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Neurobiology of Disease

Peripheral Myeloid Cell EP2 Activation Contributes to the
Deleterious Consequences of Status Epilepticus
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A multidimensional inflammatory response ensues after status epilepticus (SE), driven partly by cyclooxygenase-2-mediated
activation of prostaglandin EP2 receptors. The inflammatory response is typified by astrocytosis, microgliosis, erosion of the
blood-brain barrier (BBB), formation of inflammatory cytokines, and brain infiltration of blood-borne monocytes. Our previ-
ous studies have shown that inhibition of monocyte brain invasion or systemic administration of an EP2 receptor antagonist
relieves multiple deleterious consequences of SE. Here we identify those effects of EP2 antagonism that are reproduced by
conditional ablation of EP2 receptors in immune myeloid cells and show that systemic EP2 antagonism blocks monocyte
brain entry in male mice. The induction of hippocampal IL-6 after pilocarpine SE was nearly abolished in EP2 conditional
KO mice. Serum albumin levels in the cortex, a measure of BBB breakdown, were significantly higher after SE in EP2-suffi-
cient mice but not in EP2 conditional KOs. EP2 deficiency in innate immune cells accelerated the recovery from sickness
behaviors following SE. Surprisingly, neurodegeneration was not alleviated in myeloid conditional KOs. Systemic EP2 antago-
nism prevented monocyte brain infiltration and provided broader rescue of SE-induced effects than myeloid EP2 ablation,
including neuroprotection and broader suppression of inflammatory mediators. Reporter expression indicated that the cellu-
lar target of CD11b-driven Cre was circulating myeloid cells but, unexpectedly, not microglia. These findings indicate that
activation of EP2 receptors on immune myeloid cells drives substantial deficits in behavior and disrupts the BBB after SE.
The benefits of systemic EP2 antagonism can be attributed, in part, to blocking brain recruitment of blood-borne monocytes.
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Unabated seizures reduce quality of life, promote the development of epilepsy, and can be fatal. We previously identified acti-
vation of prostaglandin EP2 receptors as a driver of undesirable consequences of seizures. However, the relevant EP2-express-
ing cell types remain unclear. Here we identify peripheral innate immune cells as a driver of the EP2-related negative
consequences of seizures. Removal of EP2 from peripheral immune cells was beneficial, abolishing production of a key inflam-
matory cytokine, accelerating weight regain, and limiting behavioral deficits. These findings provide evidence that EP2
engagement on peripheral immune and brain endothelia contributes to the deleterious effects of SE, and will assist in the de-
\velopment of beneficial therapies to enhance quality of life in individuals who suffer prolonged seizures. j
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Introduction
In both human and rodents, the extended seizures of status epilepti-
cus (SE) can result in marked brain inflammation, temporary open-
ing of the blood-brain barrier (BBB), and neuronal damage in select
brain regions leading to substantial decline in quality of life. Patients
in refractory SE typically show elevated CSF levels of chemokines
and cytokines, such as IL-6, IL-8, and CXCLI10 (Sakuma et al,
2015). Examination of the temporal cortex in a patient with new-
onset focal seizures that progressed into refractory SE revealed ro-
bust activation of astrocytes and microglia (van Vliet et al., 2007).
Moreover, brain-invading monocytes have been observed in hippo-
campal tissue of epilepsy patients (Broekaart et al., 2018).

In rodent hippocampus, several inflammatory mediators, cy-
clooxygenase-2 (Cox-2), IL-18, and Ccl2, are strongly induced
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within 30 min of SE onset, and the induction of other cytokines
follows (Jiang et al., 2015). The induction of the chemokine,
Ccl2, is noteworthy as it is involved in the recruitment of Ccr2-
expressing monocytes to inflamed tissue (Charo and Ransohoff,
2006; Prinz and Priller, 2010). Indeed, peripheral monocytes
invade the rodent brain in the days following SE seizures, con-
tributing to the neuroinflammatory response (Varvel et al., 2016;
Tian et al., 2017).

Interestingly, blocking recruitment of monocytes to the brain
after SE alleviates multiple adverse effects. After pilocarpine-
induced SE, germline Ccr2 KO mice display greatly reduced
monocyte brain infiltration and reduced hippocampal levels of
the proinflammatory cytokine IL-18. Notably, blocking mono-
cyte recruitment to the brain enhances weight regain, reduces
BBB erosion, and is neuroprotective in hippocampus, identifying
brain-invading monocytes as an immune cell subtype that con-
tributes to the deleterious consequences of SE (Varvel et al.,
2016).

Administration of a brain-permeable antagonist for the pros-
tanoid EP2 receptor hours after pilocarpine- or diisopropyl fluo-
rophosphate-induced SE produces a broad range of beneficial
effects, including reduction in delayed mortality, blunted neuro-
inflammation, prevention of BBB opening, neuroprotection, and
accelerated weight regain (Jiang et al., 2013; Rojas et al., 2015),
which together mimic the effect of conditional ablation of Cox-2
from those neurons in which it is rapidly induced after pilocar-
pine-induced SE (Serrano et al, 2011). Thus, activation of the
prostanoid EP2 receptor is a strong driver of Cox-2-mediated
deleterious effects following SE. However, in these studies, EP2
receptors were globally antagonized; thus, the relevant cell types
involved in EP2-driven consequences of SE remain enigmatic.
Moreover, it remains unclear whether the benefits attributed to
systemic EP2 antagonism also include reduced monocyte brain
recruitment.

In summary, EP2 receptors are widely expressed by neurons,
microglia, and other cell types throughout the brain (see
Results). To determine which of the deleterious effects of Cox-2
induction after SE can be attributed to EP2 receptor activation
on innate immune myeloid cells, we examined the consequences
of genetically ablating the EP2 gene from CD11b-expressing my-
eloid cells. We also determined whether systemic pharmacologic
inhibition of EP2 could prevent monocyte infiltration into the
brain after SE. We showed that CD11b-driven Cre was expressed
in brain endothelial cells and most circulating monocytes but
only sparely in microglia. Selective deletion of immune cell EP2
receptors enhanced weight gain after pilocarpine-induced SE,
alleviated early neurobehavioral deficits, prevented opening of
the BBB, and selectively blunted IL-6 induction in the hippocam-
pus. However, neuronal damage was not attenuated in the EP2
conditional KO mice after SE. By contrast, systemic EP2 antago-
nism after kainate-induced SE provided neuronal protection,
inhibited multiple inflammatory mediators, and blocked mono-
cyte brain infiltration. Together, these findings indicate that EP2
activation on innate immune cells contributes selectively to the
sickness behaviors observed after SE, and that the benefits of EP2
antagonism include blocking monocyte infiltration.

Materials and Methods

Mice. All mice used in the current study were housed in the same
rooms in Emory’s animal facility during the course of the experiment,
with one room designated for animal breeding and maintenance and
another room solely for SE experiments. The lights were on a 12 h on/off
cycle, and mice were fed and watered ab libitum. We obtained male
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Cd11b-Cre (Boillee et al., 2006) and female EP2"*/°* (Johansson et al.,
2013) mice from K. Andreasson (Stanford University), maintained on
the C57BL/6 (Charles River) background. The mice were subsequently
intercrossed to propagate the colony. In the current studies, Cd11b-Cre;
EP2™¥1% mice were identified as EP2 myeloid-conditional KO mice
(McKO), whereas EP2-sufficient littermates (mEP2 ") were either homo-
zygous EP2™*°% o1 heterozygous EP2" 7" and negative for the Cd11b-
Cre transgene. Of all 170 mice generated, 13.5% of the offspring were
male and McKO, and 28.2% were male and mEP27, in accord with the
expected Mendelian ratios.

We submitted genetic material obtained from an mEP2" mouse to
Charles River Laboratories for strain background characterization. A
total of 369 single nucleotide polymorphisms spread across the genome
at 7 Mbp intervals were analyzed to generate an allelic profile for com-
parison with their reference inbred mouse strains. The mEP2" mouse
was a 99.6% match to C57BL/6 inbred mice from Charles River
Laboratories, so the mouse strain remained essentially congenic after
multiple generations of breeding at Emory.

We selected the CD11b-Cre driver to ablate EP2 from myeloid cells
based on the following considerations. First, the myelomonocytic
marker CD11b is expressed by both microglia and monocytes. Second,
we and others have demonstrated the involvement of both microglia and
infiltrating monocytes in the ensuing neuroinflammatory response fol-
lowing SE (Jiang et al., 2013; Vezzani et al., 2015 Varvel et al., 2016).

To create the CD11b-Cre reporter mouse line, mice hemizygous for
the CDI1b-Cre transgene were bred to Ai9 (The Jackson Laboratory,
#007909), creating a CD11b-Cre reporter mouse line (McKOR). Ai9 is a
Cre reporter allele that has a loxP-flanked STOP cassette preventing
transcription of a CAG promoter-driven red fluorescent protein variant
(tdTomato), all inserted into the Gt(ROSA)26Sor locus. Ai9 mice express
robust tdTomato fluorescence following Cre-mediated recombination
(Madisen et al., 2010).

In Cer2#"% KO mice, the Ccr2 open reading fragment was disrupted
with a cDNA encoding red fluorescent protein (RFP) (Saederup et al.,
2010). The Ccr2?™ mice have been backcrossed to C57BL/6 (Charles
River) for over 11 generations. To generate heterozygous Ccr2™*/?P mice,
in which monocytes are marked by RFP expression, male Cer2 mice
were bred to female C57BL/6 mice from Charles River.

Male mice were used in the current studies as, after pilocarpine, male
mice more readily entered SE compared with female littermates; the
pilocarpine dose required to provoke SE was usually lethal in female
mice. However, when care is taken to synchronize the estrous cycle of
female mice, similar results were obtained with both male and female.
These results will be reported elsewhere. Attempts were made to validate
four commercial EP2 antibodies using tissues from EP2 KO mice
(Kennedy et al., 1999) obtained from The Jackson Laboratory, or tissues
from another EP2 KO line (Hizaki et al., 1999) obtained from Tomohiro
Aoki (Department of Molecular Pharmacology, Research Institute,
National Cerebral and Cardiovascular Center, Suita, Osaka, Japan).

Pilocarpine injection. To minimize peripheral effects of pilocarpine,
mice were injected intraperitoneally with methylscopolamine and terbu-
taline (2 mg/kg each in 0.9% saline solution, pH 7.4). After 20 min, pilo-
carpine hydrochloride (328 mg/kg in 0.9% saline, freshly prepared) was
injected intraperitoneally to induce SE. Control mice of each genotype
received methylscopolamine and terbutaline, followed by injection of sa-
line solution instead of pilocarpine. Seizures were classified as previously
described (Borges et al., 2003; Varvel et al., 2016) and scored every 5 min
as follows: a score of 0 represents normal behavior (walking, exploring,
sniffing, grooming); a score of 1 represents immobility, staring, jumpy
or curled-up hunched posture; a score of 2 represents automatisms (re-
petitive blinking, chewing, head bobbing, vibrissae twitching, scratching,
face-washing, “star-gazing”); a score of 3 represents partial body clonus,
occasional myoclonic jerks, shivering; a score of 4 represents whole-
body clonus, “corkscrew” turning and flipping, loss of posture, rearing
and falling; a score of 5 (SE onset) represents nonintermittent seizure ac-
tivity consisting of Stage 3 or 4 repeatedly; a score of 6 represents wild
running, bouncing, and tonic seizures; and a score of 7 represents death.
After 1 h, SE was interrupted by diazepam (10 mg/kg, i.p.) to reduce
mortality. Saline-treated mice were also given diazepam. Mice were fed
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moistened rodent chow, monitored daily, and injected with 5% (w/v)
dextrose in lactated Ringer’s solution (0.5 ml i.p.) when necessary.

Kainate injection and TG6-10-1 administration. Kainate was
obtained from Tocris Bioscience and was dissolved at 4 mg/ml in a 0.9%
saline solution, pH 7.4, to generate a stock solution. The stock solution
was diluted in 0.9% saline solution to create a working solution on injec-
tion day. Heterozygous Ccr2*/" mice were weighed and injected with a
single dose of kainate (30 mg/kg, i.p.). In mice, kainate-induced seizures
consisted of distinct motor behaviors, including forelimb clonus, loss of
posture, rearing, and falling. Animals presenting these behaviors with
increased seizure intensity, duration, and frequency after the injection of
kainate were declared to be in SE, which is characterized in the kainate
model by clonic seizures accompanied by periodic rearing and falling.
Behavior was scored using a modified Racine scale as previously
described (Rojas et al., 2014). All mice that entered SE continued seizing
for at least 60 min; seizures usually persisted for several hours.

After 3 h, surviving mice were randomized into two groups and
received vehicle (10% DMSO, 50% PEG 400, 40% ddH,O) or the EP2
antagonist TG6-10-1 (5mg/kg, i.p.) at 4, 21, and 30 h after SE onset. The
mice were killed 3 d after SE onset, and the brain was processed for his-
tology, Western analysis, and gene expression as described below.

Modified Irwin test. A modified Irwin test (Irwin, 1968) was per-
formed to assess the health and well-being of mice after pilocarpine-
induced SE. The test comprised seven parameters (ptosis, lacrimation,
body posture, tremors, dragging body, hyperactivity or hypoactivity,
coat appearance) that can be measured simply by experimenter observa-
tion. The test was given 3 times: 48, 72, and 96 h after SE onset. Each pa-
rameter was scored on a 3 point scale (i.e, 0=normal, 1=mild to
moderate impairment, and 2 =severe impairment) with a total score
ranging from 0 to 14. A total score of 0 as a sum of all 7 parameters indi-
cates a normal healthy mouse. A total score ranging from 1 to 14 indi-
cates a mouse that is increasingly impaired.

Tissue processing. Four days after pilocarpine SE onset, mice were
anesthetized deeply with isoflurane, perfused through the heart with PBS
solution, and their brains rapidly removed from the cranium. The brain
was immediately bisected through the midline, and the left hemisphere
was fixed for 24 h in 4% (w/v) PFA at 4°C. The hippocampus and overly-
ing cortex were dissected from the right half of the brain, immediately
frozen on dry ice and stored at —80°C for RNA isolation and Western
blot analysis, respectively.

Fluoro-Jade B (FJB) labeling. After 24 h in 4% PFA, the left hemi-
sphere was cryoprotected in 30% (w/v) sucrose in PBS solution. Brains
were subsequently frozen in 2-methylbutane and sectioned coronally at
25um by using a freezing/sliding microtome. Every 12th section for a
total of five or six sections from each hemisphere was used for FJB stain-
ing to label degenerating neurons. Sections were mounted on Superfrost
Plus Microscope Slides (Thermo Fisher Scientific) and allowed to air-dry
overnight. Sections were immersed in 0.06% potassium permanganate
for 15 min with gentle agitation, rinsed for 1 min in distilled water, and
then transferred to the FJB staining solution (0.0001% w/v FJB in dis-
tilled water with 0.1% acetic acid) for 30 min in the dark with gentle agi-
tation. Sections were rinsed with three 1 min changes of distilled water
and air-dried. The slides were immersed in xylene and then coverslipped
with D.P.X. mounting media (Sigma Millipore). Sections between
bregma —1.34 and —2.40 were examined with a fluorescent microscope.

Following FJB staining, images were obtained from three hippocam-
pal areas (hilus, CA1l, CA3) in each section. A researcher unaware of
mouse genotype and experimental conditions counted the number of
FJB-positive neurons in the hippocampus. Only positive neurons with a
near-complete cell body shape and size were tabulated. Cell counts were
expressed as the total number of FJB-positive cells per section for each
region. The inter-rater reliability was determined by measuring pairwise
correlation of the average number of FJB-positive neurons counted in
each animal in the study. The Pearson coefficient was 0.99 with a slope
of 0.91, indicating excellent reliability between trained personnel.

Immunohistology. For immunofluorescence staining, sections were
blocked for 45min in 5% goat serum and incubated overnight at 4°C
with antibodies against rabbit anti-EP2 (1:1000, Abcam, ab167171), rat
anti-CD11b (1:1000, Millipore, clone M1/70), or rat anti-CD31 (1:250,
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BD PharMingen, 557355). Primary antibody incubation was followed by
extensive washing with PBS, incubation with fluorescent AlexaFluor sec-
ondary antibodies (1:250, Invitrogen) for 45 min, and washing in PBS.
Stained brain sections were mounted on glass slides and mounting me-
dium with DAPI and antifade (Vector) was applied. Images were
acquired with an Olympus FV1000 confocal laser scanning microscope
or Carl Zeiss AxioObserver Al epifluorescence microscope equipped
with an AxioCam MRc5 camera. Maximum intensity projections were
created using Image]J software.

Western blot analysis of albumin. Cerebral cortices from saline-per-
fused mice were homogenized in 10 volumes of RIPA buffer with prote-
ase and phosphatase inhibitors (Thermo Fisher Scientific). Brain
homogenates were centrifuged at 14,000 x g for 30 min at 4°C to remove
nuclei and cell debris. The supernatant was subsequently sonicated to
shear DNA. Brain protein was run on a 4%-20% Mini-PROTEAN TGX
Gel and electroblotted onto PVDF membranes (Millipore). Membranes
were blocked for 1 h at room temperature with Odyssey blocking solu-
tion (LI-COR), then incubated overnight at 4°C with primary antibodies
for albumin (1:1000; Cell Signaling) and GAPDH (1:10,000;
Calbiochem), followed by 1 h incubation with polyclonal IRDye second-
ary antibodies 680LT and 800CW (1:15,000; LI-COR). The blots were
imaged by a LI-COR imaging system using channels 700 and 800.
Because all samples could not be run on the same gel, one sample was
run on each blot for interblot normalization. Band intensity was meas-
ured and corrected for nearby background intensity by the LI-COR soft-
ware. The value of the albumin/GAPDH ratio for each sample was then
determined. The average ratio for selected groups was compared by
ANOVA with post hoc Sidak adjustment. The fold change for each group
was plotted on a linear scale.

Myeloid cell isolation and flow cytometry. SE was induced with pilo-
carpine in WT mice on the C56BL/6 background from Charles River as
described earlier. Four days after SE, the mice were perfused with Hanks’
buffered salt solution, the brains and blood were removed, and mononu-
clear cells were separated with a 30%/70% Percoll gradient as previously
reported (Cardona et al.,, 2006; Varvel et al., 2016). Single-cell suspen-
sions were stained with anti-CD11b-PerCP (M1/70; BioLegend) and
anti-Ly6C-FITC (AL21; BD PharMingen). Spleens were harvested from
mEP2* and McKO mice. Splenocytes were obtained by passing the
spleen contents twice through a 70 pm mesh with the aid of syringe han-
dle followed by lysing the red blood cells with AKC lysing buffer
(Thermo Fisher Scientific). Splenocytes were then washed with cold PBS
containing 5% FBS. Single-cell suspensions were stained with anti-
CD11b-PerCP (M1/70; BioLegend) antibodies. Cells were sorted on a
FACSAria II (BD) running Diva6. Data were analyzed with FlowJo soft-
ware (Tree Star).

RNA extraction and amplification from sorted myeloid cells. RNA
was extracted from using RNeasy spin columns (QIAGEN) or Quick-
RNA MiniPrep (Zymo) according to manufacturer’s instructions. RNA
samples were analyzed with the BioAnalyzer (Agilent Technologies).
Only samples with an RNA integrity value of at least 7 were selected for
further analysis. For microglia and monocytes, RNA from 24 of 26 mice
met this criterion. For splenocytes, RNA from all 6 mice met this crite-
rion with a mean value of 8.95. One round of poly-A RNA amplification
was performed on each sample by using MessageBOOSTER cDNA syn-
thesis kit for gPCR (Lucigen) following the manufacturer’s instructions.
Gene-expression analysis was performed as described above. The geo-
metric mean of the cycle thresholds (C, values) for S-actin, GAPDH,
and HPRT1 was used as internal RNA-level control for relative quantifi-
cation for the microglia and monocytes. The C, value for CD11b was
used as internal control of relative expression of the splenocytes.

Validation of EP2 antibody. We first compared Western blots from
tissues of EP2-sufficient, heterozygous EP2, and global EP2 KO mice.
Brain and kidney from perfused global EP2 KO mice were kindly pro-
vided by Richard Breyer (Vanderbilt University) (Kennedy et al., 1999).
The kidney was homogenized and centrifuged as described above.
Membranes were blocked for 1 h at room temperature with Odyssey
blocking solution (LI-COR), then incubated overnight at 4°C with pri-
mary rabbit monoclonal antibodies that are directed to the EP2 coding
sequence that overlaps the remaining genomic sequence in EP2 KO
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mice (1:1000; Abcam, ab167171) followed by incubation with polyclonal
IRDye secondary antibodies (1:15000; LI-COR). The blots were imaged
by a LI-COR imaging system using channels 700 and 800. To further
characterize the performance of the Abcam EP2 antibody, we stained a
variety of tissues or cell lines that were selected by qRT-PCR as being
very low or high expressers of EP2.

Three other EP2 antibodies from Lifespan Biosciences (LS-C406698,
1:200; LS-B6048, 1:750; or LS-C200473, 1:750) were tested. Both polyclo-
nal antibodies LS-C200473 and LS-B6048 detected a protein migrating
at ~42 kDa in brain, uterine, and kidney homogenates obtained from
EP2 KO mice. These two antibodies detected no discernible proteins of
lower molecular weight. Polyclonal antibody LS-C406698 detected a pro-
tein migrating at ~60 kDa in kidney and uterine homogenates, but not
in homogenates of heart and brain, obtained from mEP2" mouse tissue.
In addition, a band of similar size was detected in BV-2 cells stably over-
expressing human EP2 as well as parent BV-2 cells expressing little or no
endogenous mouse EP2. We also observed a band migrating near the 37
kDa marker in all tissue and cellular homogenates, including the EP2
KO brain. We conclude these three polyclonal antibodies are unreliable.

Cell culture. Two rat C6 glioma cell lines stably expressing human
prostanoid receptors DP1 and EP2 were created in the laboratory and
grown in DMEM (Invitrogen) supplemented with 10% (v/v) FBS
(Invitrogen), 100 U/ml penicillin, 100 pg/ml streptomycin (Invitrogen),
and 0.5mg/ml G418 (Invitrogen) (Jiang et al., 2013). Fixed cells were
stained with anti-EP2 antibody (1:1000; Abcam, ab167171) followed by
incubation with AlexaFluor secondary antibodies.

qRT-PCR. Total RNA from mouse hippocampus was isolated by
using TRIzol (Invitrogen) with the PureLink RNA Mini Kit (Invitrogen).
RNA concentration and purity were measured by A260 value and the
A260/A280 ratio, respectively. We typically recovered 5-15pg RNA
from each hippocampus with A260/280 ratio=2.1-2.2. First-strand
cDNA synthesis was performed with 1.0 ug of total RNA, using qScript
c¢DNA SuperMix (#95048, Quantabio) in a reaction volume of 20 pl at
25°C for 5 min, then 42°C for 30 min. The reaction was terminated by
heating at 85°C for 5 min. qRT-PCR was performed by using 8 pl of 50x
diluted cDNA, 0.1-0.5 um of primers, and 2x iQ SYBR Green Supermix
(Bio-Rad Laboratories), with a final volume of 20ul, in the iQ5
Multicolor Real-Time PCR Detection System (Bio-Rad). Cycling condi-
tions were as follows: 95°C for 2 min followed by 40 cycles of 95°C for
15 s and then 60°C for 1 min. Melting curve analysis was used to verify
single-species PCR product. Fluorescent data were acquired at the 60°C
step. The geometric mean of the C, values for -actin, GAPDH, and
HPRT1 was used as internal RNA-level control for relative quantifica-
tion (Tables 1 and 2). Samples without cDNA served as the negative con-
trols. The mean efficiency of our PCR reactions was 94.6 = 1.7% with a
range of 83%-105%. After adjusting C, values for individual analytes by
subtracting the geomean C, of three housekeeping genes, the AC, values
were flat across the dilution series, further validating the linearity of this
qRT-PCR assay.

Stereological assessment of monocyte number. Numbers of RFP"
monocytes were assessed on sets of every 12th systematically sampled 25-
um-thick coronal immunostained section through the hippocampus. The
sections were stained with rabbit polyclonal antibody to RFP (1:1000,
Abcam). Stereological analysis was performed with the aid of the Stereologer
software (Stereo Investigator 6, MBF Bioscience) and a motorized x-y-z stage
coupled to a video microscopy system. The optical fractionator technique
was used with 3D dissectors (area, 350 x 350 umz; height, 8 um; guard
height, 2 im; counting frame, 50 x 50 umz) (Long et al., 1998). RFP" mono-
cytes with complete soma within the dissector volume were counted.

Immunophenotyping of blood-borne cells from McKOR mice. Blood
was obtained from deeply anesthetized McKOR mice via cardiac punc-
ture with an EDTA-lined syringe and smeared on glass slides. Dried
blood smears were fixed in chilled (—20°C) methanol for 30 s and
stored at —80°C. Before staining, the slides were allowed to warm to
room temperature. Immunocytostaining was performed using primary
antibodies to RFP (1:1000, Abcam), CD11b (1:500, Millipore), and EP2
(1:1000, Abcam) followed by secondary AlexaFluor antibodies (1:250,
Invitrogen). Sections were coverslipped under Mounting Medium with
DAPI and antifade (Vector).
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Table 1. C; values and geometric means of housekeeping genes in four groups
from hippocampus 4 d after treatment with saline or pilocarpine

Genes mEP2* basal  McKO basal  mEP2™ pilocarpine  McKO pilocarpine
HPRT1 23.6 0.2 23.8+04 240+03 23.8£0.2
B -actin 22003 216+02  214+03 208 =03
GAPDH 18.1%£0.1 17.9 =01 183 0.2 17.9 = 0.
Geomean 21.1+0.2 209 +0.2 21.1+0.2 20.7 £0.2

Data are the mean = SEM (n = 8/group).

Table 2. C; values and geometric means of housekeeping genes from hippo-
campus 3 d after SE

Genes Kainate vehicle Kainate TG6-10-1
HPRT1 252+03 255+03
[B-actin 23.1+05 24+06
GAPDH 20.7 =04 205+0.2
Geomean 229*0.2 227 £03

Data are the mean = SEM (n = 5/group).

Experimental design and statistical analysis. The primary objective
of the study was to examine the consequences of cell-specific prostaglan-
din EP2 receptor signaling in innate immune myeloid cells after SE using
conditional KO strategies. Therefore, the effects of SE in McKO mice
were compared with the effects of SE in mEP2" littermates. Prospective
power analysis was based on the variability in gene induction encoun-
tered in our previous studies (Jiang et al., 2013, 2015; Varvel et al., 2016)
and our desire to observe at least a 30% difference in gene induction
between the two genotypes, if present. With these considerations, 8
mice/genotype/treatment were used. Before induction of SE, McKO and
mEP2" mice were each randomized into two groups: saline solution-
treated and pilocarpine-treated.

One-way ANOVA was used for Figures 2B, 3B, 4B, C, 5C, 6D, and
9G, and two-way ANOVA for Figures 1E, F, and 9C, followed by com-
parison of selected means with Sidak or Dunnett’s correction for multi-
ple comparisons as appropriate. Unpaired ¢ tests were used for
comparing two groups. For analysis of gene induction, the mean AAC;
values were compared between selected groups. After statistical analysis,
individual AAC; values from each sample group were converted to fold
change by 24, and the fold change from each group was plotted on a
logarithmic scale. Results are expressed as mean + SEM. Statistical anal-
ysis was performed using GraphPad version 6 (GraphPad Software). For
all analyses, the differences were considered to be statistically different if
p<0.05.

For the systemic EP2 antagonism experiments, all mice were subject
to kainic acid and then randomized in selected experiments to receive
TG6-10-1 or vehicle. Just before performing saline (+) statistical tests,
potential outliers were sought by Grubb’s test for removal; no outliers
were identified.

To minimize experimenter bias, analysis of results that require judg-
ment (e.g., counting FJB cells) was done blinded to experimental group;
and when multiple investigators participated, we determined the inter-
rater reliability. We also conducted extensive tests to validate the selec-
tivity of the EP2 antibody used, we verified that the background mouse
strain was stable after >10 generations at Emory, and we compared the
intrinsic efficiency of the PCR reactions for the various analytes
examined.

Results

Systemic administration of pilocarpine induces typical SE in
the absence of EP2 expression in innate immune myeloid
cells

To examine the role of EP2 activation in innate immune myeloid
cells (microglia and monocytes), we generated EP2 conditional
KO mice by crossing Cd11b-Cre mice (Boillee et al., 2006) with
EP2™" mice (Johansson et al., 2013) to create animals lacking
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Figure 1. Mouse behavior during SE and in the days following seizure interruption. A, The survival during SE was similar in both genotypes (1=9 of 11 mEP2™; n=9 of 12 McKO; Fisher’s
exact test). B, Mortality after SE, defined as deaths that occurred during the 4 d after interruption of SE, was identical between the two genotypes (1 of 9 mice in both mEP2™ and McKO). €,
The latency to SE, as judged by the behavioral seizure score, was similar in mEP2™ and McKO mice (n = 8/genotype, unpaired ¢ test). Error bars indicate mean = SEM. D, The behavioral sei-
zure score was tabulated every 5 min until the seizure was interrupted by diazepam 1 h after SE onset in mEP2™ and McKO mice (n = 8/genotype; open squares represent mEP2™; red squares
represent McKO). The temporal evolution of SE was similar in both genotypes. The average behavioral scores are represented as mean = SEM. E, McKO mice (red circles) regained lost weight
faster than mEP2™ mice (black circles) (n = 8/d/genotype, two-way ANOVA, the effect of genotype, Faiss) = 6.511, p=0.0135). F, Comparison of the modified Irwin scores taken on days 2-4
revealed improved scores in McKO (n =8, red circles) compared with meP2* (n=8, open circles) (two-way ANOVA, the effect of genotype, F(1 47 = 6.732, p=0.0130). Data are shown as a
percent of the maximum possible score, with 0 indicating a normal, healthy mouse. n.s., not significant.

EP2 in myeloid cells (McKO) and their EP2-sufficient control lit-
termates (mEP27"). Upon entering SE, 2 of 11 mEP2" mice died
while 3 of 12 McKO mice died in SE (Fig. 1A4). Of the 18 surviv-
ing mice, 1 mouse died in each group in the following 4 d after
interruption of SE by diazepam (Fig. 1B), indicating that the ab-
sence of myeloid cell EP2 did not modify either mouse survival
during SE or delayed mortality in the days following SE.

Next, we evaluated the latency to SE in the 16 mice that sur-
vived until the 4 d time point. On average, the mEP2" sufficient
mice entered SE ~48min after pilocarpine administration,
whereas the McKO mice entered SE ~41 min after pilocarpine, a
difference not statistically significant (Fig. 1C). In addition, the
temporal evolution of behavior seizure severity scores was similar
between the mEP2 " and McKO groups (Fig. 1D). Together, these
findings indicate that the absence of EP2 in innate immune mye-
loid cells does not alter mortality during SE, delayed mortality af-
ter SE, or seizure susceptibility. Thus, the consequences of SE can
be compared between mEP2* and McKO mice.

McKO mice display less behavioral deterioration following
SE

Previously, we have shown that, during the first 24-48 h follow-
ing SE, rodents lose 10%-20% of their body weight and then
slowly begin to recover in the following days (Jiang et al., 2013;
Rojas et al., 2015; Varvel et al., 2016). In the current study, both
mEP2" and McKO mice lost ~9% of their body weight in the
24 h after pilocarpine SE onset. By the second day, mEP2" mice
continued to lose weight, and they never recovered their lost
body weight, such that by the fourth day the mEP2" animals on

average had lost ~15% of their original body weight (Fig. 1E). In
contrast, McKO mice began to regain their lost weight by the
third day. By the fourth day, the McKO had regained all but
~5% of their original body weight before SE. There was a statisti-
cally significance difference in weight change from day 1 to day 4
between genotypes (p =0.014).

Using a modified Irwin test, we determined the effect of elim-
inating EP2 from innate immune myeloid cells on a selected sub-
set of normal behaviors. The data were plotted as a mean percent
of the maximum possible score for each genotype following SE.
Higher scores reflect more functional impairment. In general,
modified Irwin scores were high 24 h after SE and then declined
toward normal regardless of genotype. McKO mice showed lower
modified Irwin scores than mEP2" mice, suggesting less deterio-
ration of normal physiological characteristics in EP2-KO mice
(Fig. 1F). Relief from ptosis and abnormal posture had a dominant
contribution to the observed behavioral differences between geno-
types. Together, these findings indicate that McKO mice show less
behavioral deficit compared with their littermate mEP2" counter-
parts in the days following SE, suggesting that myeloid cell EP2
signaling has a deleterious role in mouse well-being after SE.

Serum albumin levels in the cortex are elevated after SE in
mEP2" mice, but not in McKO mice

Insults to the brain, including SE, can degrade the BBB as mani-
fested by extravasation of blood-derived proteins, such as serum
albumin. The ensuing penetration of albumin into the brain tis-
sue has been purported to trigger epileptogenesis (Ivens et al.,
2007; Varvel et al., 2015). Global EP2 inhibition with a selective
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antagonist prevents albumin extravasation into
the cortex after pilocarpine SE (Jiang et al., 2013),
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but the relevant cell types were not identified.
Serum albumin was detected in cortical homoge-
nates obtained from mEP2" mice perfused with
PBS 4 d following pilocarpine-induced SE, com-
pared with minimal albumin detected in cortex
of saline-treated mEP2" control mice (Fig. 24).
In contrast, there was no significant elevation of
albumin in cortices from pilocarpine-treated
McKO mice compared with saline-treated McKO
controls, and no difference between saline-
treated mEP2 " and saline-treated McKO corti-
ces (Fig. 2B). Visual inspection of Figure 2C
reveals an inconsistent elevation of cortical albu-
min in less than half the animals. Although
this was statistically insignificant, the power
to have detected the mean difference was
moderate (65%). Figure 2C shows an alter-
nate analysis that avoids significance testing;
the 95% CI of the point-by-point difference
in a bootstrapped resampling distribution
(Fig. 2C, bottom) reinforces that conclusion
that pilocarpine elevates cortical albumin
in the EP2-sufficient mice but not in the
McKO mice. These findings altogether sug-
gest that EP2 signaling in innate immune
myeloid cells enhances erosion of the BBB
after pilocarpine-induced SE.

Fold change in cortical albumin
(normalized to GAPDH,
referenced to mEP2+ saline)

Cc

Ablation of myeloid cell EP2 is not
neuroprotective after SE

We assessed the degree of neuronal damage 4
dafter pilocarpine-induced SE by examining
FJB staining in hippocampal brain sections. As
expected, FJB staining was encountered in the
CA1 and CA3 hippocampal subfields as well as
the hilar region of the dentate gyrus in both
mEP2" and McKO mice after SE. Surprisingly,
in the CA1 subfield, the number of damaged
neurons appeared to be similar regardless of
genotype (Fig. 3A). This impression was con-
firmed by counting the number of FJB" py-
ramidal neurons in the CA1 and CA3 subfields
as well as the hilar neurons. No significant dif-
ferences in number of damaged neurons were
encountered (Fig. 3B).

Figure 2.
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Serum albumin extravasation into the brain 4 d after SE was used to evaluate the integrity of the BBB. 4,
Albumin protein levels in cortical homogenates of saline-treated and pilocarpine-treated mEP2™ and McKO mice were
measured by Western blot with GAPDH as loading control. Two representative samples near the mean of each group
are shown. B, Normalized band intensity of the albumin protein relative to that of GAPDH and referenced to the mean
albumin/GAPDH ratio in saline-treated mEP2™ mice. Two statistical outliers were identified by the Grubb’s test and
removed: one from the saline solution-treated McKO group and the other from the pilocarpine-treated McKO group.
The albumin/GAPDH ratios were compared between each experimental group by one-way ANOVA (F3 ) = 2.339,

p=0.0241) with post hoc Sidak test with selected pairs. Horizontal line in the boxes indicates the median value. Each

Hippocampal induction of IL-6 is selectively
blunted in McKO mice after SE

To gain further insight into the role of myeloid
cell EP2 signaling after SE, we investigated the
expression profile of a panel of inflammatory
mediators in hippocampus from mEP2* and
McKO mice. qRT-PCR was performed on hip-
pocampal tissue to measure the levels of inflammatory mediators
as well as glial markers previously demonstrated to be induced in
the mouse hippocampus after pilocarpine SE (Jiang et al., 2013,
2015; Serrano et al., 2011; Varvel et al., 2016). The basal mRNA
levels of the inflammatory mediators and glial markers were
nearly identical in hippocampus obtained from saline solution-
treated mEP2" and McKO animals (Fig. 4A). The mRNA levels
of the inflammatory mediators IL-13, TNF«, and Ccl2 were all

symbol represents data from a single mouse. The achieved power to have detected a real difference between the sa-
line solution-treated mEP2 ™ and saline solution-treated McKO mice was 65%. €, Cumming estimation plots (Ho et al.,
2019) of median differences in fold change. Top, Gapped vertical lines indicate 95% Cls with the mean value at the
gaps in the lines. Bottom, Each mean difference is plotted as a bootstrap resampling distribution. Dots represent mean
differences. Ends of the vertical error bars indicate 95% CI.

induced in mEP2" and McKO mice at similar levels, although
variability in TNFa and Ccl2 mRNA levels could have masked a
50%-70% suppression. However, the induction of hippocampal
IL-6 was almost completely prevented in the McKO mice sub-
jected to pilocarpine-induced SE compared with mEP2" mice
(p=0.0025; Fig. 4B). COX-2 induction (Jiang et al., 2015) had
subsided in these mice by 4 d after SE. No significant differences
were encountered in the glial markers examined between
mEP2" and McKO mice (Fig. 4C).
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Figure 3.  Neuroprotection is not observed in McKO mice after SE. A, FJB staining in hippocampal tissue sections
4 after pilocarpine SE shows similar numbers of damaged neurons in the CA1 subfield of mEP2™ compared with
MKO littermates. Scale bar, 200 m. B, Plot of the number of FIB™ cells in hippocampal cell layers. Each symbol
represents data from a single mouse. Horizontal bars represent the mean of each group (CA1 mEP2™ n=8; (A1
McKO n=17, statistical outlier removed; CA3 mEP2* n=6, two samples too damaged to count; CA3 McKO n=8;
hilus mEP2™ n = 6, one sample too damaged to count; statistical outlier removed; hilus McKO n =7, statistical out-
lier removed). The outliers, if retained, would not have changed the interpretation. One-way ANOVA (Fis 35 = 26.8,
p <<0.0001) found significant differences among the groups. However, there were no significant differences
between genotypes in any of the three regions, using a post hoc Sidak multiple-comparisons test. The power to
have detected previously found levels of neuroprotection was 99.9% for CA1, 23% for CA3, and 34% for hilus.
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Figure 4.  Expression of inflammatory mediators and glial markers in hippocampus 4 d after SE. 4, The basal hip-

pocampal levels of mRNA encoding inflammatory mediators and glial markers were similar in mEP2™ and McKO
animals injected with saline solution. Each symbol represents the mean ACT of 8 mice of both genotypes. B,
Horizontal line indicates mean fold induction of the inflammatory mediators in hippocampus and is plotted for
mEP2™* (n=8) and McKO (n=8) mice 4d after SE. Each symbol represents an individual mouse, with induction
referenced to the mean of the appropriate saline solution-treated group (one-way ANOVA, F970) = 22.98,
p << 0.0001). A significant difference was found in IL-6 (+:<p = 0.0025) induction after Sidak. No significant changes
were encountered in glial markers (C).

Cre recombinase robustly ablates EP2 from CD11b™"
splenocytes; monocytes express high levels of EP2

We sought to determine the mRNA levels of EP2 in CD11b"
splenocytes. Nearly 60,000 CD11b™" cells were obtained from
each spleen of 3 mEP2" and 3 McKO mice by flow cytometry
sorting (Fig. 5A). To assess relative levels of CD11b" splenocyte
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EP2 mRNA in both genotypes, the C, values for
EP2 and CDI11b in mEP2" splenocytes were
compared with those in McKO splenocytes (Fig.
5B). The mean C, value for EP2 in mEP2* sple-
nocytes was 28.39. In contrast the EP2 mRNA
level was below background in each of the 3
McKO mice, suggesting a near complete loss of
EP2 mRNA in McKO CD11b™ splenocytes. We
conclude EP2 is ablated from nearly all CD11b™"
blood immune cells in the McKO mouse.

To evaluate the levels of EP2 mRNA in brain-
resident microglia and brain-infiltrating mono-
cytes, FACS-purified myeloid cell populations
were isolated from WT brain homogenates 4 d
after pilocarpine SE based on their differential
expression of Ly6C and CD11b, wherein micro-
glia are CD11b™" and exhibit low levels of Ly6C,
and brain-invading monocytes are also CD11b™
but with higher levels of Ly6C than microglia.

EP2 levels in microglia and monocytes from
the pilocarpine SE brain and blood monocytes
from saline solution-treated control mice were
normalized to EP2 levels in microglia from sa-
line-treated control mice. Notably, EP2 levels in
blood monocytes from control mice and brain-
invading monocytes from SE mice were 76- and
7-fold higher, respectively, than control micro-
glia (Fig. 5C). SE did not elevate EP2 levels in
microglia. These findings indicate monocytes
express considerably higher levels of EP2 than
brain-resident microglia in both control and SE
mice.

EP2 antibody validation

We next conducted a series of experiments to
determine which EP2-expressing cells are actually
ablated by CD11b-Cre; ~180 EP2 antibodies are
available from 19 suppliers. We initially used
Western blots of EP2-sufficient and KO mice to
evaluate four commercial antibodies for specific-
ity. Only one tested antibody (Abcam, 167171)
was found to be specific for EP2. Kidney homoge-
nates from EP2 homozygous WT, heterozygous,
and homozygous KO mice were probed with a
monoclonal rabbit anti-EP2 antibody (Fig. 6A). A
nonspecific protein band, marked as EP2 by most
commercial sources, was detected migrating
larger than 50 kDa in all three homogenates.
Notably, a thin band of ~40 kDa was detected in
the EP2 homozygous WT and EP2 heterozygous
kidney homogenates, but not in the homogenate
from the EP2 homozygous KO mouse (Fig. 6A).
Based on the amino acid sequence, EP2 should
have a mass of ~40.5 kDa.

It is not reliable to evaluate EP2 antibody
specificity by immunohistochemistry with global
or conditional EP2 KOs because, based on the
KO strategy, an in-frame 35 amino acid C-termi-

nal peptide with an initiating methionine could be expressed that
bears the epitope of most EP2 antibodies. We thus evaluated this
antibody for performance in cell lines and tissues that express
high or very low EP2 mRNA levels. A C6 glioma cell line stably
expressed the related prostanoid receptor DP1 with 45% amino
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Figure 5.  EP2 mRNA is robustly ablated in CD11b™ innate immune splenocyte cells from McKO mice and is more abundant in monocytes than microglia. A, Intact cells were first identified
by side scatter (SSC) and forward scatter (FSC) (left). Single-cell suspensions of CD11b™ spleen cells from 3 mEP2™ and 3 McKO mice were gated on CD11b (right). B, The C; values (average of
technical duplicates in each sample, which differed by a mean of 2.3%) for (D11b and EP2 from mRNA isolated from (D11b™ splenocytes collected from 3 mEP2* mice (#1-3) and 3 MckO
mice (#4-6). The C; values for EP2 in McKO splenocytes were below detection level (n.d.) in each mouse. ¢, EP2 mRNA levels for microglia and monocytes isolated as in A were normalized to
the mean of microglia from saline solution-treated mice. Horizontal bar represents the median level of EP2 mRNA. Each symbol represents an individual mouse (one-way ANOVA with Sidak

multiple comparison test).

acid sequence identity and 61% similarity sequence to human
EP2. Whereas antibody staining revealed no positive signal in
the human DP1 cell line (Fig. 6B), strong positive signal was
observed in the C6 cell line overexpressing human EP2 (Fig. 6C),
suggesting the rabbit monoclonal antibody has specificity for
human EP2 over human DP1.

To further validate the rabbit EP2 antibody, we performed
gene expression analysis and immunohistochemistry on mouse
tissue sections. The mRNA levels of mouse EP2 in ovary, uterus,
and spleen were each at least 100-fold higher than that in heart
(Fig. 6D). Consistent with the low level of mRNA in heart tissue,
positive protein signal was not detected in heart tissue from WT
mice (Fig. 6E). By contrast, robust EP2 signal was detected in
ovary follicles (Fig. 6F), cells lining the lumen of the uterus (Fig.
6G), and spleen (Fig. 6H). Together, these findings indicate the
rabbit monoclonal EP2 antibody has specificity for mouse EP2 in
tissue sections.

Blood immune cells express active CD11b-driven Cre and
EP2

A Cre reporter mouse was generated to assess cells in which Cre
recombinase is active by crossing Cd11b-Cre mice with the Ai9
mouse. The resultant mouse, termed McKOR, expresses robust
tdTomato fluorescence following Cre-mediated recombination.
Blood smeared from McKOR mice revealed robust tdTomato flu-
orescent signal in CDI1b-immunopositive nucleated immune
cells (Fig. 7A-D). Cellular counts revealed that 15% of the total
DAPI" blood cells were positive for both tdTomato and CD11b,
whereas only 4% of nucleated cells were CD11b " and tdTomato ",
and 2% of total cells were CD11b~ and tdTomato" (Fig. 7E).
Thus, 79% of the CD11b™ cells in the blood (=15/(15 + 4))
expressed active Cre, whereas only 2.5% of nominally CD11b"
cells expressed Cre.

Next, we examined EP2 and CD11b" expression in blood
cells from WT mice (Fig. 7F-I). EP2 expression was detected in
42% of nucleated (DAPI™) blood cells, and 73% of the CD11b™
cells also expressed EP2 (Fig. 7]). Together, these findings

indicate active Cre is present in the overwhelming majority of
CD11b-expressing blood immune cells, and most CD11b" cells
express EP2.

EP2 is expressed by neural cells, but only a subset of cells
expresses active Cre recombinase

Immunohistological analysis of brain tissue sections from WT
mice indicated that low-level EP2 expression was observed
broadly in CD11b* microglia (Fig. 84-C) and in some CD317"
endothelia (Fig. 8G-I). EP2 immunoreactive neurons were also
encountered throughout the cortex, hippocampus, and subcorti-
cal regions. Interestingly, despite clear CD11b expression in
microglia, the McKOR mouse revealed that only a very small
subset of microglia expresses active Cre (Fig. 8D-F). Indeed,
most brain tissue sections had no tdTomato" microglia, but
occasionally a rare cluster of three or four tdTomato™ microglia
was observed (e.g., Fig. 8D). Similarly, only a subset of CD31"
endothelia expressed tdTomato, indicating active Cre recombi-
nase (Fig. 8]-L). Together, we conclude EP2 is eliminated from a
very small minority of brain microglia and a subset of brain en-
dothelial cells in the McKO mouse, in contrast to robust ablation
of EP2 in blood immune cells (Figs. 5, 7).

Global EP2 antagonism prevents monocyte brain invasion

Monocytes infiltrate the brain between 1 and 3 d after kainate-
induced SE, and prevention of monocyte infiltration in the kai-
nate SE model in the CCR2 KO mouse has the same beneficial
effects as pharmacologic block of EP2 in the pilocarpine SE
mouse model (Varvel et al., 2016). For this reason, we deter-
mined whether EP2 activation is required for monoc’:}I‘[e brain
infiltration after SE. We subjected heterozygous Ccr2™/7F mice to
the brain-permeable EP2 antagonist, TG6-10-1, which has previ-
ously been shown to reduce brain inflammation, provide neuro-
protection, and enhance weight regain after SE (Jiang et al., 2013;
Rojas et al., 2015). In heterozygous Ccr2*/" mice, blood-borne
monocytes express RFP, but brain-resident microglia do not
express CCR2 or RFP (Saederup et al, 2010; Mizutani et al.,
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Figure 6. Validation of rabbit monoclonal anti-EP2 antibody. A, EP2 protein in kidney homogenates of EP2 homo-
zygous WT (EP2™7*), heterozygous (EP2™/), and global KO (FP2~/~). A nonspecific band migrating larger than
50 kDa in all three homogenates was detected by the anti-EP2 antibody (Abcam, ab167171). A band migrating at
~40 kDa was detected in the kidney homogenate from EP2*/* and EP2*'~ mice but not kidney homogenate
from P2~/ mice. EP2 immunoreactivity is not observed in C6 cells expressing human DP1 (B), but EP2 reactivity
is seen in (6 cells expressing human EP2 (red) (C). Cells are stained with DAPI (blue). Scale bars: B, €, 25 um. D,
EP2 mRNA levels for four organs normalized to heart are plotted. Each symbol represents an individual mouse. Line
indicates the mean. The ovary, uterus, and spleen were each significantly elevated over heart (ANOVA, F3 g =
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of CCR2-RFP-expressing monocytes showed
~86,000 monocytes in the hippocampus of vehi-
cle-injected mice, whereas fewer than 13,000
monocytes were encountered in SE mice subjected
to EP2 antagonism with TG6-10-1 (Fig. 9B).

We further evaluated the effects of TG6-10-1
in the mouse kainate SE model for comparison
with the pilocarpine model. Kainate SE mice
subject to the EP2 antagonist began to regain
weight 24 h after SE, whereas weight regain was
delayed in vehicle-treated mice, beginning >48
h after SE. There was a statistically significant
difference in weight change from day 1 to day 3
between treatment groups (Fig. 9C; p=0.001).
Hippocampal levels of inflammatory mediators
CCL2, IL-18, IL-6, and TNFa were each
depressed by >50% in TG6-10-1-treated SE
mice compared with vehicle-treated SE mice
(Fig. 9D). In these experiments, the levels of se-
rum albumin were much higher in cortical ho-
mogenates obtained from vehicle-treated mice
after SE compared with SE mice administered
TG6-10-1 (Fig. 9E). Finally, hippocampal tissue
was examined for neuronal damage. The well-
recognized kainate-induced neuronal injury pat-
tern was apparent (Buckmaster and Dudek,
1997; Rojas et al., 2014) as extensive damage to
the CA3 subfield of the hippocampus was
observed (Fig. 9F). The number of FJB" pyrami-
dal neurons was reduced in both CA1 and CA3
subfields following treatment with TG6-10-1.
On average, 222 dying CA3 neurons per section
were identified in vehicle-treated mice, whereas
105 stained neurons were counted in mice sub-
jected to the EP2 antagonist after SE (Fig. 9G;
p=0.04). Cumulatively, these results confirm
those of Jiang et al. (2019) and extend results
from the pilocarpine model to the kainate model
of SE, showing that systemic EP2 antagonism af-
ter pilocarpine- or diisopropyl fluorophosphate-
induced SE results in a broad range of beneficial
effects (Jiang et al, 2013; Rojas et al, 2015,
2016). Importantly, these results indicate that
pharmacologic inhibition of EP2 prevents patho-
genic monocyte recruitment to the SE brain.

65.89, p < 0.0001) after Dunnett’s with p << 0.0001 for each comparison to heart. Inmunohistochemistry on tissue

sections from heart (E), ovary (F), uterus (G), and spleen (H). Scale bars: E-H, 50 pm. Sections are countered with

DAPI (blue).

2011). Moreover CCR2-RFP-positive monocytes are rarely
observed in control mouse brain tissue (Varvel et al., 2012,
2016), confirming that monocyte infiltration into the healthy
brain is rare (Prinz et al., 2011). Thus, Ccr2*/ mice are a useful
model to distinguish brain-invading monocytes from brain-resi-
dent microglia when both cells are in the brain.

Anti-RFP staining and examination of hippocampal tissue 3
d after kainate-induced SE revealed brain invasion of CCR2-
RFP-expressing monocytes (Fig. 94, left). Interestingly, the EP2 an-
tagonist TG6-10-1 substantially reduced the number of Ccr2*/#
brain-invading monocytes (Fig. 94, right). In these experiments,
mice were injected with vehicle or TG6-10-1 (5mg/kg i.p.) 4, 21,
and 30 h after SE onset, and killed 3 d after SE. Stereological analysis

Discussion

In the pilocarpine SE model, the beneficial effects
of Cox-2 ablation limited to principal forebrain
neurons (Serrano et al., 2011; Levin et al., 2012)
are replicated by global pharmacologic block of
the EP2 receptor for PGE2 ( Jiang et al., 2013, 2015, 2019; Rojas
et al., 2015, 2016), which implies that EP2 activation mediates
much of the harmful effects of the Cox-2 inflammatory cascade
after SE. Our studies extend this finding to the kainate SE model
and were designed to identify the effects of pharmacologic EP2
antagonism that can be attributed to EP2 receptor expression in
innate immune myeloid cells, mainly microglia and monocytes.
Importantly, mEP2" and McKO mice display similar seizure se-
verity scores and latency to pilocarpine SE, so meaningful inter-
pretation of the consequences of the selective ablation of EP2 in
myeloid cells on SE-induced phenotypes is possible.
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Figure 7.  Immunophenotyping of blood cells. A-D, Blood smears from McKOR mice stained for CD11b (4, green) and DAPI (C, blue) and expressing tdTomato (B, red) with merged images
(D). E, A total of 710 DAPI™ cells were scored for the presence or absence of (D11b and tdTomato. The percentage of total scored cells exhibiting the four possible phenotypes is shown. F—I,
Blood smears from WT mice stained for CD11b (F, green), EP2 (G, red), and DAPI (H, blue) with merged images (/). J, A total of 224 DAPI™ cells were scored for the presence or absence of
(D11b and EP2. The percentage of total scored cells exhibiting the four possible phenotypes is shown. Scale bars: A-D, F-I, 5 pim.

Here, we show that ablation of EP2 in microglia
and monocytes, but primarily monocytes, alleviates
many of the deleterious consequences of pilocar-
pine SE, including prevention of IL-6 induction in
hippocampal tissue and SE-induced opening of the
BBB. Moreover, McKO mice display enhanced
weight regain and improved Irwin scores in the
days following SE compared with their EP2-suffi-
cient littermates, indicating that myeloid EP2 acti-
vation contributes to the early behavioral deficits
following SE. Most unexpectedly, the McKOR
mouse revealed that active CDI11b-driven Cre
recombinase included CD31" EP2-expressing en-
dothelial cells within the brain. Thus, limited EP2
ablation from brain endothelia might also contrib-
ute to alleviation of the adverse effects of SE. In con-
trast to pharmacologic EP2 antagonism after
pilocarpine SE (Jiang et al., 2013; Rojas et al., 2015),
myeloid cell EP2 ablation did not result in neuro-
protection in the hippocampus nor in blunted
induction of IL-18 or TNFa. Our previous studies
have suggested that the source of PGE2 to activate
EP2 is likely principal forebrain neurons (Serrano et
al,, 2011), which together with these results reveals
a form of neuron-microglia or neuron-monocyte
paracrine communication.

Disruption of the BBB is a common event in
numerous neurologic disorders and can contribute to
brain injury (Sweeney et al., 2019). Leakage of serum
albumin into the brain after SE could promote the de-
velopment of epilepsy because direct administration
of albumin into the brain can result in the appearance
of an epileptic focus that evolves into spontaneous
seizures (Ivens et al., 2007). Additionally, deterioration
of the BBB has been documented in epileptic humans
by measuring the extravasation of serum albumin into
the brain parenchyma (van Vliet et al, 2007). In
rodents, the integrity of the BBB is compromised
within hours of pilocarpine SE and persists for weeks
after kainate SE (van Vliet et al., 2014; Bankstahl et al.,
2018).

Beneficial outcomes have been attributed to

Figure 8.  Microglia and endothelia cells express EP2, but only a subset express active Cre recombinase. EP2 (4) is
expressed by (D11b™ (B) microglia in WT mice. A small subset of usually dlustered Iba1™ (E) microglia express the
tdTomato reporter (D) driven by (D11b-Cre in McKOR mice demonstrating active Cre recombinase. EP2 (@) is expressed
by some (D31 (H) endothelial cells in WT mice. A subset of (D31" (K) endothelial cells express the tdTomato re-
porter (J) in McKOR mice indicating active Cre, possibly because of ectopic expression from the (d77b-Cre. G, F, 1, J,
Merged images. Nudlei are counterstained with DAPI (blue). Scale bars: A-C, 25 pum; J-L, 50 pum; D—1, 100 pm.

synaptic injury and memory deficits in an Alzheimer’s disease

global EP2 ablation in a mouse model of amyotrophic lateral scle-  model (Johansson et al., 2013, 2015). Moreover, multiple beneficial
rosis (Liang et al., 2008). Myeloid cell ablation of EP2 suppressed effects are encountered after administration of a brain-permeable
inflammation, enhanced amyloid clearance, and prevented  EP2 antagonist starting 2-4 h after diisopropyl fluorophosphate-
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Figure 9.  EP2 antagonism relieves the deleterious consequences of kainate-induced SE. 4, Ca2™"™ mice (n=5)
subject to kainate and vehicle treatment showed hippocampal infiltration of CCR2-RFP™ monocytes 3 d after SE,
whereas SE Cr2 /™ mice subject to TG6-10-1 (TG6) (n=6) displayed greatly reduced numbers of CCR2-RFP™
monocytes in the hippocampus. B, Stereological analysis revealed ~86,000 monocytes in vehicle-treated mice 3 d
after SE and ~12,500 monocytes in mice treated with TG6-10-1 (¢ test, p = 0.001). (, TG6-10-1-treated mice (blue
circles) regained lost weight faster than vehicle-treated mice (open circles) (two-way ANOVA, the effect of treat-
ment, F1,,7) = 12.67, p=0.0014). D, Horizontal line indicates mean fold induction of the inflammatory mediators
in hippocampus and is plotted for vehicle-treated and TG6-10-1-treated 3 d after SE. Each symbol represents an indi-
vidual mouse, with induction referenced to the mean of the vehicle-treated group (paired t test, p=0.001). E,
Albumin protein levels in cortical homogenates of vehicle-treated and TG6-10-1-treated mice were measured by
Western blot with GAPDH as loading control. F, FJB staining in hippocampal tissue sections 3 d after SE shows more
injured neurons in CA3 subfield of TG6-10-1-treated mice compared with vehicle-treated mice. G, Plot of the number
of FIB™ cells in hippocampal cell layers. Error bars indicate mean =+ SEM of each group. Significant differences
were found by one-way ANOVA (F;3 1g) = 3.593, p = 0.03) followed by Sidak multiple comparison test (p = 0.04).

or pilocarpine-induced SE onset, namely, a reduction in
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observations might be attributed to divergent
consequences of EP2 activation after neurologic
insult, wherein EP2 activation is neuroprotec-
tive early and neurotoxic later, or they might be
because of opposing effects of EP2 antagonism
on different cell types, which motivated this
study.

We found active CD11b-driven Cre recombi-
nase in very few brain microglia, but in a subset
of brain endothelia. This unexpected finding
prompted us to look more carefully at CD11b-
driven Cre expression in our mice. We found
that 79% of CD11b" blood cells express active
Cre, and EP2 is observed in 72% of CD11b-
expressing cells. Thus, EP2 ablation in microglia
is unlikely to account for much, if any, of the
beneficial post-SE phenotypes observed in the
McKO mouse. Instead, we attribute the benefi-
cial impact of conditional EP2 ablation in the
McKO mice largely to preventing EP2 activation
in blood circulating CD11b" cells (monocytes
and neutrophils) and possibly brain endothelia.
Indeed, EP2 mRNA was virtually abolished in
CD11b-expressing splenocytes isolated from
McKO mice. Previous studies have identified the
spleen as a source of CD11b™ Ly6C™8" mono-
cytes recruited to the heart after ischemic myo-
cardial injury (Swirski et al., 2009) and brain in
response to repeated social defeat (Wohleb et al.,
2014). Thus, it is conceivable that the spleen acts
as a reservoir for brain-infiltrating monocytes
before SE. However, additional experiments will
be needed to demonstrate this.

Microglial EP2 has been implicated in para-
crine neurotoxicity following lipopolysaccha-
ride-induced inflammation in vitro (Shie et al.,
2005). However, ablation of EP2 from myeloid
cells did not result in neuronal protection after
pilocarpine SE. These conflicting findings might
be explained by the observation that EP2 is
expressed highly by microglia in vitro (Quan et
al,, 2013) but only at low levels by most brain-
resident microglia (Fig. 5). Our current and pre-
vious studies have demonstrated that systemic
EP2 antagonism, delayed for 2-4 h after pilocar-
pine SE, is neuroprotective (Jiang et al., 2013;
Rojas et al.,, 2015). We have extended this finding
to the kainate SE model here (see also Jiang et
al,, 2019), eliminating the chance that the neuro-
protective effect of EP2 antagonism after SE is
model-specific. It currently remains unclear on
which cell type EP2 antagonism elicits neuropro-
tective effects, but the absence of neuronal pro-
tection in the McKO mice suggests that myeloid
EP2 activation is not responsible for neuronal

delayed mortality, blunted neuroinflammation, prevention of
BBB opening, neuroprotection, accelerated weight regain, and
cognitive improvement (Jiang et al., 2013, 2015; Rojas et al,,
2015, 2016). In contrast, global EP2 genetic ablation increased
infarct size in a model of focal ischemia (McCullough et al.,
2004), and intraventricular delivery of an EP2 agonist immedi-
ately after pilocarpine-induced SE in a rat model is neuropro-
tective (Serrano et al, 2011). These seemingly contrasting

damage after pilocarpine SE.

A novel finding in the current study is that pharmacologic
EP2 antagonism after kainate SE prevented circulating peripheral
monocytes from infiltrating hippocampal tissue. We recently
identified brain-invading CCR2" Ly6C™®" inflammatory mono-
cytes as one driver of inflammation, neuronal damage, BBB dys-
function, and weight loss after pilocarpine-induced SE (Varvel et
al., 2016). One explanation is that EP2 antagonism prevents
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monocyte recruitment by quenching early brain inflammation,
namely, the production of chemokines. Indeed, the induction of
hippocampal Ccl2, a ligand for chemokine receptor, is sup-
pressed after EP2 antagonism after SE in kainate and pilocarpine
SE models (Jiang et al., 2013; Rojas et al., 2015). Another possi-
bility is that inhibiting EP2 signaling directly on monocytes
might block their recruitment to the brain. The current observa-
tion that monocyte brain recruitment and hippocampal inflam-
mation are both inhibited by systemic EP2 antagonism raises the
intriguing hypothesis that the benefits of EP2 antagonism might
be largely attributed to blocking monocyte recruitment to the
brain after SE.

Infiltration of monocytes into the brain has been reported af-
ter Theiler’s murine encephalomyelitis virus injection, which
causes brief behavioral seizures in mice (Howe et al., 2012;
Kaufer et al, 2018). Interestingly, mice infected with Theiler’s
murine encephalomyelitis virus have fewer behavioral seizures
(Racine Stage 3-5) in the 21d after virus infection when brain-
invading monocytes were deficient in IL-6 (Libbey et al,, 2011),
highlighting an important role for both monocyte brain invasion
and IL-6 in seizure activity in this disease model. In the current
study, IL-6 induction was selectively abolished in McKO mice,
and EP2 antagonism blocked monocyte brain recruitment.
These findings prompt us to hypothesize that targeting EP2 sig-
naling, IL-6 signaling, monocyte brain infiltration, or a combina-
tion of the three, might have antiepileptogenic effects, which is a
subject for future studies.

Before the present studies, we had assumed that EP2 antago-
nism was predominantly targeting inflammatory pathways
originating within the CNS. The discovery that EP2 elimination
in peripheral immune cells, and not microglia, attenuates mul-
tiple SE-induced effects supports a prominent role for periph-
eral immune cells in the immediate consequences of SE.
Additionally, the finding that systemic block of EP2 after SE
prevents inflammatory monocyte infiltration into the brain
raises the possibility that the beneficial effects of pharmacologic
EP2 inhibition can be partly or largely explained by reduced
monocyte infiltration. Together, these findings suggest that EP2
signaling in blood circulating innate immune myeloid cells and
brain endothelial cells drive behavioral deficits, inflammation,
and opening of the BBB after SE.
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