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Abstract

Prostaglandins (PGs) are potent autocrine and paracrine oxygenated lipid molecules that contribute
appreciably to physiologic and pathophysiologic responses in almost all organs, including brain.
Emerging data indicate that the PGs, and more specifically PGEy, play a central role in brain diseases
including ischemic injury and several neurodegenerative diseases. Given concerns over the potential
toxicity from protracted use of cyclooxygenase inhibitors in the elderly, attention is now focused on
blocking PGE, signaling that is mediated by interactions with four distinct G protein-coupled
receptors, EP1-4, which are differentially expressed on neuronal and glial cells throughout the central
nervous system. EP1 activation has been shown to mediate Ca2*-dependent neurotoxicity in ischemic
injury. EP2 activation has been shown to mediate microglial-induced paracrine neurotoxicity as well
as suppress microglia internalization of aggregated neurotoxic peptides. Animal models support the
potential efficacy of targeting specific EP receptor subtypes in Alzheimer's disease, Parkinson's
disease, amyotrophic lateral sclerosis, and ischemic stroke. However promising these preclinical
studies are, they have yet to be followed by clinical trials targeting any EP receptor in neurologic
diseases.
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PROSTAGLANDIN SIGNALING

In response to varying physiologic and pathophysiologic stimuli, phospholipase (PL) A2
hydrolyzes the ester linkage that bonds arachidonic acid (AA) to glycerol in phospholipids
[1]. Catalyzed oxygenation of AA produces the derivative class of molecules termed
eicosanoids, which includes the subclasses of prostanoids and leukotrienes. The two
predominant groups of enzymes that catalyze the oxygenation of hydrolyzed AA to yield initial
eicosanoid products are the cyclooxygenase (COX) isozymes and lipoxygenases (LOXs),
respectively. COX isozymes catalyze the formation of the prostanoid prostaglandin (PG) Ho,
which is the committed step in PG synthesis and involves formation of the intermediate
PGG, with the release of an oxidizing radical [2]. The bioactivity of PGH5 is a consequence
of three independent mechanisms. First, PGH, may be converted to the prostanoids PGD»,
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PGE,, PGF,,, PGl,, and thromboxane (Tx) A, by cell-specific synthases or isomerases. These
potent prostanoid signaling molecules exert their effects through autocrine and paracrine
stimulation of eight specific G protein-coupled receptors (GPCRs) designated DP, EP1-4, FP,
IP, and TP, respectively [3]. Differentially restricted expression of the prostanoid synthases,
isomerases and receptors allow these prostanoids to achieve a wide variety of biological actions
in different cell types and tissues. Second, PGHy, itself is an agonist for the TP receptor. Third,
PGH, may spontaneously rearrange to form levuglandins (LGs). LGs are highly chemically
reactive compounds that form irreversible adducts with protein lysyl residues leading to
protein-protein crosslinks [4]. An example of this potentially harmful activity is the ability of
LGs to accelerate the oligomerization of Alzheimer's disease related A peptides in vitro [5].

Compelling epidemiologic data have repeatedly shown that protracted use of non-steroidal
anti-inflammatory drug (NSAID) inhibitors of COX isoforms prior to the onset of dementia
can substantially (50% or more) lower the risk of subsequently developing dementia [6].
Unfortunately, a large clinical trial aimed at testing this associataion with both a non-selective
and COX2-selective NSAID, the Alzheimer's Disease Anti-inflammatory Prevention Trial
(ADAPT), was terminated early because of increased “thrombotic events” (myocardial infarct
and ischemic stroke) in individuals randomized to drug [7]. While there is an ongoing debate
over the risks associated with protracted use of NSAIDs in the elderly [8,9], many academic
and industry laboratories have turned their attention to individual PG receptors, rather than
suppression of the entire PG pathway by NSAIDs, as a more specific approach to retain
therapeutic effect while limiting toxicity.

E PROSTANOID (EP) RECEPTORS

EP Receptor Expression

PGE; is a unique prostanoid because it has four receptor subtypes, EP1-4, which are widely
expressed and linked to functionally antagonistic second messenger systems. Multiple PGE,
receptor subtypes with differential ligand affinity, cellular and tissue receptor expression
profile, and coupling to opposing second messengers systems allows PGE, its signaling
versatility and often opposing actions in tissues and cells (reviewed in [10]). For example, EP3
is the only EP receptor that has three transcriptional splice variants, EP3a, EP3p, and EP3y.
The EP3p receptor is unique because it does not desensitize and thus displays persistent
signaling when exposed to ligand [10,11]. General signaling characteristics of the EP receptors
are summarized in Table 1. PGE, binds to EP1 and EP2 with much lower affinity than EP3
and EP4. In humans, PGE; binding affinities are EP3 (k4=0.3nM) > EP4 (kg=0.8nM) > EP2
(kg=4.9nM) >EP1 (kg=9.1nM). In mice, PGE; binding affinities are EP3 (k4=0.9nM) > EP4
(kg=1.9nM) > EP2 (kq=12nM) > EP1 (kq=20nM). Several relatively selective ligands with
differential activities exist for all four EP receptors. However, it is difficult to directly compare
the structure-activity relationship of each class based on the existing literature due to differing
receptor expression systems and reported binding efficacies. EP1 agonists include ONO-
DI-004, the prostacyclin analogue Iloprost, and 17-phenyl-trinor PGE,. EP1 antagonists
include SC 51322, SC 51089, and ONO-8713. EP2 agonists include Butaprost, 11-deoxy
PGE4, AH 13205, and ONO-AE1-259. There are currently no selective EP2 antagonists
available. EP3 agonists include Sulprostone, Misoprostol, SC 46275, ONO-AE-248, and M&B
28767. EP3 antagonists include ONO-AE3-240 and L-826266. EP4 agonists include ONO-
AE1-329 and PGE;-alcohol. EP4 antagonists include AH 23848, ONO-AE3-208, and
CJ-023,423. Selected EP1-4 ligands and their structures are shown in Table 2. As mentioned
previously, EP receptors are differentially expressed on almost all organs, including the central
nervous (CNS). However, there are conflicting data concerning the expression of EP receptor
subtypes in the CNS [12-17]. This appears to result from the specificity of commercially
available antibodies and the purity of some primary cultures used for PCR. We are skeptical
of conclusions resulting from Western blot and immunohistochemical studies because many
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currently available antibodies are not specific, presenting multiple bands from brain
homogenates probed by Western blot and showing comparable immunoreactivity in wild type
and homozygous EP receptor deficient mice (unpublished data).

Every EP receptor is present in the rodent brain, each with its own regional and cell-specific
difference in expression and activity (expression summarized in Table 3). Experiments have
shown that EP1, EP2, and EP3 are expressed by neurons in multiple regions of brain while
neuronal EP4 expression is restricted to only some hypothalamic nuclei [12,18-22]. Differential
expression of EP receptors has been reported for both primary microglia and astocyte cell
cultures. EP2 is functionally expressed on microglia in culture and on activated microglia in
vivo. EP1 and EP3 (inducible) may be expressed on microglia, but those who have observed
these EP receptors have yet to show any function in microglia. Two groups have not observed
a change of microglial response to lipopolysaccharide (LPS) in EP1-/- microglia compared to
wild type [12,23]. A confound of these expression data comes from the fact that culturing of
microglia leads to some level of “activation’ that is not present in vivo. This may lead to artificial
differences in EP receptor expression in glia [5,10,13,24,25]. EP2, EP3 (inducible), and EP4
appear to be expressed by astrocytes

EP Receptors in the CNS

The role of PGE, and EP receptors in CNS pathophysiology of neuronal damage continues to
be a focus of several academic and industrial laboratories. These mechanisms include both
direct and indirect neurotoxicity due to excitotoxicity, neurotoxic protein aggregation, innate
immune activation, and clearance of neurotoxic peptides.

Excitotoxicity—Glutamate is the major excitatory neurotransmitter in the CNS. Its effects
are mediated mainly through ionotropic receptors that are named after their selective
pharmacologic ligands, including the N-methyl-D-aspartic acid (NMDA\) receptor, the kainate
receptor, and the alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
receptor. Excitotoxicity results in selective neuron damage and ultimately death from high
levels of synaptic glutamate. Relevant to our discussion, excitotoxicity has been proposed to
contribute to many neurologic diseases including ischemic damage, traumatic brain injury, and
neurodegenerative disease.

The NMDA receptor regulates COX2 neuronal expression, which provides a mechanistic link
between PG signaling and excitatory neurotransmission [26]. Inhibition of COX2 activity early
after gluatamate exposure suppresses NMDA mediated neuronal excitotoxicity [27-29]. The
EP1 receptor antagonist SC51089 reduces NMDA mediated neurotoxicity in mice, indicating
that EP1 is a downstream excitotoxic effector [12]. Furthermore, EP1 enhances neuronal
Ca?* dysregulation induced by NMDA receptor activation through impairment of Na*-Ca2*
exchange in vitro. Conversely, EP2 and EP4 demonstrate a neuroprotective effect during
excitotoxic conditions. Organotypic culture preparations from rat hippocampus or spinal cord
show neuroprotection in excitotoxic conditions when treated with the EP2 agonist butaprost
or the EP4 agonist ONO-AE1-329 [30,31].

Neurotoxic protein aggregation—The amyloid hypothesis of Alzheimer's disease (AD)
pathogenesis states that neurodegeneration is mediated, at least in part, by the direct
neurotoxicity of accumulated AP peptide aggregates. There are several studies showing that
aggregated AP peptides are directly neurotoxic to primary neuronal cell cultures (just two
examples of many are [32,33]). Treating mouse primary cerebral cortical neurons with the EP2
agonist butaprost or the EP3/EP4 agonist 1-hydroxy-PGE; suppresses aggregated AB peptide
mediated neurotoxicity [33]. In one study, primary neuronal cell culture derived from EP2-/-
mice show no difference in aggregated Ap peptide mediated neurotoxicity when compared to

Curr Med Chem. Author manuscript; available in PMC 2009 June 9.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cimino et al.

Page 4

wild type [25]. It is important to note here the pleiotropic effects of aggregated Ap peptide and
its ability to cause indirect neurotoxicity through microglial activation. This can make
interpreting the relative contribution of direct and indirect neurotoxicity of aggregated Ap
peptide in vivo less clear.

Innate immune response—The innate immune response in the CNS is thought to be a
major effector in several chronic neurodegenerative diseases, such as AD, Parkinson's disease
(PD) and amyotrophic lateral sclerosis (ALS). The innate immune response has multiple arms
of action including cytokine secretion, paracrine neurotoxicity, and clearance of toxic
aggregated proteins. This provides a response that can be both beneficial and deleterious to the
surrounding neurons. CNS glial cells, especially microglia, are the main effectors of the innate
immune response. Lipopolysaccharide (LPS)-stimulated microglial activation occurs mainly
through the activation of the co-receptors CD14 and TLR4 which in turn activate the NFxB-
and p38-MAPK signaling pathways [34,35]. These co-receptors respond to additional
endogenous stimuli including aggregated AP peptides and neoantigens expressed by apoptotic
cells [36-38]. LPS provides a convenient and reliable means to selectively activate a pathologic
process via receptors that are similarly activated by endogenous ligands found in neurologic
disease states.

LPS-induced neuroinflammation can negatively impact several aspects of rodent behavior,
including enhancing both age-dependent cognitive decline and reactive oxygen species (ROS)
mediated impairments in age-dependent learning [39]. Intracerebroventricular (ICV) LPS
injection in mice causes hippocampal CA1 pyramidal neurons to display a reversible decrease
in dendrite length and spine density without cell death [40,41]. This phenomenon is completely
blocked by either NSAID treatment or genetic ablation of EP2 [40,41]. Further evidence for
the importance of PG signaling in CNS innate immunity is the ability of NSAIDs to suppress
the effector molecules produced by LPS-activation of microglia primary cultures. In addition,
primary microglia cell cultures prepared from EP2-/- mice suppress the secretion of over 20
cytokines and chemokines examined [42]. It then appears that EP2 may have opposite effects
on neuron survival depending on its expression; on neurons EP2 is protective against
excitotoxicity whereas activated microglia EP2 promotes paracrine neurotoxicity. In vivo
experiments have yet to show a role for EP1 in innate immune response [12,23]. Beyond
cytokines and chemokines, microglial activation includes an increased expression and activity
of a number of enzymes that generate free radicals. Microglia themselves are relatively well
protected from increased free radical stress that promotes neurotoxicity through their robust
anti-oxidant defenses [43]. Again highlighting the role of PGs, NSAIDs suppress LPS-
stimulated microglia mediated paracrine oxidative damage to neurons both in vivo and ex
vivo [41,42].

Accumulation of aggregated AP peptides is deleterious to neurons through direct effects and
microglial mediated indirect effects. Therefore, enhanced internalization and clearance of these
neurotoxic peptides provides one way to provide neuroprotection. Mouse primary cultures of
EP2-/- microglia show increased internalization of fluorescently labeled Ap and are highly
efficient at clearing Ap species from human AD brain slices without prior opsonization [32].
This latter point is important because wild type mouse microglia have no detectable phagocytic
clearance of the AP peptides from human AD tissue without prior opsonization [44].

PROSTANOIDS AND EP RECEPTORS IN HUMAN NEUROLOGIC DISEASE

Body fluids are typically used to assess changes in PG production in disease states because
PGs in brain tissue are highly labile due to their rapid metabolism. Increased PGE; levels have
been demonstrated in cerebrospinal fluid (CSF) from several neurologic diseases, including
AD, ALS, Creutzfeldt-Jakob Disease (CJD), ischemic stroke, and HIV associated dementia

Curr Med Chem. Author manuscript; available in PMC 2009 June 9.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cimino et al.

Page 5

(HAD) (summarized studies in Table 4). Several studies have shown that the EP receptors play
key roles in several neuropathophysiologic processes [28]. Combined, these data indicate an
important role for PGE; and its EP receptors in several diseases of the CNS. This rationale has
lead to several laboratories investigating the role of EP receptors in rodent models of human
CNS diseases.

Alzheimer's disease

AD is an age-related neurodegenerative disease with the pathological hallmarks of amyloid
plaques, neurofibrillary tangles (NFTs), and neuroinflammation. Transgenic mouse models of
Familial Alzheimer's disease (FAD) overexpress versions of mutant human amyloid precursor
protein (APP) with or without expression of mutant presenilin 1 (PS1), such as the APPSwe-
PS1AE9 mouse. These transgenic mice develop age-dependent accumulation of AB along with
significant microglial activation. In these mice, NSAID treatment can reduce Ap peptide
deposition and reverse mild behavioral deficits [45-48]. COX inhibition in the PG pathway is
the likely mechanism by which NSAIDs suppress Ap deposition in aged transgenic mouse
brain. A recently proposed alternative hypothesis based on cell culture studies asserts that high,
supraphysiologic concentrations of some NSAIDs can alter y-secretase (an APP cleaving
enzyme) activity and reduce the ratio of the most toxic AP peptide species (AB1.42) [49-51].
However, in vivo pharmacological dosing of these NSAIDs challenges this alternative
hypothesis [52,53].

Deletion of the EP2 receptor in aged APPSwe-PS1AE9 mice results in lower total levels of
AP peptides, fewer accumulated amyloid deposits, and a significant decrease in neuronal
oxidative damage [54]. However, it is not clear which happens first in vivo, formation of toxic
aggregated AP species or neuronal oxidative damage. One group showed that neuronal
oxidative damage is secondary to AP activation of microglial, while another group suggests
that oxidative damage precedes, and possibly stimulates, Af deposition [37]. There is
additional data suggesting a reinforcing cycle between the production of oxidative damage and
formation of neurotoxic AP deposition [55]. Itis possible that decreased Ap deposition decrease
in the brains of EP2-/- mice is due to enhanced microglial internalization of A species.
Regardless of the mechanism in these transgenic mouse models of FAD, these data highlight
the highly desirable dual phenotype of EP2-/- microglia of increased AP clearance with
decreased neurotoxicity.

Parkinson's disease

PD is another age-related neurodegenerative disease that prominently involves the
dopaminergic neurons within the substantia nigra pars compacta, and has the pathological
hallmarks of Lewy bodies and neuroinflammation. Paralelling AD, there is significant
microglial and complement activation in autopsy specimens from PD patients (reviewed in
[56]). COX2 and PG signaling play a significant role in disease progression in rodent models
of PD utilizing 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). Inhibiting COX2
either pharmacologically or with genetic ablation partially protects against dopaminergic
neurodegeneration and development of the related motor system deficits [57,58]. Recent in
vitro experiments show that EP1 antagonists confer protection against 6-Hydroxydopamine
(6-OHDA) mediated selective toxicity of rat primary dopaminergic neurons [59]. As in the
above experiments using AD brain and transgenic mouse models of FAD, EP2-/- microglia
also display enhanced ex vivo clearance of aggregated B-synuclein in mesocortex of Lewy body
disease patients while attenuating neurotoxicity and B-synuclein aggregation in the MPTP
mouse model [60].
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Amyotrophic lateral sclerosis

Ischemia

Amyotrophic lateral sclerosis (ALS) is characterized by the progressive loss of both upper and
lower motor neurons. As with AD and PD, pathologic findings in ALS include an inflammatory
component involving activated microglia and astrocytes along with increased expression of
COX2 [61-63]. Suppressing COX2 activity shows neuroprotection in an organotypic model
of ALS [57]. Mutations in the copper/zinc superoxide dismutase 1 (SOD1) gene cause a familial
form of ALS [58-60]. In mutant SOD1 mice, levels of COX2 mRNA and PGE, increased
[68,69]. Treatment with COX2 inhibitors before onset of hindlimb paralysis in SOD1 mice
reduces CSF PGE, levels and extends lifespan [69-71]. This indicates that, at least in the SOD1
model of familial ALS, PGs promote motor neuron injury. Despite the successful preclinical
studies using COX2 inhibitors, a clinical trial of the selective COX2 inhibitor celecoxib at 800
mg/day in ALS patients demonstrated no benefit to morbidity or mortality measures [72]. In
addition, PGE, levels in the CNS did not decrease with treatment. The mechanism of COX2
inhibition in SOD1 mutant mice has also been postulated to occur independent of PG signaling
[73]. In fact, physiological levels of PGE2 in an organotypic model of ALS paradoxically
protect motor neurons [31]. These effects were mediated through the receptors EP2 and EP3.
The role of specific EP receptors in ALS needs to be examined further.

Ischemic injury pathophysiology is complex and depends on severity of blood flow loss, the
mechanism of ischemia, and the extent and timing of reperfusion. However, there is evidence
for an underlying role of excitotoxicity and immune mediated damage in ischemic
pathophysiology. Rapidly induced COX2 expression and slower induction of COX1
expression occurs in neurons, followed by glial cells and infiltrating mononuclear cells, in
response to ischemic injury induced massive glutamate release in the brain [27]. Inhibition of
COX2 activity either pharmacologically or with genetic ablation reduces infarct size in rodent
models of cerebral ischemia [74,75]. Similarly, inhibition of EP1 activity either
pharmacologically or with genetic ablation rescues brain tissue in a model of transient focal
ischemia [12,76,77]. One interpretation of these findings is that NMDA receptor activation
increases COX2 activity, which in turn increases PGE levels, which then activate neuronal
EP1, and ultimately this leads to neuronal injury. Recently, neuroprotection via EP1 inhibition
was shown to occur through increased activation of the PI3K/AKT survival signaling pathway
[78]. EP2-/- mice also demonstrate reduced infarct size in a model of focal cerebral ischemia
[30,79]. The similarities between EP1 and EP2 mediated rescue from brain ischemic injury is
paradoxical because EP1 and EP2 have opposite effects on excitotoxicity. This paradox may
be partially explained by the prominent contribution of EP2 to glial cell pathophysiology
discussed above, which is included in the innate immune response component found in CNS
ischemic injury. Stimulating EP3 pharmacologically also increases infarct size in the middle
cerebral artery occlusion model of ischemia [80].

CONCLUSION

PG signaling plays a central role in physiologic and pathophysiologic states in the CNS. The
complex dual neuroprotective and neurotoxic role of PG receptor activation in human
neurological disease leaves many pathogenic issues to be resolved. Our review clearly
demonstrates the utility and promise of therapeutically targeting the PG signaling pathway,
especially PGE,, EP1 and EP2, in neurodegenerative disease. Further studies of differential
EP receptor activation in the CNS are needed not only to provide insight into the pathogenesis
of neurodegenerative disease, but also to guide the development of selective and efficacious
therapies that target neurotoxic mechanisms while maintaining neuroprotective actions.
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Signaling of EP receptor subtypes
EP1 EP2 EP3 EP4
PGE2 Kd (nM)/Human (Mouse) 9.1 (20) 4.9 (12) 0.3(0.9) 0.8 (1.9)
G-protein Coupling Unknown (1 Ca2+) Gs Gs, Gi, Gq Gs
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Structures of PGE2 and relatively selective EP receptor ligands
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Other ligands not shown include, but are not limited to, ONO -AE3-240 (EP3 antagonist), L-826266 (EP3 antagonist), M&B 28767 (EP3 agonist), and
CJ-023,423 (EP4 antagonist).
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CNS cellular expression of EP receptor subtypes
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EP1 EP2 EP3 EP4
Stria terminalis, lateral
Parietal cerebral septum, subfornical organ, Widespread
Neuron cortex, cerebellum, ventromedial hypothalamic throu houtpthe brain Some hypothalamic nuclei
hypothalamus nucleus, amygdala, locus 9
coeruleus, the area postrema

Microglia Yes Yes May be induced No
Astrocytes No Yes Yes Yes
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Table 4
PGE; levels in CSF from patients with neurologic disease
Disease CSF PGE, Levels Reference
Increased levels highest in very early AD, but declined with progressive cognitive impairment [81]
AP Increased 5-fold in early AD [82]
Increased 6-fold [83,84]
ALS Increased 2 to 10 fold [83,84]
No increase [72]
Increased 6-fold in patients with sporadic or familial forms of CIJD [85]
@b Increased 6-fold in patients with variant CID [86]
Ischemic stroke Increased 2-fold during initial 72 hr [87]
HAD Increased 40% in all HIV-seropositive patients and positively correlated with degree of cognitive [88]
impairment
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