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Prostaglandin (PG) E2 produces a broad range of physiological and pharmacological
actions in diverse tissues through specific receptors on plasma membranes for mainte-
nance of local homeostasis in the body. PGE receptors are divided into four subtypes,
EP1, EP2, EP3, and EP4, which have been identified and cloned. These EP receptors are
members of the G-protein coupled receptor family. Among these subtypes, the EP3 re-
ceptor is unique in its ability to couple to multiple G proteins. EP3 receptor signals are
primarily involved in inhibition of adenylyl cyclase via G; activation, and in Ca2+-mobili-
zation through Gpv from G;. Along with G; activation, the EP3 receptor can stimulate
cAMP production via Gs activation. Recent evidence indicates that the EP3 receptor can
augment Gs-coupled receptor-stimulated adenylyl cyclase activity, and can also be cou-
pled to the G13 protein, resulting in activation of the small G protein Rho followed by
morphological changes in neuronal cells. This article focuses on recent studies on the
novel pathways of EP3 receptor signaling.
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Prostanoids comprising the prostaglandins (PGs) and
thromboxanes (TXs) are potent eicosanoid lipid mediators
generated by the cyclooxygenase (COX) isozymes. Pros-
tanoids are quickly released from cells after synthesis and
act as local hormones in the vicinity of their production site
to maintain local homeostasis. The ability of each pros-
tanoid to affect various biological responses is dependent on
its binding to specific receptors on the plasma membrane.
These prostanoid receptors are classified into five basic
types, termed DP, EP, FP, IP, and TP receptors, on the basis
of their sensitivities to the five primary prostanoids, PGD2,
PGE2, PGF2n, PGI2, and TXA^ respectively. Furthermore,
there are several receptor subtypes for PGD2 and PGE2.
PGD2 acts through two receptors, the DP receptor and the
recently identified CRTH2 receptor (chemoattractant recep-
tor homologous molecule expressed on Th2) (1). EP receptor
is subdivided into four subtypes, EP1, EP2, EP3, and EP4,
on the basis of their responses to various agonists and
antagonists.

Prostanoid receptors are G-protein coupled, rhodopsin-
type receptors with seven transmembrane domains. Knowl-
edge accumulated from analyses on the structure and func-
tion of the prostanoid receptor molecules has been de-
scribed elsewhere (2). The DP, EP2, EP4, IP receptors, and
one isoform of the EP3 receptor can couple to Gs and thus
increase intracellular cAMP concentration. The FP, IP, and
TP receptors can couple to Gq, and activation of these re-
ceptors leads to an increase in intracellular calcium levels.
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Finally, the TP, CRTH2, and EP3 receptor can couple to Gi(

causing a decrease in the cAMP levels while also mobilizing
intracellular calcium. The EP1 receptor can also mobilize
intracellular calcium, but activation of G proteins by the
EP1 receptor has not been confirmed.

Of the prostanoid receptor molecules, the EP3 receptor
has different C-terminal tail isoforms, which are generated
by alternative splicing. It has been reported that the mouse
EP3 receptor has three isoforms, EP3a, EP3p, and EP37
(3-5), the bovine EP3 receptor has four isoforms (6), the
rabbit EP3 receptor has five isoforms (7, 8), and the human
EP3 receptor has seven isoforms (9). Gi activation mediated
by the mouse EP3 receptor isoforms has been well investi-
gated. The three mouse EP3 receptor isoforms couple to G{

with different IC50 values, of which EP37 < EP3a < EP3P
(3, 4). Regarding the agonist-dependency for G; activation,
the mouse EP3a and -y isoforms have partially constitutive
Gj activity (EP37 > EP3a), but the EP3(3 isoform has no
constitutive Gj activity (10, 11). Moreover, the C-terminal
tail-truncated mutant receptor, abbreviated as T-335,
showed fully constitutive G; activity (11). Along with G;

activity, the three isoforms and T-335 can cause agonist-
dependent Gs activity (4). The order of potency is EP37 > T-
335 > EP3a = EP3P = 0. This shows that the core of the
EP3 receptor has the ability to associate with and activate
G/Gs proteins, while the C-terminal tail of the EP3 receptor
can suppress G protein activation.

Recently, novel actions of the EP3 receptor other than in
G/Gs signaling have been identified using EP3-expressing
cells and cultured neuronal cells. This review summarizes
the current information regarding the EP3 receptor with a
focus on its novel actions.

Ca2+ mobilization mediated by the EP3 receptor
Activation of the mouse EP3a, EP3p, and EP3^ receptors
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is known to lead to intracellular Ca2+ mobilization in a PT-
sensitive manner in CHO cells (12). This Ca2+ mobilization
mediated by the EP3 receptor is conducted by the Gp-y sub-
units from the G^ protein, since the PLCp isoform is acti-
vated by these subunits.

We recently reported that the mouse EP3p receptor and
the T-335 receptor can significantly augment Gs-coupled
EP2-induced adenylyl cyclase activity, and that this aug-
mentation is mediated by a PT-insensitive Ca2+ pathway
(13). Grcoupled receptors such as a2 adrenoceptor (14) and
bradykinin B2 receptor (15) are also known to lead to aug-
mentation of Gs-stimulated adenylyl cyclase in COS-7 cells.
This augmentation is suspected to be via an increase in
adenylyl cyclase type II activity by direct interaction of the
Gp-y subunits released from activated G^ proteins with the
receptors. However, the adenylyl cyclase augmentation in-
duced by the EP3 receptor was not attenuated by either PT
treatment or expression of the PH domain of rat pARKl,
which serves as a scavenger of Gp-y subunits. This result
suggests that adenylyl cyclase augmentation is mediated
via a novel signaling pathway without the involvement of
GP7 subunits released from G^ proteins. In fact, the adeny-
lyl cyclase augmentation was almost completely attenuated
by pretreatment with either l,2-bis(o-aminophenoxymeth-
yl)ethane-A/;.ZV,iV'iV-tetraacetic acid tetra(acetoxymethyl)-
ester, an intracellular Ca2+ chelator, or W-7, a calmodulin
inhibitor. These findings suggest that the adenylyl cyclase
augmentation induced by the EP3 receptor is achieved via
a signaling pathway involving a Ca2+/calmodulin reaction.
Moreover, the T-335 receptor caused a similar augmenta-
tion in EP2-stimulated adenylyl cyclase activation, indicat-
ing that the C-terminal tail of the EP3p receptor is not
essential for this reaction. This cross-talk between the
EP3p and EP2 receptors was also reproduced by combina-
tion of the Gs-coupled luteinizing hormone (LH) receptor
with the EP3p receptor in COS-7 cells. The putative EP17
EP3 agonist sulprostone significantly augmented the cAMP
levels produced by LH stimulation in COS-7 cells coex-
pressing EP3 and LH receptors (Fig. 1). In preliminary
experiments, we found that sulprostone augmented cAMP
production stimulated by the EP4 agonist ONO-AE-1-329
in mouse mastocytoma P-815 cells, which mainly express
the EP3 and EP4 receptors. Southhall and Vasko reported
that the bovine EP3C and EP4 receptors mediate PGE2-
induced cAMP production and the sensitization of sensory
neurons (16). Despite the extensive facts showing that G r

coupled receptors can augment Gs-coupled receptor-stimu-
lated adenylyl cyclase activity, it remains unknown why the
G-coupled receptor does not preferentially interact with
the G; protein in COS-7 cells. Recent evidence suggests that
many signaling molecules localize in microdomains in the
plasma membrane, particularly in the caveolae. For exam-
ple, the EP2 receptor does not activate adenylyl cyclase
type VI, although the p-adrenergic receptor activates this
adenylyl cyclase (17). Hence, the selective interaction of the
EP3 receptor with Gs-coupled EP2-stimulated adenylyl
cyclase, even in the presence of an excess of Gj protein in
the plasma membrane, may be crucial for agonist-depen-
dent augmentation of cAMP synthesis.

It has also been reported that the rabbit EP3 receptor
can couple to the activation of cAMP response element
(CRE)-mediated gene transcription, which is a PT-insensi-
tive Ca2+ pathway in HEK293tsA201 cells (8). The rabbit

EP3 receptor was able to elicit this activation in an agonist-
dependent manner, although their EC50 values were 15-fold
higher than that for G; activity. This CRE activation is
mediated by a Ca2+-dependent kinase pathway, since acti-
vation was partially inhibited by the selective PKC inhibi-
tor, bisindolylmaleimide I, and completely inhibited by
staurosporine, a strong inhibitor of PKC, PKA, and other
serine/threonine kinases. These two signals mediated by
either the mouse EP3 receptor or the rabbit EP3 receptor
elicited an increase in Ca2+ levels in a Grindependent man-
ner. Furthermore, the C-terminal tail-deleted receptors, T-
335 being the mouse derivative and NT being the rabbit
EP3 derivative, activated these PT-insensitive Ca2+ related
pathways in an agonist-dependent manner. Since T-335
results in agonist-independent constitutive G; activity (11),
the C-terminal tails of the EP3 receptors have different
functions in PT-sensitive G; activity and PT-insensitive Ca2+

signaling. These results indicate that the conformation of
the EP3 receptor may be quite different in these different
signaling pathways.

It has recently been reported that EP3 receptor-medi-
ated signals may promote a novel form of neutrophil cell
death, which differs from typical apoptosis or necrosis (18).
Incubation of neutrophils with staurosporine or H-7, which
are inhibitors of PKC, prevented this EP3 receptor agonist-
induced neutrophil cell death, though it remained unclear
whether this neutrophil death occurs by a PT-sensitive or
insensitive pathway. This study showed that the EP3 recep-
tor promoted neutrophil cell death through the activation
of PKC, indicating that Ca2+ signaling mediated by the EP3
receptor may play a role in various diseases.

G13 activity mediated by the EP3 receptor
The bovine EP3 isoform receptors (EP3A, EP3B, EP3C,

EP3D) are known to couple to various G proteins. EP3A
receptor can couple to G;, EP3B and EP3C receptors to Gs

and Go, EP3D receptor to G;, Gs, and Gq. Along with these G
proteins, the bovine EP3 receptor was found to lead to the
activation of G13 in PC12 cells (19, 20). The bovine EP3B
receptor was able to induce neurite retraction in differenti-

EP3 recepto
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Fig. 1. Schematic illustration of the mechanism of EP3 recep-
tor-induced Ca2*-dependent augmentation of cAMP synthe-
sis. The mouse EP3 receptors stimulate an increase in intracellular
Ca2+ levels, and promote Gs-activated adenylyl cyclase (AC) through
the Ca2*-calmodulin pathway in an agonist-dependent and PT-insen-
sitive manner.
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ated PC 12 cells in a PT-insensitive and agonist-dependei
manner. Clostridium botulinum C3~exozyme completely h
hibited EP3 receptor-induced neurite retraction when m
croinjected into the PC12 cells, indicating that the morphi
logical effect of the EP3B receptor is dependent on Rr
activity. Small GTPases of the Rho family, Rac, CDC42, an
Rho, are involved in morphological changes in various cell
In neuronal cells, Rac or CDC42 appears to be required f<
the outgrowth of neurites, while Rho is required for neurii
retraction (21). It has been reported that G12, G13, and (
induce Rho-dependent neurite retraction in nerve growl
factor (NGF)-differentiated PC 12 cells (22). The bovir
EP3B receptor-induced neurite retraction was blocked I
tyrphostin A25, which inhibits the G13 and Gq-mediate
morphological changes via Rho. Moreover, EP3 receptor a
tivation did not increase the intracellular Ca2+ concentra-
tion in PC 12 cells, and the neuronal morphological changes
induced by the EP3 receptor were not blocked by the inhibi-
tion of protein kinase C activity. These results indicate that
the bovine EP3B receptor induces neurite retraction via a
G13-small GTPase Rho pathway in PC 12 cells.

The mouse EP3 receptor isoforms induced the formation
of stress fibers in MDCK cells (23). This receptor-mediated
stress-fiber formation was completely inhibited by Clostrid-
ium botulinum C3 exozyme, indicating the involvement of
Rho in the formation of stress fibers in MDCK cells. How-
ever, since the EP3 receptor-mediated stress-fiber forma-
tion was not inhibited by PT treatment, it may be mediated
via a G13-Rho pathway, as in the case of receptor-mediated
neurite retraction in PC12 cells. The EP3a and EP3(3 recep-
tors differed in their agonist-dependencies for stress-fiber
formation: the EP3a isoform acted agonist-independently,
while the EP3(3 isoform acted agonist-dependently. These
observations indicate that the mouse EP3 isoforms differ in
agonist-independent constitutive G13 activity, and that the
carboxyl-terminal tail of the EP3 receptor can suppress G13

protein activation mediated by the core region of the EP3
receptor (Fig. 2).

PGE2 is one of the major PGs synthesized in the nervous
system (24). PGE2 has several important functions in the
nervous system, such as the generation of fever, regulation
of LH-releasing hormone secretion, pain modulation, and
regulation of neurotransmitter release. Furthermore, the
EP3 receptor is involved in pyrogen-induced fever genera-
tion (25). Among the EP subtypes, the EP3 receptor is the
most abundant in the brain and is specifically localized to
neurons (26). When the brain is injured, newly synthesized
PGE2 may cause retraction of neurites of EP3 receptor-ex-
pressing neurons and mediate reorganization of damaged
neuronal connections. In addition, the levels of PGE2 are
also increased in the brain upon synaptic activity or during
development (27). PGE2 may therefore also be involved in
the refining and remodeling of initial neuronal connections
through the EP3 receptors.

Conclusion
Among the PGE receptor subtypes, the EP3 receptor has

been shown to mediate various physiological and patho-
physiological functions. These functions are mediated
through the different actions of the EP receptor subtypes,
which are coupled to different G proteins, leading to the
stimulation of multiple signal transduction pathways. EP3
receptor signals have been extensively-studied using-cells.

Plasma membrane

Fig. 2. Schematic illustration of the mechanism of Rho acti-
vation induced by EP3 receptor isoform-G13 coupling. The
mouse EP3 receptor isoforms EP3a and EP3pS constitutively and ag-
onist-dependently activate the G13 protein respectively, leading to
the activation of the small GTPase Rho.

expressing a single receptor subtype. However, regular cells
probably express multiple EP receptor subtypes or different
hormone receptors on their plasma membranes. Hence,
defining the cross-talk of multiple signaling pathways in-
duced by the different EP receptor subtypes or hormone
receptors is crucial for the biochemical and molecular bio-
logical understanding of hormone actions. Such analyses
are essential for the evaluation of receptor-induced signal-
ing pathways and receptor-induced physiological responses.
In addition, these advanced studies will promote the devel-
opment of the specific agonists and antagonists for clinical
use against various hormone-related diseases.
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