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Abstract

Neonatal hypoxic-ischemic encephalopathy (HIE) is a leading cause of severe and permanent
neurologic disability after birth. The inducible cyclooxygenase COX-2, which along with COX-1
catalyzes the first committed step in prostaglandin (PG) synthesis, elicits significant brain injury in
models of cerebral ischemia, however its downstream PG receptor pathways trigger both toxic and
paradoxically protective effects. Here, we investigated the function of PGE, E-prostanoid (EP)
receptors in the acute outcome of hypoxic-ischemic (HI) injury in the neonatal rat. We determined
the temporal and cellular expression patterns of the EP1-4 receptors before and after HIE and
tested whether modulation of EP1-4 receptor function could protect against cerebral injury acutely
after HIE. All four EP receptors were expressed in forebrain neurons and were induced in
endothelial cells after HIE. Inhibition of EP1 signaling with the selective antagonist SC-51089 or
co-activation of EP2-4 receptors with the agonist misoprostol significantly reduced HIE cerebral
injury 24h after injury. These receptor ligands also protected brain endothelial cells subjected to
oxygen glucose deprivation, suggesting that activation of EP receptor signaling is directly
cytoprotective. These data indicate that the G-protein coupled EP receptors may be amenable to
pharmacologic targeting in the acute setting of neonatal HIE.
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INTRODUCTION

Hypoxic ischemic encephalopathy (HIE) in the neonate is one of the leading causes of
cerebral palsy, mental retardation, and learning disabilities, making it critical to identify
therapeutic strategies to reduce brain injury in HIE. The inducible cyclooxygenase COX-2
has been implicated in cerebral injury in models of adult stroke [8], and is induced in HIE
where it is associated with acute hypoxic ischemic events [18].
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The cyclooxygenases COX-1 and COX-2 catalyze the first committed step in the formation
of prostaglandins from arachidonic acid. COX-2 is rapidly upregulated in neurons following
N-methyl-D-aspartate (NMDA) receptor-dependent synaptic activity [26], consistent with a
physiologic role in modulating synaptic plasticity. COX-2 expression and activity are also
induced in neurons in vivo in acute paradigms of excitotoxicity, and promote ischemic
injury (reviewed in [8]). In models of neurodegeneration, where inflammation is a dominant
pathological component, COX-2 is upregulated in microglia, where it is promotes secondary
neuronal injury [8]. The mechanism by which COX-2 activity promotes neurotoxicity is due
to actions of one or more downstream prostaglandin (PG) signaling pathways through
specific PG receptors. The five downstream prostanoid products of COX activity, PGE,,
PGF,,, PGD», PGI; (prostacyclin), and TxA, (thromboxane Ay) bind to specific G protein-
coupled receptors designated EP (for E-prostanoid), FP, DP, IP, and TP receptors,
respectively [5]. PG receptor subtypes are distinguished by which PG they bind, and by the
signal transduction pathway that is activated upon ligand binding. Activation of PG
receptors leads to changes in the production of cAMP and/or phosphoinositol turnover and
intracellular Ca?* mobilization. Further complexity occurs in the case of PGE,, which can
bind four receptor subtypes (EP1, EP2, EP3, and EP4) with distinct and potentially
antagonistic signaling cascades.

PGE; is a major downstream product of COX-2 enzymatic activity and a potent lipid
messenger that activates four distinct G-protein coupled receptors, the EP1-EP4 receptors. In
experimental stroke, levels of COX-2 and PGE; are markedly upregulated [15] and COX-2
can exert neurotoxicity via the Gag-coupled EP1 receptor in vivo [2, 9, 27]. However,
neuronal PG receptors that are positively coupled to cAMP can elicit paradoxical protective
effects in vitro in excitotoxic and hypoxic paradigms [4, 12, 14], indicating that both
protective as well as toxic PG signaling pathways may be active in cerebral ischemia [3, 13,
14]. In this study, we examined the function of the PGE, EP receptors in acute outcome in a
rodent model of HIE using pharmacologic strategies. We identified cerebroprotective effects
of misoprostol, an agonist to the EP2-4 receptors as well as the EP1 antagonist SC-51089.

MATERIALS AND METHODS

Animals and surgical procedures

All animal experiments were approved by Administrative Panel on Laboratory Animal Care
(APLAC) at Stanford University. The rodent model of neonatal rat HIE was carried out
according to the protocol established by Rice et. al. and as previously described [17, 21].
Sham treated animals underwent ligation of the carotid artery but no hypoxia. Vehicle,
SC-51089 (10ug/kg), misoprostol (50ug/kg or 500 pg/kg) were administered
intraperitoneally either 5 min before or 5 min after hypoxia. Twenty-four hours after HI,
Sprague Dawley rat pups were lethally anesthetized and brain tissue was harvested for
infarct quantification using 1% 2,3,5-triphenyl-tetrazolium chloride (TTC) staining in a
blinded fashion [21].

Immunocytochemistry

Rat pups (n=2-3 per time point) were deeply anesthetized with isoflurane and transcardially
perfused with normal saline followed by 4% PFA, then overnight fixation in PFA at 4°C.
Brains were processed for paraffin sections (5 um thickness). Infarct area was determined
with cresyl violet staining. Following antigen retrieval (in citrate pH 6.0, boiled in a
microwave for 20 min) and permeabilization with 0.3% triton together with blocking with
10% normal goat serum for 1h, immunostaining for EP1-4 was carried out using anti-EP1-4
polyclonal antibodies (1/500; Cayman Chemical, Ann Arbor, MN) overnight at 4°C
followed by secondary antibody (biotinylated anti rabbit IgG, VECTOR, Burlingame, CA)
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and detection reagents (DAB: 3',3'-diaminobenzidine tetrahydrochloride, Polysciences Inc,
Warrington, PA). Images were acquired with a Leica DM5000B microscope and a Leica
DC500 camera and digitized using software PictureFrame 2.3 (Optronics, Goleta, CA).
Double immunofluorescence was performed using EP1-4 polyclonal antibodies (Cayman
Chemical, Ann Arbor, MI) and anti-Factor VIII mouse monoclonal antibody (Invitrogen)
followed by Alexa fluor® 488 anti-mouse and Alexa fluor® 546 anti-rabbit antibody.
Images were acquired with a Nikon E400 with an Orca ER CCD camera and digitized using
Open Lab and Volocity software (Improvision).

Oxygen-glucose deprivation of primary neuronal and bEND3 cell cultures

Primary hippocampal neuronal cultures were subjected to oxygen-glucose deprivation
(OGD; 3h) as previously described [11, 14]. The immortalized mouse brain endothelial
bEND3 cell line was subjected to 6 h of OGD. Cell death in neuronal cultures was
quantified by cell counting of propidium iodine (Pl)/Hoechst labeled nuclei as previously
described [14]. bEND3 cell death was similarly determined by PI fluorescence
quantification in 96-well plates, using a fluorescence spectrophotometric assay of Pl
fluorescence levels (Spectra Max M5, Molecular Devices, Sunnyvale, CA); the levels of PI
fluorescence in OGD conditions was compared to a standard curve consisting of a range of
cells/well that had been frozen —80°C overnight to obtain complete cell death and
subsequently stained with PI. Caspase 3 activity in neurons was measured using the Caspase
3/7 Glo® assay (Promega, Madison, W1) using a luminometer (Spectra Max M5, Molecular
Devices, Sunnyvale, CA).

Statistical Analysis

RESULTS

Statistical analysis was performed by Student’s t-test or one-way and two-way analysis of
variance (ANOVA), followed by Tukey post hoc analysis. All data are reported as mean
+standard error of the mean (SEM). p values <0.05 were considered significant.

EP1-4 receptors are expressed in neurons and endothelial cells in the rodent HIE brain

Spatiotemporal expression patterns of EP1-4 receptors were examined in sham pups and
pups subjected to HI. Expression of EP1-4 was examined in frontal cerebral cortex (layer 11/
I11) in the penumbral region (Figure 1A) at 3h and 24h after HIE. Expression of EP1-4
receptors was examined in cerebral microvasculature at 24h at the rostral border of infarcted
tissue, as determined with cresyl violet stain. Immunostaining for EP1-4 demonstrated that
all 4 EP receptors were expressed in cortical neurons, as well as in striatal and hippocampal
pyramidal neurons (data not shown). At 3h after HIE, EP1, 2, and 4 receptor expression was
increased in the ipsilateral ischemic hemisphere in both neurons and endothelium (Figure 1).
At 24h after HI, neuronal EP3 signal was markedly decreased whereas EP1, EP2, and EP4
expression levels persisted. Colocalization studies using Factor VIII as a marker of
endothelial cells demonstrated that EP1-4 receptors were expressed by endothelial cells 24h
after HI (Figure 2).

Inhibition of EP1 receptor activity protects against HIE

The EP1 receptor is unique among the four EP receptors in that it is coupled to Gag, and
activation of EP1 receptor results in increased phosphatidyl inositol hydrolysis and elevation
of the intracellular Ca2* concentration. Previous studies in adult models of transient focal
ischemia indicate that EP1 activation mediates the toxic effect of COX-2 [9]. Here we tested
whether similar mechanisms would be active in the perinatal brain. The selective EP1
antagonist SC-51089 (10ug/kg) was administered after 100 minutes of HI and infarct

Neurosci Lett. Author manuscript; available in PMC 2012 October 31.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Taniguchi et al.

Page 4

volumes were measured 24h later (Figure 3). Inhibition of EP1 signaling elicited significant
protection and reduced infarct volume by 28.5% (p<0.01; n=9-11 per group). A parallel
experiment testing the effect of EP1 antagonist (10ug/kg) administered before HI did not
demonstrate any effect (35.4%, £ 4.5 for vehicle vs 43.6% = 6.3 for SC51089). As shown in
Figures 1 and 2, immunostaining of brain tissue in control and HI brains demonstrate
expression of EP1 both in endothelium and neurons in ipsilateral infarcted cortex. We tested
EP1 effects on neuronal and endothelial cell viability in a paradigm of OGD that models the
hypoxic insult in vivo [14], and measured nuclear PI fluorescence as an index of cell death.
Inhibition of EP1 activation using a dose response of SC-51089 rescued bEND mouse
endothelial cell death caused by 6h of OGD (ANOVA p<0.001) as well as primary
hippocampal neurons subjected to 3h of OGD (ANOVA p<0.01; Figure 3 E and F). In
neurons subjected to OGD, inhibition of EP1 activity reduced levels of caspase-3 activity
(ANOVA p<0.01; Figure 3G) in a dose-dependent manner. Thus, in vitro OGD cell viability
assays indicate that EP1 receptor activity functions in both endothelial and neuronal cell
death.

The EP2-4 receptor agonist misoprostol protects against HI in neonatal rat brain

Misoprostol is a widely used anti-ulcer agent in patients who are at risk for non-steroidal
anti-inflammatory drug (NSAID)-mediated gastritis and ulcer disease and repletes
cytoprotective levels of PGE, necessary for maintaining integrity of the gastric mucosa.
Misoprostol binds the EP2, EP3 and EP4 receptors and increases CAMP production,
indicating activation of the EP2 and EP4 receptors [6, 7, 16, 24]. We have previously
demonstrated that administration of misoprostol exerted significant cerebroprotection in a
model of adult transient focal ischemia [11], and we tested whether misoprostol may also be
effective in acute outcome of postnatal HIE (Figure 4). Administration of misoprostol before
but not after HI reduced infarct volume in a dose-dependent manner (ANOVA p<0.05).
Post-hoc analysis further showed a more significant rescue of male HIE (ANOVA
p<0.0001) than female HIE (NS).

We have previously demonstrated that individual activation of the EP2, EP3, or EP4
receptors on neurons was protective in settings of excitotoxicity and/or OGD [4, 11, 14, 25],
however administration of misoprostol, which binds EP2, EP3, and EP4 receptors together
had no effect on neuronal survival [11]; this suggested that the protective effect of
misoprostol administration may not be through neuroprotection in vivo. Because these
receptors are expressed in microvasculature, we tested whether misoprostol may have
cytoprotective effects in bEND cells subjected to OGD. Administration of misoprostol to
bEND3 endothelial cells subjected to 6h of OGD significantly rescued cell death (ANOVA
p<0.0001), indicating that one potential cerebroprotective mechanism of misoprostol may be
via enhancement of endothelial viability (Figure 4F).

DISCUSSION

In this study, we have investigated the function of the PGE, EP1-4 receptors in the acute
outcome at 24h in a rat model of HIE using a selective pharmacologic antagonist to the EP1
receptor (SC51089) and an agonist to the EP2-4 receptors (misoprostol). Previous studies in
adult models of cerebral ischemia have demonstrated protective effects of an EP1 antagonist
when given after ischemia [9], and up to 12 h after vessel occlusion [1], supporting the
translational relevance of targeting this receptor after onset of ischemia. Misoprostol, which
is well tolerated in patients with gastric ulcers, is significantly protective in a model of adult
transient focal ischemia as well [11], and is similarly protective in HIE, however only if
administered prior to HI at the dosing given in this study.
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The EP1 receptor is expressed in neurons in the post-natal rat brain and is induced in
vasculature. It is not clear why EP1 antagonism was more effective after hypoxia, however
this could be due to different cellular mechanisms that are activated before and after HI. In
neurons, neuroprotection may be induced by EP1 effects on Na*/Ca2* exchangers [9] and on
the PTEN/AKT pathway [27]. In addition to rescue of neuronal death in vitro, EP1 blockade
also rescued endothelial cell death in cultured bEND cells subjected to OGD. EP1 inhibition
may be acting by enhancing endothelial cell viability, but may also be involved in regulation
of cerebral perfusion, as suggested in one study where deletion of the EP1 had beneficial
effects on cerebral blood flow and reduced the severity of cerebral ischemia [19]. Taken
together, these mechanistic studies suggest that inhibition of EP1 may be cerebroprotective
through a multicellular mechanism involving neuronal and endothelial protection and
enhanced cerebral perfusion.

Activation of the EP2-4 receptors with misoprostol also exerts cerebroprotection.
Examination of gender differences revealed significant protection in males but not females.
Our previous studies examining cell injury in organotypic postnatal rat hippocampal slices
demonstrated gender differences following excitotoxic and OGD injury, where female slices
exhibited reduced injury compared to male slices [10]; indeed, there is substantial evidence
that neuronal injury occurs in a gender dimorphic manner, with neurotoxicity mediated by
caspase-dependent mechanisms in females but caspase-independent mechanisms in males
[20]. However, misoprostol does not appear to be neuroprotective in vitro in neuronal
cultures subjected to excitotoxic or hypoxic stimuli [11], suggesting that misoprostol
protection may not be targeting the gender-dependent neuronal cell death pathways, but
perhaps may be targeting non-neuronal EP receptors. In fact, as EP2-4 are expressed in
blood vessels in addition to neurons, misoprostol could potentially exert its effect through
vascular EP2-4 on endothelial cell viability. The cytoprotective effects observed in
endothelial cells with misoprostol treatment lend support to this hypothesis. The brain
permeability of either misoprostol or SC51089 in rodent brain is not clear. It is possible that
the protective effects of these EP ligands could be mediated via endothelial mechanisms,
however because there is blood brain barrier breakdown in the setting of cerebral ischemia,
we hypothesize that these agents could penetrate the parenchyma, and in the case of the EP1
antagonist, could act on neuronal EP1 receptors.

In this study, we did not investigate long-term functional outcome measures of the EP1
antagonist SC51089 and the EP2-4 agonist misoprostol; we would suspect a single dose may
not be sufficient to elicit significant functional recovery in stringent measures such as Morris
Water Maze, and that multiple dosing over time would likely be required to see a long term
effect. Nevertheless, the robust acute cerebroprotection seen with both compounds supports
further investigation and testing of repeated administration of these ligands using more
comprehensive behavioral testing weeks to months after HI, including the Morris Water
maze to test spatial memory, a behavioral paradigm that has been successfully used to assess
functional recovery after HIE [23].

The EP1 antagonist SC51089 and the EP2-4 agonist misoprostol exerted cytoprotective
effects in brain endothelial cells subjected to OGD. In previous findings, the DP1 receptor, a
PG receptor for PGD5, that is also positively coupled to cAMP production, also mediated
endothelial cell protection in HI [22]. These findings suggest that PG signaling, particularly
via PG receptors that are positively coupled to cAMP, may function in enhancing
endothelial viability in the setting of ischemia. Given the fact that EP receptors are G-protein
coupled receptors that are accessible to therapeutic targeting particularly on endothelial
cells, this study offers initial support to further investigations into the actions of these
receptors in HIE.
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Figure 1. Immunohistochemistry of EP1-4 receptors in postnatal rat HIE brains

(A) Schema of the cortical areas examined (box a: within infarct zone; box b: penumbra).
EP1-4 receptor expression was examined in cerebral cortex in layers 11/111 dorsally and
ventrally to the infarct area in the penumbra at 3h and 24h after HI. (B) EP1-4 receptors are
dynamically regulated in sham (just before onset of hypoxia) and HI (3h and 24h after
hypoxia) pups in cerebral cortical neurons (thin arrows) and microvasculature (arrowheads).
Normal rabbit serum (NRS) control stains did not show specific staining. Scale bar= 50um
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Figure 2. Colocalization of EP1-4 receptors and the endothelial marker Factor VIII in cerebral
cortical penumbra at 24h after HI

Colocalization of EP receptors and the endothelial marker Factor V111 was examined in
cortical layers 11/111 as shown in Figure 1A. Sections were counter stained with the nuclear
stain Hoechst 33258 (blue). EP1-4 receptors colocalize with Factor VI1I (arrowheads); in
addition, EP receptors were present on non-endothelial cells (thin arrows), likely
representing neurons, as shown in Figure 1. Scale bar=50um.
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Figure 3. Administration of EP1 antagonist SC51089 significantly protects against HIE injury
(A) Diagram of experimental strategy where SC51089 (10 pg/kg) was given after HI. (B)
Representative TTC stained coronal sections (levels 1-4) from postnatal day 7 rat brains 24
h after HI. (C) Quantification of hemispheric infarct volume by TTC demonstrates
cerebroprotective effect of SC51089 (**p<0.01; n=9-11 per group). (D) Quantification of
percent infarct area at each of the four levels demonstrates a significant decrease in infarct
area in SC51089-treated group (pink) compared to Vehicle-treated group (blue; 2-way
ANOVA, 1p<0.001; n=9-11). (E) SC51089 reduces bEnd3 cell death induced after 6h of
OGD (ANOVA p<0.001; post-hoc Tp<0.001 for 100 nM and 1uM SC51089; n=6-8 per
condition). (F) SC51089 reduces hippocampal neuronal cell death induced after 3h of OGD
(ANOVA **p<0.01; post-hoc *p<0.05 for 10 nM and **p<0.01 for 1pM SC51089; n=4-6
per condition). (G) SC51089 reduces caspase-3 activity in hippocampal neurons subjected to
3h of OGD (ANOVA **p<0.01; post hoc *p<0.05 for 10 nM and **p<0.01 for 100 nM and
1uM; n=6-8 per condition; RFU: relative fluorescence unit; RLU: relative light unit)
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Figure 4. Administration of the EP2-4 agonist misoprostol protects against injury

(A) Time scale of treatment with misoprostol 50ug/kg or 500 pg/kg before HIE. (B)
Representative series of TTC stained coronal sections 24h after HI. (C) Administration of
misoprostol significantly decreases infarct volume at a dose of 500ug/kg (*p<0.05; n=23-25
per group). (D) Quantification of percent infarct area at each of the four levels demonstrates
a significant decrease in infarct area for 500ug/kg dose (black) but not for 50ug/kg dose
(pink) compared to vehicle (blue; 2w ANOVA of vehicle and 500ug/kg tp<0.001). (E)
Misoprostol exerts gender-dimorphic pattern of cerebroprotection in male, but not female
pups (ANOVA male pups, *p<0.05; 8=NS; n=10-13 per group). (F) Misoprostol reduces
bEND3 endothelial cell death (ANOVA 1p<0.0001; post-hoc 1p<0.001 for 0.1 and 10 uM).
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