However, in those experiments, body tem-
perature was measured by restraining animals and using
rectal probes and only for 1 h after LPS or PGE2 adminis-
tration. As restraint causes stress that alters the body tem-
perature, Saper and colleagues studied the fever response of
unrestrained EP3 receptor knockout mice for up to 12 h
after intraperitoneal LPS administration at a variety of
doses [40]. They found that different doses of intraperitone-
ally injected LPS produced different temporal evolutions of
fever responses in C57BL/6 wild-type mice. A 1 pg/kg
dose caused a brief, early hyperthermia (2—4 h after LPS
injection), which was eliminated in EP3 receptor knockout
animals. At 10 pg/kg, the early hyperthermia was greater in
wild-type mice, whereas the EP3 receptor null mice showed
only a brief hypothermia from 1 to 2 h after LPS was admi-
nistered. At 100 pg/kg, wild-type mice showed little early
fever, but a 1°C hyperthermia from 4 to 9 h after LPS
administration. EP3R knockout animals had a profound
hypothermia of 2°C that lasted for 9 h. At 1 mg/kg of LPS
administration, the wild-type mice had a mild hypothermia
of 0.5°C from 1 to 3 h after the LPS injection, and then a
more profound hypothermia of 4°C from 4 to 8 h. EP3
receptor knockout animals had an even more profound
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hypothermia, with body temperature dropping more than
6°C from 4 to 8 h after the LPS injection.

It appears that the EP3 receptor is necessary not only to pro-
duce fever responses but also to prevent profound hypother-
mic responses, particularly at higher doses of LPS. Thus,
the fever curve at different time points and after different
doses of LPS appears to reflect the interaction of both
hyperthermic and hypothermic processes. EP3 receptors
are providing a strong hyperthermic drive, and without
these, the main effect of LPS was hypothermia, which
appears from the agonist studies [38] to be due to EP4
receptors. The EP4 receptor animals were excluded from
this study, mainly because these animals rarely survive very
long after birth, because the ductus arteriosus remains
patent, as it requires EP4 receptor stimulation to close [41,
42].

Studies by Nakamura and colleagues [43—45] have exam-
ined the neuronal pathways by which the EP3 receptor may
cause fever. Sawchenko and colleagues [46] confirmed that
EP3 receptors are highly expressed by neurons in the
MnPO, and demonstrated descending projections to the
raphe pallidus nucleus (RP) in the brain stem. The RP has
been shown in recent years to be a key site for integrating
sympathetic responses important in producing increased
body temperature, including both increased thermogenesis
through activation of brown adipose tissue and reduced pas-
sive heat loss through the skin by tail artery vasoconstric-
tion [47-50].

The model shown in Fig. 2 [51] also accounts for additional
observations, such as the attenuation of fever response by
lesion of the paraventricular hypothalamus (PVH) or
gamma-amino butyric acid (GABA)-ergic inhibition of the
dorsomedial hypothalamus (DMH), and that fever is attenu-
ated by blocking excitatory amino acid neurotransmission
in the RP, indicating that the RP receives both an excitatory
amino acid input and a reduced GABA input during fever
responses [52—-54]. In this model, the preoptic area contains
the mechanisms for both hyperthermic and hypothermic
responses. Hyperthermia is generated by a system of neu-
rons including the PVH, DMH, and the RP, which activate
thermogenic brown adipose tissue and heat conservation
(vasoconstriction) responses. This thermogenic system is
normally restrained by inhibitory neurons in the MnPO.
Some MnPO neurons project to the RP; there are also pro-
jections to neurons in the PVH and the DMH, which in turn
provide excitatory inputs to the RP. During fever, hyperther-
mic neurons in the MnPO are inhibited by EP3 receptors,
thus disinhibiting, i. e., releasing, thermogenesis. The same
neurons can contain EP4 receptors, which excite them and
thereby limit thermogenesis and in the absence of EP3
receptor action produce hypothermia.
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Figure 2. A model for neuronal interactions with EP receptors in the fever response after systemic immune challenge. PGE2 is
transported or diffuses across the BBB in small blood vessels around the margins of the brain. Action of PGE2 on EP3 and EP4
receptors surrounding the anteroventral tip of the third ventricle in the preoptic area, including the MnPO, OVLT, and VMPO,
appears to be critical for producing fever. EP3 receptors generate hyperthermia, and EP4 responses generate hypothermia. The
body temperature of the animal represents the net effect of these counterpoised forces, which may vary at different time points after

immune stimuli start signaling the CNS [51].

3 Future studies

Transgenic animals with constitutive gene disruptions of
the EP receptors are very valuable to understand the role
played by the specific EP receptors for the mechanisms by
which an immune stimulus, such as LPS or IL-1f, can cause
a set of acute phase responses organized by the brain. How-
ever, it is difficult to use EP4 receptor knockout animals
because of the poor viability of the animals. Genetic disrup-
tion of the mouse EP4 receptor results in perinatal lethality
associated with persistent patent ductus arteriosus. More-
over, constitutive knockout animals cannot be used to
further localize individual brain areas or neurons involved
in the acute phase responses.

The neuron-specific modulation of EP receptors can be cri-
tically tested by using Cre-recombinase-mediated DNA
recombination in genetically engineered mice [55]. Cre
recombinase catalyzes deletion of DNA sequences flanked
by 34 bp LOX sites. By transgenically directing Cre to dis-
crete populations of neurons, and by crossing these trans-
genes with mice bearing LOX-modified alleles, it is possi-
ble to modulate these genes in a neuron-specific fashion
[56]. Similarly, adenoassociated viruses (AAVs) expressing
Cre can be stereotaxically injected into specific nuclei in
the brains of mice bearing LOX-modified alleles to modu-
late these gene expression in pattern dictated by the site of
AAV injection [57]. AAV vectors are viral capsids, in which
all viral genes were replaced by engineered genes. Thus,
AAVs cannot replicate and transgene expression is limited
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to the area in which the virus is injected. Recombinant AAV
vectors are an ideal method to introduce Cre into the brain
with almost no inflammatory response and a very popular
tool for genetic rescue experiments in mice [57-60].

A mouse line with an EP4R gene amenable to conditional
deletion using Cre recombinase was recently created by
inserting LOX sites into introns flanking the second exon of
the EP4R gene [61]. Moreover, our lab is currently produ-
cing mice with conditional expression of EP3 receptors.
The conditional knockout mice for the specific EP receptor
will be very useful to study the effect of focal gene manipu-
lation in the preoptic area.

4 Conclusion

Due to the variety of four EP receptors and their differential
expression in various areas of the hypothalamus and brain
stem, PGE2 mediates different components of the acute
phase reaction. In the preoptic area, EP3 receptors generate
hyperthermia, and EP4 responses generate hypothermia.
The body temperature of the animal represents the net
effect of these opposing forces, which may vary at different
time points after the infection.

I thank Clifford Saper for his help and advice with this
review. The author was generously supported by USPHS
grant NS33987.

www.mnf-journal.com



Mol. Nutr. Food Res. 2006, 50, 451—-455

5 References

(1]
(2]
[3]
(4]
(5]
(6]
(7]
(8]
[9]

[10]

(1]
[12]

[13]
[14]
[15]

[16]
[17]

(18]
[19]
(20]
(21]

(22]
(23]

[24]
(23]
[26]
[27]
(28]
[29]

(30]

Vane, J. R., Nat. New. Biol. 1971, 231,232-235.
Goldblatt, M. W., J. Physiol. (Lond) 1935, 84,208 —-218.
von Euler, U. S., Klin. Wochenschrift 1935, 14,1182—-1183.

Zhang, Y. H., Lu, J., Elmquist, J. K., Saper, C. B., J Comp.
Neurol. 2003, 463,3—12.

Schiltz, J. C., Sawchenko, P. E., Front Biosci. 2003, 8, 1321 —
1329.

Matsumura, K., Kobayashi, S., Front. Biosci. 2004, 9,2819—
2826.

Konsman, J. P, Vigues, S., Mackerlova, L., Bristow, A.,
Blomgpvist, A., J. Comp. Neurol. 2004, 472,113—-129.

Schiltz, J. C., Sawchenko, P. E., J. Neurosci. 2002, 22, 5606 —
5618.

Ivanov, A. 1., Romanovsky, A. A., Front. Biosci. 2004, 9,
1977-1993.

Smith, W. L., Dewitt, D. L., Adv. Immunol. 1996, 62, 167 —
215.

O’Banion, M. K., Crit. Rev. Neurobiol. 1999, 13,45-82.

Lazarus, M., Kubata, B. K., Eguchi, N., Fujitani, Y. et al.,
Arch. Biochem. Biophys. 2002, 397,336—341.

Sehic, E., Hunter, W. S., Ungar, A. L., Blatteis, C. M., Ann.
NYAcad. Sci. 1997, 813,448 -452.

Ek, M., Kurosawa, M., Lundeberg, T., Ericsson, A., J. Neu-
rosci. 1998, 18,9471-9479.

Dantzer, R., Konsman, J. P, Bluthe, R. M., Kelley, K. W,,
Auton. Neurosci. 2000, 85, 60—65.

Romanovsky, A. A., Front. Biosci. 2004, 9, 494—504.

Elmquist, J. K., Breder, C. D., Sherin, J. E., Scammell, T. E. et
al.,J. Comp. Neurol. 1997, 381, 119—129.

Breder, C. D., Dewitt, D., Kraig, R. P., J. Comp. Neurol. 1995,
355,296-315.

Breder, C. D., Smith, W. L., Raz, A., Masferrer, J. et al., J.
Comp. Neurol. 1992, 322, 409—438.

Yamagata, K., Andreasson, K. 1., Kaufmann, W. E., Barnes,
C. A., Worley, P. ., Neuron 1993, 11,371-386.

Beuckmann, C. T., Lazarus, M., Gerashchenko, D., J. Comp.
Neurol. 2000, 428, 62—78.

Breder, C. D., Saper, C. B., Brain Res. 1996, 713, 64—69.

Cao, C., Matsumura, K., Yamagata, K., Watanabe, Y., Brain
Res. 1996, 733,263-272.

Cao, C., Matsumura, K., Yamagata, K., Watanabe, Y., Brain
Res. 1995, 697, 187—196.

Beuckmann, C. T., Fujimori, K., Urade, Y., Hayaishi, O., Neu-
rochem. Res. 2000, 25,733 —-738.

Tanioka, T., Nakatani, Y., Semmyo, N., Murakami, M., Kudo,
1.,J. Biol. Chem. 2000, 275,32775-32782.

Jakobsson, P. J., Thoren, S., Morgenstern, R., Samuelsson, B.,
Proc. Natl. Acad. Sci. USA 1999, 96, 7220—7225.

Thoren, S., Jakobsson, P. J., Eur. J Biochem. 2000, 267,
6428—-6434.

Ek, M., Engblom, D., Saha, S., Blomqvist, A. et al., Nature
2001, 410,430-431.

Engblom, D., Ek, M., Andersson, I. M., Saha, S. et al., J.
Comp. Neurol. 2002, 452,205-214.

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

EP receptors and fever

Yamagata, K., Matsumura, K., Inoue, W., Shiraki, T. et al., J.
Neurosci. 2001, 21,2669-2677.

Li, S., Wang, Y., Matsumura, K., Ballou, L. R. et al., Brain
Res. 1999, 825, 86—94.

Li, S., Ballou, L. R., Morham, S. G., Blatteis, C. M., Brain
Res. 2001, 910,163—173.

Engblom, D., Saha, S., Engstrom, L., Westman, M. et al., Nat
Neurosci. 2003, 6, 1137—1138.

Milton, A. S., Wendlandt, S., J. Physiol. 1970, 207, 76P—77P.

Scammell, T. E., Griffin, J. D., Elmquist, J. K., Saper, C. B.,
Am. J. Physiol. 1998, 274, R783 —R789.

Oka, T., Oka, K., Scammell, T. E., Lee, C. et al., J. Comp.
Neurol. 2000, 428,20-32.

Oka, T., Oka, K., Saper, C. B., Brain Res. 2003, 968, 256—
262.

Ushikubi, F,, Segi, E., Sugimoto, Y., Murata, T. et al., Nature
1998, 395,281 -284.

Oka, T., Oka, K., Kobayashi, T., Sugimoto, Y. ef al., J. Phy-
siol. (Lond) 2003, 551,945-954.

Segi, E., Sugimoto, Y., Yamasaki, A., Aze, Y. et al., Biochem.
Biophys. Res. Commun. 1998, 246, 7—12.

Nguyen, M., Camenisch, T., Snouwaert, J. N., Hicks, E. et al.,
Nature 1997, 390, 78 —81.

Nakamura, K., Kaneko, T., Yamashita, Y., Hasegawa, H. et
al., Neurosci. Lett. 1999, 260, 117—120.

Nakamura, K., Kaneko, T., Yamashita, Y., Hasegawa, H. et
al., J. Comp. Neurol. 2000, 421, 543 —-569.

Nakamura, K., Matsumura, K., Hubschle, T., Nakamura, Y. et
al.,J. Neurosci. 2004, 24, 5370—5380.

Ek, M., Arias, C., Sawchenko, P., Ericsson-Dahlstrand, A., J.
Comp. Neurol. 2000, 428, 5-20.

Morrison, S. F.,, Ann. NY Acad. Sci. 2001, 940, 286—298.
Morrison, S. F., News Physiol. Sci. 2004, 19, 67—74.
Morrison, S. F., Neuroscience 2003, 121, 17—24.

Nakamura, K., Matsumura, K., Kaneko, T., Kobayashi, S. et
al.,J. Neurosci. 2002, 22, 4600—-4610.

Lazarus, M., Saper, C. B., in: Ader, R. (Ed.), Psychoneuroim-
munology, Academic Press, San Diego 2006 (in press).

Lu, J., Zhang, Y. H., Chou, T. C., Gaus, S. E. et al., J. Neu-
rosci. 2001, 21,4864 —-4874.

Madden, C. J., Morrison, S. F., Am. J. Physiol. Regul. Integr.
Comp. Physiol. 2004, 286, R320—R325.

Madden, C. J., Morrison, S. F., Neuroscience 2003, 122, 5—
15.

Lewandoski, M., Nat. Rev. Genet. 2001, 2,743 —755.

Balthasar, N., Coppari, R., McMinn, J., Liu, S. M. et al., Neu-
ron 2004, 42,983 -991.

Scammell, T. E., Arrigoni, E., Thompson, M. A., Ronan, P. J.
etal.,J. Neurosci. 2003, 23,5762—-5770.

Chamberlin, N. L., Du, B., de Lacalle, S., Saper, C. B., Brain
Res. 1998, 793, 169—175.

Kaspar, B. K., Vissel, B., Bengoechea, T., Crone, S. et al.,
Proc. Natl. Acad. Sci. USA 2002, 99, 2320-2325.

Coppari, R., Ichinose, M., Lee, C. E., Pullen, A. E. et al., Cell
Metabolism 2005, 1,63—72.

Schneider, A., Guan, Y., Zhang, Y., Magnuson, M. A. et al.,
Genesis 2004, 40, 7—14.

www.mnf-journal.com




