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PGE, signaling via the neuronal EP2 receptor increases
injury in a model of cerebral ischemia
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The inflammatory prostaglandin E2 (PGE;) EP2 receptor is a master
suppressor of beneficial microglial function, and myeloid EP2 signal-
ing ablation reduces pathology in models of inflammatory neurode-
generation. Here, we investigated the role of PGE; EP2 signaling in a
model of stroke in which the initial cerebral ischemic event is fol-
lowed by an extended poststroke inflammatory response. Myeloid
lineage cell-specific EP2 knockdown in Cd11bCre;EP2'°/'°* mice at-
tenuated brain infiltration of Cd11b*CD45" macrophages and
CD45"Ly6G" neutrophils, indicating that inflammatory EP2 signaling par-
ticipates in the poststroke immune response. Inducible global deletion of
the EP2 receptor in adult ROSA26-CreER™ (ROSACreER),EP2'/'* mice
also reduced brain myeloid cell trafficking but additionally reduced
stroke severity, suggesting that nonimmune EP2 receptor-expressing
cell types contribute to cerebral injury. EP2 receptor expression was
highly induced in neurons in the ischemic hemisphere, and postnatal
deletion of the neuronal EP2 receptor in Thy1Cre;EP2'°'°* mice re-
duced cerebral ischemic injury. These findings diverge from previous
studies of congenitally null EP2 receptor mice where a global deletion
increases cerebral ischemic injury. Moreover, ROSACreER;EP2'™'°* mice,
unlike EP2~/~ mice, exhibited normal learning and memory, suggest-
ing a confounding effect from congenital EP2 receptor deletion.
Taken together with a precedent that inhibition of EP2 signaling is
protective in inflammatory neurodegeneration, these data lend sup-
port to translational approaches targeting the EP2 receptor to reduce
inflammation and neuronal injury that occur after stroke.

PGE, | stroke | conditional knockout

he COX-1 and inducible COX-2 catalyze the first committed

step in PGE, synthesis and function physiologically in the
central nervous system to regulate synaptic plasticity, neurovascular
coupling, and glial homeostasis. Of the five prostanoids down-
stream of COX—including PGE,, PGD,, PGFa, prostacyclin, and
thromboxane—PGE, has emerged as a unique modulator of
disease-promoting neuronal and inflammatory processes. In path-
ologic contexts, induction of COX-2 in neurons and glia leads to
generation of PGE, that signals through four G protein coupled
receptors, EP1-EP4. In vivo studies of the EP receptor function
using genetic knockout models have highlighted EP receptor-
specific effects in a broad range of neurological disease models.
For example, whereas the EP1 receptor elicits neurotoxic effects in
models of cerebral ischemia (1), the EP4 receptor conversely me-
diates neuroprotective, vasodilatory, and antiinflammatory effects
(2, 3). In models of familial Alzheimer’s disease (AD), ablation of
EP2 or EP3 receptors blunts inflammatory responses, amyloid ac-
cumulation, and loss of synaptic proteins (4-7), whereas deletion of
microglial EP4 elicits the opposite (8). Thus, genetic studies dem-
onstrate beneficial as well as detrimental PGE, EP signaling cas-
cades that operate in receptor-specific ways.

The PGE, EP2 receptor is a major regulator of maladaptive
inflammatory responses in models of chronic neurodegenerative
disease (9). In vivo, genetic ablation of the EP2 receptor suppresses
adverse inflammatory responses in models of neurogenesis (10),

WWww.pnas.org/cgi/doi/10.1073/pnas. 1818544116

innate immunity (11), AD (4, 5, 12, 13), Parkinson’s disease (PD)
(14, 15), and amyotrophic lateral sclerosis (16). More recently,
studies using myeloid cell conditional knockout strategies identified
EP2 receptor-driven pathologic microglial responses in models of
innate immunity, PD, and AD (4, 12, 15) where ablation of a
microglial EP2 receptor increased microglial chemotaxis and
phagocytosis and suppressed proinflammatory gene expression,
synaptic injury, and memory deficits.

Stroke is the fifth leading cause of death and the leading cause
of adult disability. Thrombolytic therapy is the pharmacologically
approved therapy for stroke, however, it has a limited window of
administration of 4.5 h; endovascular thrombectomy is a prom-
ising acute intervention with recent studies showing an extended
treatment window in selected subsets of patients (17). Validation
of neuroprotective strategies has been challenging, in part, be-
cause components of the neurotoxic cascade occur early and are
short lived. However, stroke is a multiphasic process with the
initial ischemic phase followed by secondary poststroke in-
flammatory responses that unfold over days to weeks (18-22).
Following ischemia, an innate immune phase begins with in-
filtrating neutrophils and macrophages accumulating in the
ischemic area with subsequent ingress of T and B cells. Ex-
perimental manipulations have suggested toxic as well as
beneficial functions of the poststroke immune response (23—
26). Given the role of myeloid EP2 signaling in suppressing
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beneficial immune responses, notably phagocytosis and ter-
mination of inflammation (4, 12, 15), we hypothesized that in
the setting of early poststroke inflammation, inflammatory
EP2 signaling may contribute to stroke severity. Using cell-
specific and inducible conditional knockout strategies to study
the role of EP2 signaling in the mouse middle cerebral artery
occlusion-reperfusion (MCAo-RP) model of cerebral ische-
mia, we determine that both myeloid and neuronal cellular
substrates mediate detrimental effects of EP2 signaling in this
model. Moreover, the present results differ from previous
studies of congenitally null EP2™~ mice that conversely sug-
gest that EP2 signaling increases cerebral ischemic injury.

Results

Conditional Deletion of Myeloid EP2 Receptor Reduces Innate
Immune Cell Trafficking in Stroked Brain. EP2 signaling in micro-
glia suppresses critical immune functions, notably microglial
termination of proinflammatory responses, phagocytosis, and
generation of neurotrophic factors (4). Accordingly, we tested
whether the loss of myeloid EP2 signaling would attenuate the
poststroke inflammatory response. Previous quantification of
genomic EP2 sequences in Cd11bCre;EP2'°°* macrophages
demonstrated that the Cdl11bCre promoter elicits a ~50%
knockdown of genomic EP2 expression in myeloid lineage cells
and does not alter numbers of brain microglia or subpopulations
of macrophages, neutrophils, resident monocytes, or inflammatory
monocytes in the spleen (15). Examination of Cd11bCre;EP2'** and
Cd11bCre mice demonstrated reduced levels of infiltrating
CD11*CD45"Ly6G'° monocyte/macrophages (Mo/M®) and
CD11*CD45%Ly6G™ neutrophil polymorphonuclear leukocytes
(PMNs) into the ischemic ipsilateral (IL) hemisphere (Fig. 1 A-C
and SI Appendix, Fig. S1 A and B) at 24 and 48 h after MCAo-RP.
Quantification of peripheral PMN and Mo/M® in the spleen and
blood revealed a retention of neutrophils in the spleen (Fig. 1 D
and E) and in blood (Fig. 1 F and G) in Cd11bCre;EP2'°"** mice,
suggesting that the loss of the myeloid EP2 receptor reduced
neutrophil chemotaxis from the spleen to the brain. Knockdown of
myeloid EP2 signaling also altered levels of immune factors (S/
Appendix, Fig. S1 C and D). We conclude that reduction of myeloid

EP2 signaling attenuated the poststroke innate immune response,
but this was not sufficient to reduce overall cerebral injury (Fig.
1H), likely reflecting the 50% knockdown of the myeloid EP2
receptor (15).

Inducible Global Deletion of EP2 Receptor Reduces Myeloid
Trafficking to Brain and Cerebral Injury. We then tested the ef-
fects of an inducible knockout generated using the ROSACreER
line. Quantitative PCR demonstrated near total genomic excision
of EP2 sequences in ROSACreER;EP2''* mice (SI Appendix,
Fig. S1E). Tamoxifen was administered at 6-8 wk of age to both
ROSACreER and ROSACreER;EP2'* mice, and MCAo-RP was
carried out 4-6 wk later. At 48 h after MCAo-RP, levels of infiltrating
(Mo/M®) and PMNs decreased in the ROSACreER;EP2'¥™ L
hemisphere with no effect on the numbers of microglia (Fig. 2 4
and B). Spleen weight and splenocyte numbers were increased in
ROSACreER;EP2'Y°* mice (SI Appendix, Fig. S1 F and G) as
were numbers of splenic PMNs and Mo/M® (Fig. 2C), suggesting
a reduced egress of splenocytes from the spleen with loss of the
EP2 receptor. In blood, in line with the retention of myeloid cells
in the spleen in ROSACreER;EP2'°'* mice, lower levels of
PMNs and Mo/M® populations were observed (Fig. 2D).

Stroke outcome measures, including measurements of neuro-
logical function (Fig. 2G) and volume of infarcted brain tissue
(Fig. 2 E and F) were improved in ROSACreER;EP2'°¥'°* male
mice. In female cohorts, overall stroke volumes did not differ
between genotypes and were lower, a finding consistent with
previous data indicating reduced injury in female vs. male gen-
ders. Body weights did not differ between genotypes and were
30.97 g + 0.75 SE and 31.53 g + SE 2.56 for male ROSACreER
and ROSACreER;EP2'% mice, respectively, and 23.15 g +
0.61 and 23.78 g + 0.49 for female ROSACreER and
ROSACreER;EP2'°YX mice, respectively.

EP2 Receptor Expression Is Induced in Neurons After MCAo-RP. Our
findings in ROSACreER;EP2''°* mice differed from previous
findings using global EP2~'~ mice (27, 28), raising the possibility
that responses to cerebral ischemia may be confounded from
compensatory or developmental processes brought about by

A B Jox/lox D
=Cd11bCre = Cd11bCre;EP2 i . . .
splenocytes Fig. 1. Conditional deletion of the EP2 receptor in
Cd11bCre - PMN Mo/Ma® microglia . E e myeloid cells reduces immune cell infiltration after
W 278, ] S 10 genotype: 15 genotype: 30 o PN MCAo. Cd11bCre and Cd11bCre;EP2'°¥'* C57B6/) 3 mo
o 123 7(&!; o 87p=0.078 ,o|| p=0.048 ,, = male mice underwent MCAo-RP and brain, spleen, and
Q 25’3& ) [ g 8 0 blood myeloid cells were examined. Data are pre-
el T T3l g, 5 10 T aTs] sented as mean + SEM. (A) Representative plots from
. > 0 0 tpa Cd11bCre (Top) and Cd11bCre;EP2'%¥'°% (Bottom) is-
107 10° 10° 10 R0 IL CL IL CL IL CL CD45
CD45 chemic hemispheres 48 h after MCAo. (B) At 24 h after
MCAo, percent live cells in IL and contralateral (CL)
-Ep2lox/lox Cd11bCre ) . ) X
C%MbczqefPZ C PMN Mo/Md microglia E = Cd11bCre;:EPZ™*  hemispheres representing CD11b*CD45"Ly6G" neu-
eo s ) S 95 GENOPe: 40, s 60 10 PMN _Mo/Ma trophils (PMN), CD11b*CD45"Ly6G'> Mo/M® and
Qe /“5};\‘%@239 S Soltp=0.017 . | ) T8l Cd11b*CD45™ microglia are shown (n = 5-8 per
j‘m? g % 2 30 gigoé};gz 40 o6 group; two-way ANOVA, effects of genotype in italics).
120 310 201 | P=2 20 = (C) At 48 h after MCAo, percentage of live cells rep-
10° 10° 10" 10 25 > 2 resenting PMN, Mo/M®, and microglia (n = 6 to 7 per
° 10° = 10 R ing / d microglia (n = 6
CD45 X0 IL oL 0 IL oL 0 IL CL 0 group; two-way ANOVA, effects of genotype in italics;
post hoc Bonferroni **P < 0.01). (D) Representative
F G H Cd11bCre Jox/lox gating strategy to identify PMNs and Mo/M® in the
blood - ggnggﬁg.Epz'OX/'ox o Cd11bCre;EP2 spleen 48 h after MCAo. () At 48 h, percentage of live
. _ . ©  PMN Mo/M® 150 jnfarct volume cells representing PMN and Mo/M® in the spleen (n =
o 28.3[# 1> 452 40w - g o 8-11 per group; two-tailed Student's t test, *P < 0.05).
= 10° 810 | ¥ S 30 3 %10 e (F) Representative gating strategy to identify PMNs
o o Q o> = o
310 ' 54-8,‘? 8 £ 5 «% and Mo/M® in blood 48 h after MCAo. (G) At 48 h,
(L} i SN . S S 10 %E 5 * -:-§ percentage of live cells representing PMN and Mo/M®
" 10{)1;2_)110510 0 10:10 " 2 0 = o fg > in blood (n = 8-11 per group; two-tailed Student'’s
X é— \)@ XN t test, **P < 0.01). (H) Percentage of corrected infarct
Oo(\é&é\ volume for the cortex, striatum, and hemisphere at
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72 h after MCAo (n = 15-17 per group).
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Fig. 2. Inducible global deletion of the EP2 receptor reduces myeloid
cell infiltration after MCAo and prevents cerebral injury. RosaCreER and
RosaCreER;EP2'°'°% 3-4 mo C57B6/J male mice underwent MCAo followed
by 48 h RP. Data are presented as mean + SEM. (A) Representative plots of
CD11b*CD45MLy6G" PMN and CD11b*CD45"Ly6G'® Mo/M® from RosaCreER
and RosaCreER;EP2'°'** ischemic hemispheres 2 d after MCAo. (B) Cell
numbers in IL and CL hemispheres for PMN, Mo/M® subsets, and microglia
(n =5-11 per group; two-way ANOVA,; for PMN, effect of the genotype, P =
0.026, effect of the hemisphere, P = 0.02; for Mo/M®, effect of the genotype
P=0.017, effect of the hemisphere, P =0.002; Tukey post hoc, *P < 0.05). (C)
At 48 h, numbers of PMN and Mo/M® in the spleen (n = 5-9 per group; two-
tailed Student'’s t test, *P < 0.05). (D) At 48 h, percentage of live cells rep-
resenting PMN and Mo/M® in blood 48 h after MCAo (n = 7-10 per group;
two-tailed Student’s t test, *P < 0.05). (E) Neurological scores (n = 7 to 8 per
group; repeated measure two-way ANOVA, effect of the genotype P =
0.0492; effect of time P < 0.0001). (F) Representative series of brain sections
stained with Cresyl violet (CV) from RosaCreER and RosaCreER;EP2'°'%% mice
48 h after MCAo. Areas lacking CV staining were quantified for infarct
volume. (G) Quantification of the percentage of corrected hemispheric in-
farct volume at 48 h after MCAo (n = 8 to 9 per group; one-way ANOVA P =
0.0328; Tukey'’s post hoc *P < 0.05).

congenital deletion of the EP2 receptor. In line with this, images
from the Gene Expression Nervous System Brain Atlas (GENSAT;
www.gensat.org/index.html) demonstrate high levels of EP2 re-
ceptor expression by postnatal day 7 in neurons of the developing
forebrain, hippocampus, and cerebellum (SI Appendix, Fig. S24).
At adult stages, expression of the EP2 receptor largely disappears in
the forebrain and hippocampus but persists in the cerebellum (S7
Appendix, Fig. S2B). Immunoblot staining of EP2 protein using
HEK cells overexpressing the EP2 receptor and cerebellar lysates
derived from ROSACreER and ROSACreER;EP2'°¥% mijce
demonstrated specificity of an anti-EP2 antibody (Fig. 3 A and B).
Immunoblot comparison of EP2 expression levels in the cerebral
cortex in the ischemic vs. contralateral hemisphere revealed a
3.5-fold induction of an EP2 receptor 48 h after MCAo (Fig. 3 C
and D). This induction was also observed by immunofluorescent

Liu et al.

staining (Fig. 3 E-G) where EP2 receptor expression was mark-
edly induced in neurons in the ischemic penumbra and was mostly
lost in the area of infarction as defined by the absence of MAP2
staining. Given the protection of inducibly ablating adult EP2
receptor expression using the ROSACreER line, we conclude that
induction of the EP2 receptor in response to cerebral ischemia
promotes cerebral injury.

Effects of Neuronal EP2 Receptor Deletion in MCAo-RP. As the EP2
receptor is induced in neurons in the ischemic hemisphere,
particularly in the penumbra, we next tested the contribution of
neuronal EP2 signaling to cerebral ischemic injury using the
Thyl-Cre line to selectively excise EP2 sequences in neurons
after the second postnatal week (29), avoiding developmental
effects from genetic deletion at earlier developmental stages
(Fig. 44). Measurement of infarct volume demonstrated a signifi-
cant and gene-dose-dependent decrease in cerebral injury in male
and female cohorts of Thyl-Cre, Thyl-Cre; EP2'°¥*, and Thyl-
Cre;EP2'°°% mice. These findings indicate that induction of the
neuronal EP2 receptor in the context of cerebral ischemia is highly
detrimental and contrast with prior data in global EP2 receptor
knockout mice using the same MCAo model where congenital
deletion of the EP2 receptor was cerebroprotective (27, 28).

Effects of Endothelial EP2 Receptor Deletion in MCAo-RP. The EP2
receptor, along with the EP4 and prostacyclin (PGI,) receptors,
mediate the vasodilatory effects of PGE, (30, 31). Accordingly,

B cerebellum C cerebral cortex D

ROSACre; ROSACre cL
Ep2 lox/lox

Fig. 3. EP2 receptor is highly induced in the brain in response to cerebral is-
chemia. (A) Validation of the anti-EP2 antibody using cerebellar lysates and
HEK cells overexpressing the EP2 receptor (HEK-EP2; positive control) and HEK
cell lysates (negative control). (B) EP2 receptor expression is decreased in the
cerebellum in ROSACreER;EP2'°Y'* 3 mo male mice. (C) The EP2 receptor is
significantly induced in the IL cerebral cortex compared with the CL non-
infarcted cortex 48 h after MCAo in 3 mo male mice. (D) Quantification of the
EP2 protein in the IL and CL cortices 48 h after MCAo (n = 5 per group, two-
tailed Student'’s t test, ***P = 0.0003). Data are presented as mean + SEM. (E)
Immunofluorescent staining of naive and MCAo brains 48 h after MCAo,
stained for the EP2 receptor and MAP2. (Scale bar, 1 mm.) The white arrow
points to the border among infarcted tissue and penumbra. (F) Higher magni-
fication of the border region between the infarcted and the penumbral parietal
cortex and the corresponding area in the naive brain. (Scale bar, 250 pm.) (G)
Layers V and VI of the ischemic hemisphere in the penumbra demonstrating
colocalization of MAP2 (green) and the EP2 receptor (purple). (Scale bar, 50 pm.).
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Fig. 4. Effects of cell-specific deletion of the neuronal and endothelial EP2
receptors in MCAo-RP. Data are presented as mean + SEM. (A) Deletion of
the neuronal EP2 receptor in 3 to 4 mo Thy1-Cre;EP2'°"'°* mice was pro-
tective in male and female cohorts (males: n = 6-10/group; P = 0.0417; fe-
males: n = 2-14/group; P = 0.0470; *P < 0.05 post hoc Tukey between male
Thy1-Cre and Thy1—Cre;EP2"”‘/'°x genotypes). (B) Measurement of relative
CBF by LDF does not demonstrate any effect of genotype in VECadCreER;-
EP2'°1%X v control VECadCreER mice (n = 14-20 3 to 4 mo male mice per
group; effect of genotype during RP from 45 min to 105 min, P = 0.2365). (C)
Percentage of corrected infarct volume does not differ in 3 to 4 mo male
VECadCreER;EP2'“'"°* mice vs. control VECadCreER mice 24 h after MCAo
(n = 14-16 per group).

we examined effects of inducibly deleting the EP2 receptor at
adult stages in endothelial cells using the VECad-CreER"* line
(abbreviated VECadCreER; Fig. 4 B and C) wherein tamoxifen
triggers excision of loxP sequences in both systemic and cerebral
endothelia (32). This strategy has previously been utilized to
identify cell-specific mechanisms of cerebroprotection of a re-
lated PGE, receptor, the EP4 receptor (2). We measured rela-
tive cerebral blood flow (CBF) using laser Doppler flowmetry
(LDF) in mice subjected to 60 min of ischemia followed by 60
min of RP. VECadCreER;EP2'°'* mice did not show signifi-
cant differences in CBF compared with VECadCreER mice, a
finding consistent with previous LDF studies showing no effect
of EP2 receptor deletion in global EP2 =~ mice (27, 28).
Quantification of stroke volume by CV staining also showed no
differences between genotypes, suggesting that the endothelial
EP2 receptor does not contribute significantly to early cerebral
ischemic injury.

Inducible Global Deletion of EP2 Receptor Does Not Disrupt Cognitive
Function. The divergent findings between stroke outcomes in
congenital EP27~ mice vs. ROSACreER;EP2''* mice sug-
gested that previously observed deficits in sensorimotor gating,
anxiety, and spatial memory in EP2~/~ mice (33, 34) might have
been confounded by the early developmental expression of the
EP2 receptor. Yang et al. (34) demonstrated a deficit in spatial
memory in the Morris water maze, and Savonenko et al. (33)
demonstrated impaired prepulse inhibition (PPI) and heightened
anxiety in the open field and elevated plus maze tests in con-
genital EP2 =~ mice (35). We examined cohorts of 3 mo old
male and female ROSACreER:EP2'°¥'** and control ROSAC-
reER mice (SI Appendix, Fig. S3) that had received tamoxifen at
8 wk of age and were tested 4 wk later. After ensuring that visual
and motor skills were normal, mice were tested for deficits in
PPI, a measure of sensorimotor gating where a brief and low-

10022 | www.phas.org/cgi/doi/10.1073/pnas. 1818544116

intensity acoustic stimulus is used to inhibit the startle reflex
caused by a loud stimulus (SI Appendix, Fig. S3A4). Previous ex-
amination of the PPI in EP2”~ mice demonstrated significant
differences compared with wild-type control mice (33). Here, the
PPI in ROSACreER:EP2'°¥'°* mice did not differ from control
ROSACreER ER mice in either gender.

Additional behavioral testing included the activity chamber, a
measure of motor activity, where both male and female
ROSACreER:EP2'°* mice behaved similarly to ROSACreER
control mice, and total distance and time traveled did not differ
between genotypes (SI Appendix, Fig. S3B). In the open field
test, a measure of novelty-induced exploratory activity and anx-
iety, there were no differences in distance traveled or time be-
tween genotypes in both genders (SI Appendix, Fig. S3C). In a
second test of anxiety, the elevated plus maze, there were again
no differences in the time in open arms between genotypes in
both genders (SI Appendix, Fig. S3D). Finally, in the Morris
water maze, a measure of spatial learning and long-term memory
of a fixed location, there were no differences in escape latency
(SI Appendix, Fig. S3E) or time in quadrants (SI Appendix, Fig.
S3F) between genotypes of either gender. Taken together, adult-
stage ablation of the EP2 receptor did not phenocopy the cog-
nitive deficits observed in global EP27~ mice, supporting a
confounding effect of congenital deletion of the EP2 receptor.

Pharmacologic Inhibition of EP2 Prevents Cerebral Ischemic Injury.
We then tested whether pharmacologic inhibition of the EP2
receptor would attenuate MCAo injury (Fig. 5). Recent studies
have identified a series of EP2 receptor antagonists (36) that are
brain penetrant and increase phagocytic activity of the microglia.
We selected compound 52, a small molecule with low nanomolar
binding affinity for the EP2 receptor (ICso = 8 nM). C57BL/6J
male mice underwent 45 min of MCAo as before with the ex-
amination of neuroscores over 72 h and quantification of infarct
volume. Administration of compound 52 at 4.5 h and again at
24 h after MCAo improved neurological scores and reduced
infarct volume, consistent with results observed with
ROSACreER;EP2'*¥'°* mice.

Discussion

The PGE, EP2 receptor has been studied using genetic ap-
proaches in models of inflammatory neurodegeneration, including

4.5h 24h
mcho | 72h _ Vehicle
[ | 1 -~ EP2 inhibitor
B Neuroscore C Body weight D  Infarct Volume
3 %
o 26 E g 80
32 I/i\}k 2 24 2 Eeo
o & 8¢ Xy
3 5 22 sk 2 240 o
g, g
Time: p=0.0138 20{ Time: p<0.0001 £ €20
Treatment: p=0.0243 Interaction: p=0.0012 a’” :.
L S =< 7 5 o
N N BN
& P P & P P P &S

Fig. 5. Inhibition of the EP2 receptor is cerebroprotective. Data are pre-
sented as mean + SEM. (A) The EP2 receptor inhibitor (compound 52 at
10 mg/kg) or vehicle were administered at 4.5 h and again at 24 h after
MCAOo to 3 mo C57BL/6J male mice (n = 21 per group). (B) Neurological scores
over 72 h after MCAo (repeated measures, two-way ANOVA, effect of time
P = 0.0138; effect of treatment, P = 0.0243; Bonferroni post hoc *P < 0.05
at day 3). (C) Body weight over 72 h after MCAo (repeated measures, two-
way ANOVA, effect of time P < 0.0001, and effect of treatment, P = 0.0052;
Tukey post hoc **P < 0.01 at day 3). (D) Percentage of infarct volume in mice
72 h after MCAo + EP2 receptor inhibitor (n = 13 per group; Student’s two-
tailed t test, P = 0.035).
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models of innate immunity, AD, PD, and amyotrophic lateral
sclerosis (4, 5, 10-16). In these models, progression of pathology
occurs in the context of a prominent innate immune response and
ablation of the EP2 receptor is highly beneficial. In this study,
myeloid-specific effects of PGE, EP2 signaling were examined in a
model of cerebral ischemia where precedent has demonstrated that
peripheral macrophages and neutrophils infiltrate the ischemic
hemisphere over the first several days after stroke (18-22). Myeloid-
specific knockdown of EP2 signaling in Cd11bCre;EP2'¥'°* mice
reduced brain infiltration of Cd11b*CD45" macrophages and
CD45*Ly6G™ neutrophils, suggesting that the myeloid EP2 re-
ceptor enhances the poststroke innate immune response. Loss of
the myeloid EP2 receptor did not alter infarct severity, poten-
tially reflecting the 50% knockdown of EP2 genomic sequences
in the Cd11bCre;EP2'°"'% line, a limitation of this approach;
given this conditional knockout approach, we cannot rule out
that myeloid EP2 ablation alone is sufficient to reverse cerebral
ischemic injury, however, it was associated with marked de-
creases in myeloid cell infiltration. Significant reduction of both
myeloid cell infiltration and cerebral injury was, however, ob-
served following inducible global deletion of the EP2 receptor in
adult RosaCreER;EP2''°% mijce; here EP2 genomic sequences
were reduced by ~95% and suggested that nonmyeloid EP2
receptor-expressing cell types contribute to cerebral injury.

Unexpectedly, the reduction of stroke severity in
ROSACreER;EP2''* mice did not phenocopy previous findings
in stroked global EP27~ mice where EP2 receptor deletion in-
stead increased cerebral injury (27, 28). As this suggested a po-
tential confound of congenital EP2 receptor deletion, we
investigated expression levels of the EP2 receptor basally and after
MCAo. Basal expression of the EP2 receptor in naive mice was
very low in the forebrain, but upon ischemic insult, EP2 receptor
expression was markedly induced in penumbral cortical areas,
particularly in neurons. Previous investigations (GENSAT) also
confirmed low to absent EP2 receptor expression in the adult
forebrain but high levels in the developing brain, suggesting an
early role of neuronal EP2 signaling in brain development. We
also examined cognitive function in ROSACreER;EP2'°'* mice
and found a normal behavioral phenotype that contrasted sharply
with the previously described abnormal behavioral phenotypes of
EP27~ mice (33, 34). In retrospect, the lack of an effect of adult
EP2 receptor ablation on behavior is not surprising as the basal
expression level of the EP2 receptor is nearly undetectable in the
forebrain in the adult.

Following cerebral ischemia, a marked induction of EP2 re-
ceptor expression was observed in the ischemic hemisphere,
particularly in neurons of the penumbra, suggesting that neuro-
nal EP2 receptor induction worsens cerebral injury. In support of
that, ablation of the neuronal EP2 receptor postnatally in Thyl-
Cre;EP2'°% mice was highly protective and phenocoxgl)ied the
rescue of the infarct volume seen in ROSACreER;EP2°¥'f mice.
Subsequent examination of endothelial EP2 signaling in stroked
VECadCreER;EP2'¥' mice did not show changes in CBF or in-
farct volume. This observation is consistent with prior studies in
EP27~ mice where no changes in CBF were observed with loss of
the EP2 receptor (27, 28, 37). The lack of an effect of conditional
deletion of the endothelial EP2 receptor as well as the absence of
a vascular phenotype following global EP2 receptor deletion may
reflect redundancy in the regulation of CBF where, at least, two
additional prostanoid signaling pathways can regulate vascular
tone, including the vasodilatory PGI, and EP4 signaling pathways.

In vivo, a marked cerebroprotective effect was found in Thyl-
Cre;EP2lox/lox'*"** and Thy1-Cre;EP2'°* mice compared with
Thy1-Cre control mice, indicating a detrimental effect of neu-
ronal EP2 receptor induction acutely after cerebral ischemia.
Previous in vitro studies modeling effects of EP2 signaling
employed primary neuronal cultures derived from embryonic
cortical or hippocampal neurons or, alternatively, hippocampal
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slice cultures derived from the early postnatal brain (27, 38).
These in vitro studies convincingly supported a neuroprotective
effect of EP2 receptor signaling following pharmacologic appli-
cation of EP2 receptor agonists in the setting of glutamate
excitotoxicity and oxygen-glucose deprivation. However, given
our current assessment of EP2 receptor expression in the adult
brain, these observations might be explained by the fact that
in vitro cultures utilized embryonic neurons that express high
levels of the EP2 receptor and would therefore not be repre-
sentative of adult neurons that are basally devoid of the EP2
receptor. Taken together with the cerebroprotective effects of a
brain permeable EP2 inhibitor, our findings provide strong evi-
dence that inhibition of EP2 signaling is highly protective in
stroke through neuronal and immune mechanisms.

Nonsteroidal antiinflammatory drugs, which inhibit both COX-1
and COX-2, as well as COX-2 selective inhibitors are protective in
multiple stroke models when administered acutely within the
neuroprotective and vascular time windows (39-43). COX-2 in-
hibitors have not been considered for stroke therapy because of
concern over vascular side effects from inhibition of beneficial
PGE, signaling pathways downstream of COX-2 (44). PGI, is a
vasodilatory PGE, but with sustained COX-2 inhibition, its syn-
thesis is decreased, leading to a prothrombotic state from un-
opposed thromboxane A, signaling in platelets (reviewed in ref.
44). Tt is interesting to note that inhibition of COX-2 as far out as
18 h after MCAo is also effective in limiting stroke damage in
models of stroke (45), a time window that coincides with the
poststroke inflammatory response. Of the four PGE, receptors,
maladaptive innate immune responses have been established for
the EP2 receptor and include a persistence of proinflammatory
responses from induction of COX-2 expression and PGE, gener-
ation, a suppression of phagocytosis and lysosomal function, and
an inhibition of neurotrophic support (4, 15, 46). Conversely, the
EP4 receptor is highly anti-inflammatory (3) in addition to being
neuroprotective and vasodilatory in stroke models (2). EP2 sig-
naling therefore appears to be an effector of COX-2-mediated
injury via myeloid and neuronal cell types. Selectively targeting
the EP2 receptor pharmacologically also reduces stroke severity,
providing proof of concept that toxic PGE, signaling can be sup-
pressed without the potential side effects from broader COX-2
inhibition.

In conclusion, we demonstrate that, in a rodent model of ce-
rebral ischemia, ablation of myeloid EP2 signaling attenuates the
poststroke inflammatory response. We also demonstrate that the
EP2 receptor blockade using either an inducible knockout ap-
proach or a brain penetrant inhibitor in adult mice is highly
protective via neuronal and inflammatory mechanisms. Finally,
we uncover important differences in stroke and behavioral
phenotypes between the original congenital global EP27"~ mouse
model and the inducible adult ablation of the EP2 receptor in
the ROSACreER;EP2'°Y'°* line, highlighting the importance of
recognizing potential confounding effects from congenital gene
deletion.

Materials and Methods

Animals. This study was conducted in accordance with the National Institutes
of Health guidelines for the use of experimental animals (47) and protocols
were approved by the Institutional Animal Care and Use Committee. C57BL/
6 EP2'°* mice were generated as previously described (15). Additional de-
tails are provided in the S/ Appendix, Supplementary Methods.

Transient Focal Ischemia Model. All MCAo experiments were performed by an
experimenter blinded to genotype as described previously (2, 27). Some 12—
16 wk old mice were subjected to 45 min of MCAo followed by 24 or
48 h of RP.

Quantification of Infarct Volume. Infarct quantification was carried out by a
second examiner who was blinded to genotype. After 23 or 47 h of RP, mice
were lethally anesthetized, and brain tissue was harvested for infarct
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quantification using CV as previously described (2). For each brain, 20 pm
sections at 800 pm intervals were stained with CV, imaged (Keyence micro-
scope, BZ-9000 Series), and hemispheric stained regions were quantified using
Image) (imagej.nih.gov/ij). Volumes across the intervals from the last to first
sections were summed to calculate the total infarct volume; infarct volume
was then corrected for edema by comparing the volume of contralateral
noninfarcted hemisphere to minimize the contributions of cytotoxic and
vasogenic edema, the infarct volume was determined using the indirect
method, using the equation: % corrected infarct- 100 x [(V. — V))/V.], where V.
is the volume of a normal brain in the nonischemic hemisphere and V, is the
volume of normal gray matter in the lesioned ischemic hemisphere (48).

Measurement of Relative CBF. LDF was performed in a blinded fashion 2 mm
posterior and 3 mm lateral to the bregma over the parietal skull surface as
previously described (2, 27). Here, mice underwent 60 min of MCA occlusion
followed by 60 min of RP.
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Statistical Analysis. Data are expressed as mean + SEM. Statistical compari-
sons were made in Prism software (GraphPad) using the Student'’s t test (for
two groups meeting normal distribution criteria by the Shapiro-Wilk nor-
mality test), the Mann-Whitney U test (for two groups not meeting normal
distribution criteria), or ANOVA with the Bonferroni or Tukey multiple
comparison tests (for groups across variables with multiple comparisons
between groups). Data were subjected to the Grubbs’ test to identify the
presence or absence of outlier data points for exclusion from analysis. For all
tests, P < 0.05 was considered significant.
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