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The Prostaglandin E, E-Prostanoid 4 Receptor Exerts
Anti-Inflammatory Effects in Brain Innate Immunity

Ju Shi,* Jenny Johansson,* Nathaniel S. Woodling,* Qian Wang,* Thomas J. Montine,Jr
and Katrin Andreasson®

Peripheral inflammation leads to immune responses in brain characterized by microglial activation, elaboration of proinflammatory
cytokines and reactive oxygen species, and secondary neuronal injury. The inducible cyclooxygenase (COX), COX-2, mediates
a significant component of this response in brain via downstream proinflammatory PG signaling. In this study, we investigated the
function of the PGE, E-prostanoid (EP) 4 receptor in the CNS innate immune response to the bacterial endotoxin LPS. We report
that PGE, EP4 signaling mediates an anti-inflammatory effect in brain by blocking LPS-induced proinflammatory gene expression
in mice. This was associated in cultured murine microglial cells with decreased Akt and I-kB kinase phosphorylation and decreased
nuclear translocation of p65 and p50 NF-kB subunits. In vivo, conditional deletion of EP4 in macrophages and microglia increased
lipid peroxidation and proinflammatory gene expression in brain and in isolated adult microglia following peripheral LPS
administration. Conversely, EP4 selective agonist decreased LPS-induced proinflammatory gene expression in hippocampus and
in isolated adult microglia. In plasma, EP4 agonist significantly reduced levels of proinflammatory cytokines and chemokines,
indicating that peripheral EP4 activation protects the brain from systemic inflammation. The innate immune response is an
important component of disease progression in a number of neurodegenerative disorders, such as Alzheimer’s disease, Parkinson’s
disease, and amyotrophic lateral sclerosis. In addition, recent studies demonstrated adverse vascular effects with chronic admin-
istration of COX-2 inhibitors, indicating that specific PG signaling pathways may be protective in vascular function. This study

supports an analogous and beneficial effect of PGE, EP4 receptor signaling in suppressing brain inflammation. The Journal of

Immunology, 2010, 184: 7207-7218.

in the pathogenesis of many neurodegenerative diseases,

including Alzheimer’s disease (AD), Parkinson’s disease
(PD), and amyotrophic lateral sclerosis (ALS), and contributes to
aging in brain. Participating in the neuroinflammatory response
are the innate and adaptive immune responses, which mediate
intrinsic phagocytic and lymphocyte-mediated responses, respec-
tively. Significant insight has been gained into the role of inflam-
mation in neurodegeneration in AD, PD, and ALS from studies of
innate immunity because of considerable overlap in cellular and
molecular inflammatory mechanisms (1-7). A well-studied model
of innate immunity in brain involves systemic administration of
the bacterial endotoxin LPS. The peripheral immune response to
LPS can be transmitted to brain parenchyma in several ways: by

T he inflammatory response in the CNS plays a critical role
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direct effects on circumventricular organs or perivascular macro-
phages, stimulation of vagal afferents, direct transport of cytokines
into brain, and transduction of serum immune responses to paren-
chyma via endothelial cells. The resultant CNS innate immune
response is characterized by activation of microglial cells and
generation of neurotoxic reactive oxygen species, cytokines, and
proteases that lead to neuronal and synaptic injury and behavioral
deficits (6, 8-11).

A major participant in the neuroinflammatory process is the
inducible isoform of cyclooxygenase (COX), COX-2, which elicits
an injurious inflammatory response in many models of neurologic
disease (reviewed in Refs. 12-15). COX-2 and the constitutively
expressed isoform COX-1 catalyze the first committed step in the
synthesis of the five PGs, PGE,, PGD,, PGF,,, PGI,, and throm-
boxane A,, which, in turn, signal through distinct classes of G
protein-coupled receptors (16, 17). Accordingly, studies to under-
stand the toxic effects of COX-2 in models of inflammation have
focused on downstream PG-signaling pathways, notably PGE,,
which signals through a class of four E-prostanoid (EP) receptors
(EP1-EP4) (reviewed in Ref. 18). Studies indicated that the PGE,
EP2 receptor mediates a significant neuroinflammatory response
in vivo in a broad range of neurodegenerative models, including
the LPS model of innate immunity (19), the APPSwe-PS1AE9
model of familial AD (20), the G93ASOD model of familial
ALS (21), and the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
model of PD (22). Interestingly, the function of EP2 signaling in
brain is likely to be context specific, because studies demonstrated
a neuroprotective effect of EP2 signaling in models of glutamate
toxicity and cerebral ischemia (23-28).

The PGE, EP4 receptor shares certain characteristics with the
EP2 receptor, in that it is positively coupled to cAMP, and its expres-
sion is strongly induced in brain with systemic LPS administration
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(29). However, the function of the EP4 receptor in vivo in CNS innate
inflammation is not known. In this study, we report that, unlike the EP2
receptor, the EP4 receptor exerts significant anti-inflammatory effects
in vitro and in vivo by suppressing the proinflammatory gene response
in the LPS model of innate immunity, indicating that the PGE, EP4
receptor is likely to function as a beneficial PG receptor in vivo in CNS
inflammatory diseases.

Materials and Methods

Materials

LPS (Escherichia coli O55: B5; Calbiochem, San Diego, CA) was resus-
pended in sterile PBS at 1 mg/ml and stored at —20°C. EP4-specific agonist
AE1-329 {16-(3-methoxymethyl) phenyl-w-tetranor-3,7-dithia PG E1} was
a generous gift from Ono Pharmaceuticals, Osaka, Japan. Its selectivity for
the EP4 receptor was established previously (30, 31). H-89 was purchased
from BIOMOL (Plymouth Meeting, PA). Cell culture media, supplements,
and antibiotics were purchased from Invitrogen (Carlsbad, CA).

Animals

This study was conducted in accordance with the National Institutes of
Health guidelines for the use of experimental animals, and protocols were
approved by the Institutional Animal Care and Use Committee. C57B6 EP4
floxed mice (32) were kindly provided by Drs. Richard and Matthew
Breyer (Vanderbilt University School of Medicine, Nashville, TN), and
C57B6 Cd11bCre mice (33) were kindly provided by Dr. G. Kollias (Al-
exander Fleming Biomedical Sciences Research Center, Vari, Greece) and
Dr. Donald Cleveland (University of California San Diego, San Diego,
CA). All mice were housed in an environment controlled for lighting
(12-h light/dark cycle), temperature, and humidity, with food and water
available ad libitum. Cd11bCre:EP4f/f and Cd11bCre:EP4™* mice were
generated by serial crosses of C57B6 Cd11bCre and EP4f/f and EP4**
lines. Male Cd11bCre: EP4f/f and Cd11bCre: EP4** mice were treated
with saline or LPS (5 mg/kg i.p.; n = 5-8 per group; 13 mo of age).
Twenty-fours hours after injection, mice were euthanized, and brain tissue
was harvested and frozen at —80°C. For pharmacological experiments,
C57B6 male mice (The Jackson Laboratory, Bar Harbor, ME; n = 7 or 8
per group) received an injection of saline or LPS [5 mg/kg, i.p. (6)], with or
without vehicle, or AE1-329 [300 pg/kg s.c. (34)]. Mice were euthanized
6 h later, and brain tissue was harvested and frozen at —80°C. For collec-
tion of plasma, C57B6 male mice (n = 5 per group) received an injection of
saline or LPS (5 mg/kg, i.p.), with or without AE1-329 (300 ng/kg, s.c.), or
vehicle. Mice were deeply anesthetized with isoflurane at 3 h, and blood
was collected in a 1-ml syringe precoated with EDTA (250 mM) and
placed in EDTA-coated tubes. Plasma was collected after centrifugation
at 1000 X g for 10 min at 4°C and frozen at —80°C.

Cell culture

Murine microglial-like BV-2 cells were grown in DMEM supplemented
with 10% heat-inactivated FBS (HyClone, Logan, UT) and 100 U/ml each
penicillin and streptomycin and were maintained at 37°C in a humidified
atmosphere containing 5% CO,. For primary microglial cultures, cerebral
cortices were isolated from postnatal day 2 Sprague-Dawley rat pups
obtained from Charles River Laboratories International (Davis, CA) Tis-
sues were minced and incubated in 0.25% trypsin-EDTA, mechanically
triturated in DMEM/F-12 with 10% FBS, and plated on poly-L-lysine—
coated 75-ml flasks. Cultures were maintained for 14 d with media changes
every 4 d. Microglial cells were isolated by shaking flasks at 200 rpm in
a Lab-LineTM Incubator-Shaker (Thermo-Barnstead, Dubuque, IA) for
6 h. The purity of microglial cultures was confirmed with immunostaining
for Ibal and was >95% pure. BV-2 cells were seeded onto 6- or 24-well
plates and allowed to grow to 80-90% confluence. Primary microglia were
seeded onto 24-well plates at 5 X 10° cells/ml.

Quantitative real-time PCR

Quantitative real-time PCR (qPCR) was carried out as previously described
(21). Briefly, total RNA was isolated using TRIzol reagent (Invitrogen),
treated with DNAse (Invitrogen), and the reaction was terminated by heat-
ing at 65°C for 10 min. First-strand cDNA synthesis was performed with
1.5 pg total RNA, 4 U Omniscript enzyme (Qiagen, Valencia, CA), and
0.25 pg random primer in a reaction volume of 20 wl at 37°C for 1 h.
Reverse-transcribed cDNA was diluted 1:20 in RNase-free double-distilled
H,O for subsequent RT-PCR. The mRNA level for each target gene was
quantified by SYBR Green-based qPCR using the QuantiTect SYBR Green
PCR kit (Qiagen). Melting curve analysis confirmed the specificity of each
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reaction. Forward and reverse oligonucleotide primers for IL-6, -10, and
-18; TNF-«; inducible NO synthase (iNOS); COX-2; and NADPH sub-
units gp91P"°%, p67P"°%, and p47P"°* (Integrated DNA Technologies, Coral-
ville, IA) are listed in Supplemental Table I. The reaction was performed
using 5 pl cDNA, 0.25-0.5 uM primer, and 2X SYBR Green Super Mix
(Qiagen), with a final volume of 25 pl. Quantification was performed using
the standard curve method. Gene expression level was normalized to 18S
RNA, and relative mRNA expression is presented relative to control. Sam-
ples without reverse transcriptase served as the negative control. PCR
assays were performed using the PTC-200 Real Time PCR System (MJ
Research, Cambridge, MA). Experiments were repeated in triplicate.

Immunostaining

Free-floating 40-pwm coronal brain sections through hippocampus were
generated and processed for immunostaining, as previously described
(20). The following primary Abs were used: anti-EP4 (1/1000; Cayman
Chemical, Ann Arbor, MI) and anti-Iba I (1/500; Wako, Richmond, VA).
Secondary Abs and detection reagents included donkey anti-mouse Alexa
555, anti-rabbit Alexa 486, and Zenon 555 for detection of Ibal (Molecular
Probes, Eugene, OR). Specific staining of the EP4 Ab was confirmed using
blocking peptide and no primary Ab in control experiments. Images were
acquired by sequential scanning using the Leica TCS SPE confocal system
and DM 5500 Q microscope (Leica Microsystems, Mannheim, Germany),
with laser lines 405, 488, and 532 nm. Sections corresponding to 6 uM
were selected and equally processed in Leica LAS AF (Leica Microsys-
tems), and collapsed stacks were obtained with MetaMorph software (Mo-
lecular Devices, Sunnyvale, CA).

Nuclear extract preparation

Nuclear and cytoplasmic fractions of BV-2 cells were prepared at several
time points after treatment (0—120 min), using the nuclear extract kit from
Active Motif (Carlsbad, CA). Briefly, cells were washed, collected in ice-
cold PBS in the presence of phosphatase inhibitors, and centrifuged at
300 X g for 5 min at 4°C. Cell pellets were resuspended in hypotonic
buffer, treated with detergent, and centrifuged at 14,000 X g for 30 s at 4°C.
After collection of the cytoplasmic fraction, nuclei were solubilized for
30 min in lysis buffer containing protease inhibitors. Lysates were centri-
fuged at 14,000 X g for 30 min at 4°C, and supernatants were collected for
NF-kB studies. To prepare whole-cell lysates for phospho-Akt and phos-
pho-I-«kB kinase studies, cells were washed in ice-cold PBS and lysed in
20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM Na,EDTA, 1 mM EGTA,
1% Triton, 2.5 mM sodium pyrophosphate, 1 mM {3-glycerophosphate, 1 mM
orthovanadate, 1 wg/ml leupeptin, and 1 mM PMSF. Lysates were soni-
cated for 5 s centrifuged at 14,000 X g for 10 min at 4°C, and supernatants
were collected for phospho-Akt and phospho-IKK studies. All protein
concentrations were determined using the Bradford protein assay.

Western blot analysis

Protein (20 pg per lane) was fractionated using 12% SDS-PAGE and
electrophoretically transferred to PVDF membranes (Bio-Rad, Hercules,
CA). For phospho-Akt/Akt and phospho-IKK/IKK studies, membranes
were probed with anti—-phospho-Ser473 Akt Ab or anti—phospho-IKK Ab
(1:1000, Cell Signaling Technology, Beverly, MA) and anti-Akt and anti-
IKK Abs (1:1000; Cell Signaling Technology). For NF-kB nuclear-
translocation studies, membranes were probed with anti-NF-kB pl105/
p50 Ab (1:5000; Abcom, Cambridge, MA) or anti-NF-kB p65 Ab
(1:300; Santa Cruz Biotechnology, Santa Cruz, CA). Loading controls
included anti-actin Ab (1:10,000, Santa Cruz Biotechnology) for cytosolic
fractions and anti-lamin B1 Ab (1:10,000; Abcom) for nuclear fractions.
Immunoreactivity was detected using sheep anti-rabbit or sheep anti-
mouse HRP-conjugated secondary Ab (Amersham Biosciences, Arlington
Heights, IL), followed by ECL (Pierce, Rockford, IL). Autoradiographic
signals were quantified using NIH Image. Experiments were repeated in
triplicate.

Griess assay

NO synthase activity was measured using the Griess assay to measure nitrite
production (Promega, Madison, WI). BV-2 cells were plated at 5 X 10*
cells/well in 24-well plates, allowed to reach 90% confluence, and incubated
with or without LPS (10 ng/ml) and with or without AE1-329 (1 nM-1 uM),
or vehicle for 24 h. Fifty microliters cell culture medium and nitrite stand-
ards (0-100 nM) were transferred to a 96-well plate and mixed with 50 wl
sulphanilamide solution and 50 w1 N-1-naphthylethylenediamine dihydro-
chloride solution. After a 10-min incubation at room temperature, absor-
bance was read at 530 nm on a SpectraMax M5 plate reader (Molecular
Devices). Experiments were repeated in triplicate.
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Protein kinase A activity assay

Protein kinase A (PKA) activity was determined using the PKA kinase
activity assay kit (Assay Designs, Ann Arbor, MI). Cells were harvested
3 min after stimulation, and ELISA was carried out according to the
manufacturer’s instructions. Kinase activity was calculated as (sample
absorbance — blank absorbance)/pg protein and normalized to the average
value of vehicle.

ELISA

Measurements of phospho-Akt and total Akt were determined using the
PathScan phospho-Akt (Thr308) and total Aktl ELISA kits (Cell Signaling
Technology). BV-2 cells were harvested in cell lysis buffer 1 h after stimula-
tion (20 mM Tris [pH 7.5], 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1%
Triton X-100, 2.5 mM sodium pyrophosphate, ImM B-glycerophosphate,
1 mM NazVOy,, 1 pg/ml leupeptin), and ELISA was carried out according to
the manufacturer’s instructions. The ratio of phospho-Akt/total Akt was
used for statistical analysis.

Immunocytochemical quantification of NF-kB p65 nuclear
translocation

BV-2 cells were seeded on poly-L-lysine—coated glass coverslips and were
maintained in culture for =24 h before treatment with LPS with or without
AE1-329. After 1 h of treatment, cells were fixed with 4% paraformalde-
hyde and processed for immunocytochemistry using established protocols.
NF-kB cellular localization was detected using rabbit anti-NF-kB p65 Ab
(1:200, Santa Cruz Biotechnology) and Cy3-conjugated donkey anti-rabbit
secondary Ab (Jackson ImmunoResearch Laboratories, West Grove, PA).
Nuclei were visualized using Hoechst 33258 dye (MP Biomedicals, Solon,
OH). Images were acquired using a Nikon Eclipse E600 microscope
(Nikon Instruments, Melville, NY) and a Hamamatsu Orca-ER digital
camera (Hamamatsu Photonics, Bridgewater, NJ). For quantification of
nuclear NF-kB p65 levels, images were analyzed using the measurements
module of Volocity 4.3.2 image analysis software (Improvision, Waltham,
MA). To define nuclei, a measurements protocol found all areas of the
image where the Hoechst signal was above a defined threshold. Further
steps separated touching nuclei into individual objects, excluded objects
smaller than 30 wm? and excluded objects touching the edge of the
image. The program then reported the average intensity of the NF-«xB
p65 (Cy3) signal for each nucleus. For data quantification, each data
point represented the average NF-kB p65 signal from the nuclei in one
field of view (>100 cells).

Measurement of F2-isoprostanes and F4-neuroprostanes

Cd11b:EP4f/f and control Cd11bCre:EP4*'* cerebral cortices were exam-
ined for levels of lipid peroxidation by assaying for F2-isoprostanes (F2-
IsoPs), which are free radical-generated isomers of PG PGF,,, in neuronal
and nonneuronal cells, and F4-neuroprostanes, which are neuron-specific
products of docosohexanoic acid oxidation, using gas chromatography
with negative ion chemical ionization mass spectrometry, as described
previously (20).

Isolation of adult microglia from mouse brain

Adult microglial cell isolation was carried according to the methods of
Cardona et al. (35), and cells were processed for RNA isolation or flow
cytometry. Mice were deeply anesthetized and perfused with 30 ml ice-
cold 0.9% saline; brains were harvested and washed in ice-cold PBS and
individually homogenized using a dounce tissue homogenizer in 4 ml di-
gestion mixture (RPMI 1640 with 300 U/ml collagenase) and incubated
for 45 min at 37°C. Collagenase activity was stopped with the addition of
20 ml HBSS with 2% FBS and 2 mM EDTA. The suspension was tritu-
rated and passed through a 100-uM cell strainer (BD Falcon, Bedford,
MA) and centrifuged at 300 X g for 10 min at 4°C. The cell pellet was
resuspended in 3.3 ml 75% isotonic Percoll (Sigma-Aldrich, St. Louis,
MO), overlaid with 5 ml 25% isotonic Percoll and 3 ml ice-cold PBS,
and spun at 800 X g for 60 min at 4°C without brakes. After centrifugation,
cells at the interphase between the 75% and 25% Percoll layers were
carefully collected and diluted in 10 ml PBS with 0.5% FBS and 2 mM
EDTA and centrifuged at 300 X g for 10 min at 4°C. Yields of ~2.0 X 10°
microglial cells per brain were obtained, consistent with published studies
(36), yielding ~200 ng microglial RNA per brain. Purity of the microglial
preparation was determined in separate experiments by labeling ~10°
cells/ml with PE-conjugated hamster anti-mouse CD11b or IgG isotype
control (1:100; eBioscience, San Diego, CA) for 30 min on ice. Cells were
then washed with PBS and fixed (BD Biosciences, San Jose, CA). Flow
cytometry was performed on an LSR II (BD Biosciences), and data were
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analyzed with FlowJo 7.2.2 software (Tree Star, Ashland, OR). Cells
obtained by density-gradient centrifugation were 90.39% Cd11b* (Supple-
mental Fig. 3A). In separate experiments, magnetic beads conjugated to
anti-mouse Cdl11b Ab (Miltenyi Biotec, Bergisch Gladbach, Germany)
were used to further purify Cd11b* microglia, as described in De Haas
et al. (36). Cells at the Percoll interphase were resuspended in 90 wl ice-
cold bead buffer (PBS with 0.5% FBS and 2 mM EDTA [pH 7.2]) and
incubated with 10 pl anti-mouse CD11b-coated beads at 4°C for 15 min
and then rinsed in bead buffer. Cells were pelleted at 300 X g for 10 min at
4°C and separated using a magnetic MACS Cell Separation column (Mil-
tenyi Biotec). Flow cytometry analysis demonstrated that microglia were
97.6% Cdl11b* following this step; however, cell yield was substantially
decreased (Supplemental Fig. 3B). Therefore, cells purified by density
centrifugation were used for RNA preparation.

Plasma multianalyte analysis

Plasma was analyzed using the Rodent MAP Antigens, Version 2.0 multi-
analyte profile (Rules Based Medicine, Austin, TX) that screens 59 blood-
secreted proteins using multiplex fluorescent immunoassay.
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FIGURE 1. EP4 receptor expression is dynamically regulated in BV-2
microglial-like cells, in primary microglia, and in hippocampus in re-
sponse to LPS stimulation. A, Murine BV-2 cells were stimulated with
vehicle or LPS (10 ng/ml), and EP4 mRNA was measured at 6 h by qPCR
(p < 0.001; n = 3 per condition). B, EP4 mRNA is also dynamically
regulated in rat primary microglia derived from cerebral cortex and hip-
pocampus (ANOVA, p < 0.001; by post hoc analysis, p < 0.05at 1 h,p <
0.001 at 3 h, and p < 0.05 at 6 h; n = 3 per condition). C, EP4 mRNA is
upregulated at 6 h in mouse hippocampus and returns to baseline by 24 h
after peripheral administration of LPS (5 mg/kg, i.p.; n = 3—6 per group;
p < 0.05). D, Confocal imaging of microglial cells in the hilar region of
hippocampus from vehicle-treated and LPS-treated mice (5 mg/kg, i.p., at
6 h after stimulation). EP4 signal is localized in Ibal* microglia (arrows)
in a punctate perinuclear distribution in vehicle- and LPS-treated mice.
Original magnification X400; scale bar, 10 pwm.
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Statistical analysis

Data are presented as mean = SEM and were analyzed using ANOVA or the
Student ¢ test. Prism software (GraphPad, San Diego, CA) was used for
statistical analyses. Data for Griess assays and quantitative Western analyses
were analyzed using one- or two-way ANOVA, followed by the Newman—
Keuls multiple comparison or Bonferroni posttest analysis, respectively. For
plasma multianalyte analysis, the concentrations of the 15 plasma proteins
that reached statistical significance between LPS+vehicle versus LPS+AE1-
329 cohorts were transformed to relative concentrations (Median Z-score).
Cluster analysis (Gene Cluster3.0, University of Tokyo, Tokyo and Java
TreeView 1.0.13, Alok Saldanda, CA) produced a separation of samples
according to treatment group and protein levels in plasma. For all data,
a probability level of p < 0.05 was considered statistically significant.

Results

Expression of EP4 receptors in microglia

We first determined whether PGE, EP4 receptor is expressed in
BV-2 cells and in primary cultured microglia and whether it is
regulated in response to LPS stimulation. The murine microglial
BV-2 cell line exhibits phenotypic and functional properties of
microglial cells and has been widely used to model microglial

o

FIGURE 2. EP4 signaling suppresses
proinflammatory gene transcription in
BV-2 cells and primary microglia stimu-
lated with LPS. BV-2 cells (A-D) and
cerebral cortical microglia (E) were stim-
ulated with LPS (10 ng/ml) or PBS with
or without the EP4 agonist AE1-329
(1 wM) or vehicle. A, qPCR of COX-2,
iNOS, and gp91P"* in BV-2 cells at 6 h
shows a significant increase with LPS
treatment in v-treated groups (p <
0.001) but a significant decrease with co-
administration of AE. #p < 0.05; ##p <
0.01; n = 3 per condition. B, Expression
of proinflammatory cytokines TNF-a
and IL-1P and -6 is significantly induced
in BV-2 cells with LPS (*p < 0.001) but
decreased with costimulation of EP4 re-
ceptor agonist (¢p < 0.05). C, The anti-
inflammatory cytokine IL-10 is upregu-
lated with EP4 receptor stimulation
(*p < 0.05). D, LPS-induced increase
in nitrite concentration in BV-2 cells is
decreased in a dose-dependent manner
with AE1-329 (0-1 pM) at 24 h (*p <
0.001 vehicle versus LPS alone; dose re-
sponse for AE1-329: ANOVA, p <
0.0001; post hoc analysis, p < 0.001
for 0.001, 0.01, 0.1, and 1 pM; n =5
per condition). E, Primary microglia
were stimulated with or without LPS
and with or without EP4 agonist AEI-
329 (100 nM) and harvested at 3 h.
qPCR demonstrates a reduced level of
iNOS, as well as significant reductions
of COX-2, TNF-a, and gp91"h°x and
upregulation of IL-10 in LPS-treated
microglia with EP4 receptor agonist
(#p < 0.01-0.001 for vehicle versus LPS; 75
#p < 0.05, *xxp < 0.001 for LPS versus 504
LPS+AE1-329; n = 6 per condition). AE, 251
AE1-329. v, vehicle. 00
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responses (37), in large part because of the limited yields obtained
with primary microglial cultures. Quantitative RT-PCR demon-
strated that EP4 mRNA was expressed in BV-2 and primary cul-
tured microglia (Fig. 1A, 1B). Following LPS stimulation (10 ng/
ml), there was a rapid increase in EP4 mRNA at 6 h in BV-2 cells
(p < 0.01; Fig. 1A). A time-course in primary microglia showed
a strong induction of mRNA peaking at 3 h (25.25 = 2.91 fold
increase of relative mRNA expression compared with vehicle-
treated cells at 3 h; ANOVA, p < 0.0001; Fig. 1B). These data
indicate that the EP4 receptor is dynamically upregulated in
microglia by LPS. In hippocampus from vehicle- and LPS-
stimulated mice, EP4 mRNA was also dynamically upregulated
at 6 h, returning to baseline by 24 h (p < 0.05; Fig. 1C). Confocal
microscopy at 6 h after stimulation with vehicle or LPS demon-
strated EP4 receptor localization in Ibal* microglia in hippocam-
pus in a punctate perinuclear area (arrows, Fig. 1D) in saline- and
LPS-treated mice. Microglia underwent morphological changes by
6 h after LPS, as evidenced by induction of cytosolic Ibal staining
and thickening or microglial processes (Supplemental Fig. 1). The
punctate perinuclear localization of EP4, as well as that of other
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EP receptors to perinuclear areas, was described in other cell
types (38—40).

EP4 receptor activation attenuates LPS-induced proinflammatory
gene expression in BV-2 cells and primary microglia

Inflammatory stimuli, such as LPS, can activate microglia through
the CD14/TLR4 receptor complex and induce the expression of
proinflammatory enzymes and cytokines (2, 3). We tested whether
pharmacologic activation of EP4 receptor with the selective EP4
agonist AE1-329 would alter LPS-induced inflammatory responses.
BV-2 cells were treated with LPS (10 ng/ml) in the presence or
absence of the selective EP4 agonist AE1-329 (1 uwM) for 6 h, and
proinflammatory gene expression was measured using qPCR (Fig.
2). As expected, LPS significantly induced expression of proinflam-
mation enzymes COX-2, iNOS, and the NADPH oxidase subunit
gp91P* (p < 0.001; Fig. 2A), as well as candidate proinflamma-
tory cytokines, including TNF-a and IL-6 and -1B (p < 0.001; Fig.
2B). However, costimulation with EP4 agonist significantly blunted
the induction of these gene transcripts (p < 0.05 for COX-2, iNOS,
and cytokines TNF-a and IL-1B and -6; p < 0.01 for gp91P"*).
Conversely, costimulation with AE1-329 significantly induced ex-
pression of the anti-inflammatory IL-10 mRNA (Fig. 2C; p < 0.05).
We further examined EP4 regulation of iNOS activity (Fig. 2D). NO
production was significantly elevated at 24 h in BV-2 cells follow-
ing LPS treatment (Fig. 2D; p < 0.001). However, costimulation
with AE1-329 dose-dependently reduced NO production (decreas-
ing 68.9% from 21.76 wM nitrite to 6.57 uM with 10 nM AE1-329;
ANOVA p < 0.001, post hoc p < 0.001 for 1, 10, 100, and 1000
nM AE1-329). Finally, costimulation of LPS-treated primary micro-
glia with AE1-329 at 3 h also demonstrated a downregulation of
proinflammatory gene expression (Fig. 2E) and an upregulation of
the anti-inflammatory IL-10. Taken together, these data indicate that
EP4 exerts an anti-inflammatory effect in BV-2 cells and primary
microglial cells by suppressing the induction of LPS-induced proin-
flammatory gene expression and increasing the expression of anti-
inflammatory IL-10.

EP4 receptor signaling involves PKA activation and reduction
of Akt phosphorylation

Downstream signaling events for EP4, a Ga-coupled receptor,
were investigated in LPS-treated BV-2 cells (Fig. 3). Stimulation
of BV-2 cells with AE1-329 or AE1-329 plus LPS significantly
increased PKA activity, indicating that the EP4 receptor is pos-
itively coupled to cAMP and PKA activation in BV-2 cells. The
increase in PKA activity from EP4 receptor signaling was
blocked with the PKA inhibitor H89 at doses of 5 and 10 uM
(Fig. 3B).

In addition to its known Gas coupling to PKA, the EP4 receptor
can signal via PI3K and Akt via a Gad subunit (41, 42). To further
investigate whether EP4 signaling regulates PI3K/Akt pathway
activity in LPS-stimulated BV-2 cells, levels of phospho-Akt were
measured using quantitative Western analysis (phosphorylated
Ser473 Akt; Fig. 3C) and ELISA (phosphorylated Thr308 Akt;
Fig. 3D). Phosphorylation at residues Ser473 and Thr308 is re-
quired for Akt activation. Quantitative Western blot demonstrated
a significant attenuation of phospho-Ser473Akt signal in LPS-
treated BV-2 cells stimulated with EP4 agonist over 60 min
(p < 0.05 for effect of AE1-329 and p < 0.001 for effect of time;
see Fig. 3 legend). ELISA of phospho-Thr308 Akt also demon-
strated a significant decrease in LPS-treated cells at 60 min after
stimulation with EP4 agonist (p < 0.01). Stimulation with EP4
agonist alone did not alter Akt phosphorylation in the absence of
LPS. Taken together, these data indicate that EP4 receptor activa-
tion in LPS-treated BV-2 cells reduces Akt phosphorylation.
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FIGURE 3. EP4 receptor activation in BV-2 cells increases PKA activity
and reduces LPS-induced phosphorylation of Akt. A, PKA activity assay of
BV-2 cells stimulated with LPS (100 ng/ml), AE1-329 (100 nM), or both
shows significant increases with AE1-329 and LPS+AE1-329 (+p < 0.05;
n =5 samples per condition). B, Inhibition of PKA with H89 at 5 and 10
M reverses AE1-329-mediated increase in PKA activity (xp < 0.05;
=xp < 0.01). C, Representative quantitative Western analysis of phos-
phorylated Ser473 Akt (p-Akt) and total Akt shows an increase in p-Akt
with LPS (100 ng/ml) treatment that is reduced with stimulation with EP4
agonist AE1-329 (100 nM). BV-2 cells were treated with LPS with or
without AE1-329 or vehicle and harvested at 5, 15, 30, and 60 min; cell
lysates were immunoblotted for p-Akt and total Akt. The average densi-
tometry from three experiments is shown in the lower panel. p-Akt/Akt
values have been normalized to the average signal at time = 0 min of LPS
and LPS+AE] values. There was a significant effect of AE1-329 treatment
[F(1,4) = 4.589; p < 0.05] and of time [F(1,4) = 7.72; p < 0.001]. Den-
sitometric measurements of effects of vehicle versus AE1-329 alone did
not show differences (data not shown). D, ELISA of phospho-Thr308 Akt
and total Akt at 60 min after stimulation with LPS with or without AEI-
329 shows a significant increase in p-Akt/Akt levels with LPS stimulation,
which is reversed with coadministration of 100 nM AE1-329 (xp < 0.05;
##p < 0.01; n = 6 per condition).

EP4 receptor activation attenuates LPS-induced IKK
phosphorylation and decreases NF-kB nuclear translocation

We then investigated the anti-inflammatory signaling of EP4 down-
stream of PI3K/Akt in BV-2 cells. PI3K phosphorylation of Akt can
regulate NF-kB nuclear translocation through phosphorylation of
the inhibitory IKK. Phospho-Akt activates the IKK complex by
phosphorylating serines on the IKKa and IKK{ subunits (43-46)
(but see ref. 47) and activated IKK phosphorylates I-xkB and
targets it for degradation, allowing NF-kB to translocate to the
nucleus (48). Nuclear translocation of NF-kB induces expression
of many proinflammatory genes, including COX-2, iNOS, TNF-q,
and IL-1P and -6. Because of the broad range of proinflammatory
genes downregulated by EP4 signaling in microglial cells, we
tested whether EP4 affected NF-kB activation and nuclear
translocation in LPS-stimulated BV-2 cells.

LPS stimulation induced the phosphorylation of IKK, but
this was attenuated with costimulation with EP4 agonist (Fig. 44;
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FIGURE 4. EP4 receptor activation in BV-2 cells reduces phosphorylation of IKK and nuclear translocation of NF-kB subunits p65 and p50. A,
Representative quantitative Western analysis of p-IKK and total IKK and densitometric average of three experiments demonstrates an increase in
phospho-IKK with LPS stimulation (100 ng/ml) that is significantly attenuated with coactivation of the EP4 receptor (100 nM; [F(1,4) = 4.709; p <
0.05] for effect of AE1-329). Densitometric measurements are represented as ratios of p-IKK/IKK and are normalized to time = 0 min for LPS and
LPS+AE1-329. B and C, Representative quantitative Western analyses are shown for NF-kB p65 (B) and NF-kB p50 (C) nuclear translocation and
cytoplasmic levels in BV-2 cells treated with LPS with or without AE1-329. NF-kB subunit signals were normalized to the nuclear marker lamin B1.
Densitometry measurements for nuclear levels of p65 and p50 represent averages of three experiments in which values for individual time points were
normalized to the 15-min vehicle time point. There was a significant effect of AE1-329 treatment for p65 ([F(1,4) = 11.13; p < 0.01]) and p50 ([F(1,4) =
11.88; p < 0.01]) nuclear translocation; there was a significant effect of time for p65 and p50 [F(1,4) = 42.7; p < 0.001] and [F(1,4) = 7.06; p < 0.001],
respectively. Maximal attenuation of LPS-dependent nuclear translocation is evident by 60 min for NF-kB p65 (+*p < 0.01) and by 120 min for p50
(sxp < 0.001), with activation of the EP4 receptor. D, Nuclear translocation of NF-kB p65 was quantified in BV-2 cells 60 min after stimulation with LPS
(100 ng/ml) or PBS with or without AE1-329 (100 nM) or vehicle. Cells were immunostained for NF-kB p65, and nuclei were counterstained with Hoechst
and examined at X400 using confocal microscopy (scale bar, 8 wm). Immunofluorescent staining of p65 in control, AE1-329, and LPS+AE1-329 nuclei
(top row in red) demonstrates more diffuse and lighter staining (white horizontal arrows), in contrast to the dense nuclear staining in LPS alone (white
vertical arrow). E, Quantification of immunofluorescent nuclear signal intensity of p65 was carried out in BV-2 cells treated with Veh, AE1-329, LPS, and
LPS+AE1-329. Five fields per condition were measured, representing >100 cells per field (Materials and Methods). There was a significant increase in
nuclear levels of p65 at 1 h following LPS stimulation compared with vehicle alone (*#%p < 0.001), and this increase was significantly attenuated with
costimulation of the EP4 receptor (+#p < 0.01). pIKK, phospho-IKK; Veh, vehicle.

p < 0.05, two-way ANOVA). In addition, LPS treatment induced a
time-dependent nuclear translocation of NF-kB subunits p65 and
p50, but costimulation with AE1-329 reduced levels of NF-kB
nuclear translocation (Fig. 4B, 4C; p < 0.01 2-way ANOVA for
p65 and p50) compared with vehicle; moreover, cytoplasmic lev-
els of p65 and p50 were increased in LPS-treated cells stimulated

pS0 to the nucleus, providing a potential mechanism for its down-
regulation of proinflammatory genes.

Cdl11bCre-mediated conditional deletion of EP4 receptor leads
to increased LPS-induced proinflammatory gene expression
and lipid peroxidation in brain

with AE1-329 compared with vehicle-stimulated cells. Semiquan-
titative measurements of p65 immunofluorescent signal also
revealed an increase in nuclear translocation with LPS treatment
(Fig. 4D, 4E; p < 0.001) that was significantly attenuated with
costimulation of EP4 receptor (p < 0.01). Therefore, EP4 receptor
activation decreased LPS-induced phosphorylation of Akt and
IKK and decreased translocation of NF-kB subunits p65 and

The in vitro data described above indicated an anti-inflammatory
effect of EP4 signaling in BV-2 cells and primary microglia. To
test this in vivo, we generated Cd11bCre:EP4™* and Cd11bCre:
EP4f/f mice in which the EP4 receptor is selectively deleted in
cells of monocytic lineage, including microglia and macrophages.
From the in vitro experiments in Fig. 2, demonstrating that EP4
receptor signaling suppresses proinflammatory gene expression,
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we hypothesized that conditional deletion of EP4 in microglia/
macrophages would conversely lead to increased proinflammatory
gene expression with LPS stimulation. In addition, increased
proinflammatory protein expression and activity would likely lead
to increased inflammatory oxidative stress, leading to increases in
lipid peroxidation, which can be reliably measured by 24 h after
LPS stimulation (19-21). Therefore, we examined a time point
in vivo of 24 h after peripheral administration of LPS in these mice.

Peripheral stimulation with LPS results in peripheral and CNS
inflammatory responses (49, 50). Because this neuroinflammatory
response can induce synaptic and neuronal injury and disrupt
hippocampal-dependent memory, we examined proinflammatory
gene expression in hippocampus in Cd11bCre:EP4f/f mice and
control Cd11bCre:EP4*™* littermates treated with LPS (5 mg/kg
i.p.; Fig. 5). At 24 h after LPS, there was no difference in proin-
flammatory gene expression between vehicle- and LPS-treated
wild-type mice, reflecting the documented resolution of the inflam-
matory response by that time point (49). However, in EP4 condi-
tional knockout mice stimulated with LPS, expression of COX-
2, TNF-a, and IL-6 and -1(3, as well as subunits of the NADPH
oxidase complex, including gp91P"™*, p67°P"**, and p47°"*, were
significantly upregulated at 24 h (Fig. 5A, 5B). Levels of cerebral
cortical lipid peroxidation showed no differences in levels of
neuronal-specific F4 neuroprostanes; however, levels of F2-IsoPs
were significantly higher in Cd11b:EP4f/f cerebral cortices com-
pared with Cdl11b: EP4** mice (p < 0.05). Arachidonic acid,
a major component of membrane phospholipids in all brain cell

A
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types, is particularly vulnerable to free radical attack, and its per-
oxidation is reflected in the F2-IsoPs measurements. These in vivo
data complement the in vitro findings in cultured microglial cells
and indicate that EP4 functions in an anti-inflammatory manner
in vivo in brain inflammation. However, despite the increased
proinflammatory gene expression and lipid peroxidation, we did
not observe overt differences in hippocampal microglial morphol-
ogy between genotypes following LPS administration at 24 h (Sup-
plemental Fig. 2).

Effect of EP4 agonist on LPS-induced innate immunity in vivo

In vitro stimulation of LPS-treated microglial BV-2 cells and pri-
mary microglia resulted in a broad downregulation of proinflamma-
tory gene expression by 6 h after stimulation (Fig. 2). To confirm
a similar acute anti-inflammatory effect of EP4 signaling in vivo,
we treated mice with LPS (5 mg/kg, i.p.) with or without EP4
agonist AE1-329 (300 wg/kg, s.c.; Fig. 6) and examined mRNA
expression at 6 h, a similar time point to that used in vitro. As
expected, LPS led to significant increases in hippocampal mRNA
of proinflammatory cytokines TNF-a and IL-6 and -1§3, as well as
COX-2, iNOS, and the NADPH oxidase subunits gp91P",
p67P"°* and p47°"°* genes (not shown) at 6 h after LPS. Coad-
ministration of EP4 agonist significantly attenuated LPS-induced
COX-2, iNOS, TNF-a, and IL-6 and -13 mRNA levels in
hippocampus; there was a trend toward decreased expression of
NADPH oxidase subunit gp91P"**, p67P"**, and p47P"** (data not
shown). Thus, peripheral administration of a selective EP4 agonist
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FIGURE 6. Systemic administration of EP4 agonist decreases LPS-
induced hippocampal proinflammatory gene response. Mice were pre-
treated with AE1-329 (300 pg/kg, s.c.) for 30 min before injection of
LPS (5 mg/kg, i.p.), and hippocampal RNA was isolated at 6 h after
LPS. A, Proinflammatory COX-2 and iNOS are strongly induced 6 h after
systemic LPS administration, whereas administration of the selective EP4
agonist AE1-329 blunts induction. B, Induction of cytokines TNF-a and
IL-6 and -1 are also decreased with administration of AE1-329 (n = 7-8
per group of 3-mo-old male C57B6 mice). *p < 0.001 vehicle versus LPS;
#p < 0.05 LPS/vehicle versus LPS/AE1-329.

significantly blunted the CNS inflammatory response to systemic
LPS in a time course similar to in vitro studies in BV-2 cells and
primary microglia. Microglial morphological changes in response
to LPS seemed to be modestly decreased with coadministration of
EP4 agonist (Supplemental Fig. 1).

EP4 signaling regulates inflammatory gene expression in
microglia isolated from adult brain

To further confirm that EP4 signaling regulated expression of in-
flammatory genes in brain microglia in vivo, microglia were
acutely isolated from wild type adult mice stimulated with or
without LPS with or without EP4 agonist (Fig. 7A) and from
Cd11bCre:EP4f/f and Cd11bCre:EP4™* mice stimulated with or
without LPS (Fig. 7B). For pharmacological experiments (Fig.
7A), 2-3-mo-old C57B6 male mice (n = 6-8 per group) received
an injection of saline or LPS (5 mg/kg, i.p.), with or without
vehicle, or AE1-329 (300 pg/kg s.c.); microglia were harvested
for RNA isolation at 6 h, similar to the time point used for post-
natal microglia (Fig. 2E). Administration of LPS led to significant
increases in microglial COX-2, iNOS, IL-6, TNF-a, and gp91P"*
that were significantly reduced with coadministration of EP4
agonist. Conversely, genetic experiments examining microglia
isolated from adult CdllbCre:EP4** and Cdl1bCre:EP4f/f
C57B6 mice with or without LPS demonstrated that the normal
downregulation of proinflammatory gene expression at 24 h in
Cd11bCre:EP4** mice was blocked in the Cdll1bCre:EP4f/f
mice. In this experiment, we also tested a 6-h time point, which
did not show differences in inflammatory gene induction between
genotypes. Thus, microglial EP4 deletion results in persistently
elevated inflammatory gene expression at 24 h, confirming similar
findings in whole hippocampal mRNA (Fig. 5).

EP4 receptor activation attenuates plasma cytokine levels
induced in response to LPS

The innate immune response in brain to systemic inflammation can
occur as a direct response in brain or as a peripheral-to-central im-
mune response, in which serum cytokines are transported across
the blood-brain barrier or act on endothelium to transduce the

PGE, EP4 RECEPTOR AND BRAIN INNATE IMMUNITY

inflammatory response to brain parenchyma. IL-6 and IL-13 and
TNF-a are generated as part of peripheral inflammation by
macrophages and are well-documented effectors of peripheral-to-
central immune responses in which peripheral inflammatory sig-
nals lead to expression of cytokines in brain. In the case of the EP4
conditional knockout, where EP4 is deleted in peripheral macro-
phages as well as CNS microglia, the anti-inflammatory effects
of EP4 may be mediated by brain microglia, peripheral macro-
phages, or both. Moreover, the effects of peripherally administered
AE1-329 on hippocampal inflammation could be due to anti-
inflammatory effects of microglial EP4, macrophage EP4, or both.

To address specifically whether peripheral EP4 signaling could
modulate central inflammatory processes, we used a proteomic
approach and examined plasma-secreted proteins from mice stimu-
lated with LPS with or without AE1-329. Previous studies demon-
strated a very rapid induction of proinflammatory cytokines in
response to LPS within 2—4 h (49, 51), so we selected an early time
point of 3 h after LPS administration to test the effects of selective
activation of peripheral EP4 signaling. Coadministration of AEI-
329 had a significant and broad anti-inflammatory effect on plasma
cytokine and chemokine levels in LPS-stimulated mice (Fig. 8).
EP4 receptor activation in LPS-treated mice significantly decreased
levels of cytokines TNF-a, IL-la, and eotaxin and chemokines
macrophage-derived chemokine; MIP-1a, -1, -1y, and -2; and
MCP-1, -3, and -5 and reduced secreted levels of myeloperoxidase
(MPO); IL-6 and LIF showed a trend toward decreased levels at 6 h.
Finally, EP4 agonist significantly increased plasma levels of the
anti-inflammatory IL-10. Thus, peripherally administered EP4 ago-
nist blunted serum (Fig. 8) as well as hippocampal inflammatory
responses (Fig. 6). This suggests that peripheral-to-central innate
immune responses may be modulated in a beneficial manner by
selectively targeting the EP4 receptor.

Discussion

COX-2 enzymatic activity and its downstream PG signaling path-
ways are major components of the neuroinflammatory response. Re-
cent in vivo and in vitro studies identified the microglial PGE, EP2
receptor as a major effector of injury in models of neurodegenera-
tion in which innate immune mechanisms of inflammation are a
dominant pathogenic mechanism (19-22, 52) (but see ref. 53). In
the current study, we sought to investigate the function of the related
PGE, EP4 receptor that shares similar signaling properties, cellular
distribution, and inducibility in response to LPS.

In BV-2 cells and primary microglia, pharmacologic activation
of EP4 downregulated a large cassette of proinflammatory genes,
including COX-2 and iNOS and proinflammatory cytokines IL-13
and -6 and TNF-a. In addition, EP4 downregulated expression of
gp91P"°* of the NADPH oxidase complex, a principal generator of
superoxide in inflammation. Conversely, EP4 upregulated levels of
the anti-inflammatory cytokine IL-10 by microglial cells. EP4
signaling in LPS-stimulated cells was associated with increased
PKA activity but decreased Akt phosphorylation, reduced IKK
phosphorylation, and decreased NF-k nuclear translocation,
providing a potential mechanism for the anti-inflammatory effect
of EP4. EP4-mediated suppression of the inflammatory response
to LPS was confirmed in vivo, where conditional deletion of EP4
in macrophage/microglial cells resulted in persistent elevation of
proinflammatory genes and proteins in hippocampus and in-
creased lipid peroxidation in cerebral cortex. Conversely, periph-
eral administration of EP4 agonist inhibited the acute LPS
inflammatory gene response in hippocampus. Examination of
plasma from LPS-stimulated mice demonstrated that administra-
tion of EP4 agonist significantly decreased the serum cytokine
response to LPS, effectively blunting the peripheral-to-central
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FIGURE 7. EP4 receptor regulates inflammatory
gene expression in microglia isolated from adult mouse
brain. Microglia were isolated by density gradient
centrifugation from 2-3-mo-old C57B7 male mice ad-
ministered saline or LPS with or without EP4 agonist
(AE1-329; 0.3 mg/kg) or vehicle (A) and from 2—3-mo-
old Cd11bCre:EP4** and Cd11bCre:EP4f/f mice 6 and
24 h after LPS (B). A, Significant increases in micro-
glial expression of COX-2, iNOS, IL-6, TNF-a, and
gp91P"°* were observed in wild type mice in response
to LPS, but these increases were significantly blunted
with cotreatment with EP4 agonist (n = 6-8 mice per
group). B, Proinflammatory gene expression is elevated
in Cd11bCre:EP4** and Cd11bCre:EP4f/f microglia at
6 h after LPS; however, increased gene expression 74
persists at 24 h in microglia isolated from Cd11bCre:
EP4f/f mice compared with Cd11bCre:EP4*"* control
mice. Gene expression does not return to basal levels
for COX-2, IL-1B, and TNF-a at 24 h in Cd11bCre:
EP4f/f microglia and is significantly increased beyond
the 6-h level for iNOS at this late time point (n = 4-8
per group). *p < 0.01;xp < 0.05; #=#p < 0.01.
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immune response. Although we did not investigate the respective
contributions of peripheral macrophages and brain microglia to
the EP4-mediated hippocampal inflammatory response, this can
potentially be addressed in future studies using chimeric mouse
strategies. Taken together, the findings in the current study dem-
onstrate an anti-inflammatory function for the PGE, EP4 receptor
in vivo in CNS innate inflammation.

Microglial activation can result in pro- or anti-inflammatory
effects, the latter presumably serving to control the inflammatory
response so that it is self-limited and not injurious. One anti-
inflammatory mechanism is the elaboration of cytokines, such as
IL-10, which was observed in vitro in BV-2 cells and primary
microglia and in vivo in plasma with EP4 receptor activation. A
second anti-inflammatory mechanism might consist of suppression
of proinflammatory gene expression. LPS is a potent immunogen
and binds the macrophage/microglial CD14 receptor/TLR4; this, in

turn, causes activation of MAPKs and NF-kB that regulate tran-
scription of a large cassette of proinflammatory genes, including
COX-2, iNOS, cytokines, chemokines, and NADPH oxidase sub-
units. We found that selective activation of EP4 receptor down-
regulated a large number of these canonical proinflammatory
genes, including iNOS, COX-2, TNF-a, IL-6 and -1, and sub-
units of NADPH oxidase, suggesting an effect on NF-«kB transcrip-
tion of these genes.

In LPS-stimulated BV-2 cells, EP4 signaling involved the PKA
and PI3K/Akt pathways, consistent with previous observations in
transfected HEK cells showing that EP4 can couple to Gas subunit,
as well as to a pertussis-sensitive cCAMP inhibitory protein (or Gai
subunit), with subsequent activation of PI3K and its primary target
Akt (42). Stimulation of microglial BV-2 cells with EP4 agonist
alone or with LPS resulted in increased PKA activity, indicating
that this pathway is active in this paradigm. In addition, the anti-
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FIGURE 8. Peripheral administration of EP4 reduces LPS-mediated in-
flammatory response in plasma. Plasma was collected and analyzed at 3 h
after coadministration of PBS or LPS (5 mg/kg, i.p.) with or without
vehicle or AE1-329 (300 pg/kg, s.c.). A, Cluster analysis of regulated
cytokines and MPO following peripheral PBS or LPS administration with
or without AE1-329. B, Absolute concentrations of regulated cytokines
(pg/ml) and MPO (ng/ml) are decreased with AE1-329 administration.

inflammatory effect of EP4 in LPS-treated BV-2 cells was asso-
ciated with decreased Akt phosphorylation, as evidenced by
decreases in ratios of phospho-Akt/total Akt. Moreover, in the
setting of LPS stimulation, EP4 activation decreased phosphory-
lation of IKKo/B subunits and decreased nuclear translocation of
the NF-kB subunits p65 and p50, suggesting a possible mech-
anism for the reduced transcription of LPS-induced proinflamma-
tory genes. Interestingly, several studies demonstrated that phos-
pho-Akt can activate IKK by phosphorylation of serines on the
IKKa and IKKf subunits (43—46). Although we did not determine
whether inhibition of EP4-mediated Akt-phosphorylation would
abrogate its anti-inflammatory effect, this can be explored in fu-
ture studies. However, because the EP4 receptor seems to signal
through the PI3K-Akt pathway, as well as through the
cAMP/PKA pathway in this model, it is possible that more than
one pathway is involved in its anti-inflammatory effect.

The findings of an anti-inflammatory effect of EP4 in innate
immunity support previous studies in microglia stimulated with
LPS, in which PGE, reduced the production of the proinflamma-
tory genes IL-1f (54) and iNOS (55), and in macrophages, in
which PGE, signaling via the EP4 receptor decreased levels of
MIP-1B (56), TNF-a, and IL-12 (57). The net effect of PGE, on
microglia depends on several things, including the dynamics of
expression of EP receptors on microglial cells, the affinity of the
EP receptors for PGE,, the time course of receptor activation and
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desensitization, the specific downstream signaling pathways for
each receptor, and the constitutive activity of the EP receptors.
A number of these variables have been examined in simple in vitro
systems (e.g., the affinity of the EP4 receptor for PGE, is higher
than for EP2, the desensitization kinetics of EP4 are rapid in
comparison with EP2, and the longer carboxy tail of EP4 is asso-
ciated with a complex downstream signaling involving PKA and
PI3K, as well as Ga and Gi, signaling) (39, 40). Intriguingly,
recent studies in peripheral macrophages demonstrated that EP4,
via its EP4-interacting protein (58), reduces phosphorylation and
degradation of p105/p50 and subsequent NF-kB activation (59).

LPS peripheral administration results in significant changes in
hippocampal glial activation, neuronal and synaptic viability, and
hippocampal-dependent behaviors (6, 8-11). These result from
direct and indirect effects of systemic LPS on hippocampal func-
tion. LPS can directly inflame brain via TLR4 signal transduction
(60, 61) or activation of cerebral perivascular macrophages (62).
Indirect effects are mediated via LPS-induced cytokine responses
in serum, in particular via IL-6 and -1 that transduce inflammatory
signals via endothelial cells to brain parenchyma. Therefore, we
examined the anti-inflammatory function of EP4 in vivo using the
Cd11bCre recombinase that excises floxed sequences in the mono-
cytic cell lineage, including circulating monocytes, peripheral mac-
rophages, and brain microglia. Cd11bCre-mediated deletion of EP4
enhanced lipid peroxidation and expression of inflammatory genes
in hippocampus as well as in isolated microglia from adult mice
following systemic LPS administration. Significant increases were
noted in levels of the proinflammatory cytokines TNF-o, IL-6 and
-1B, COX-2, and subunits of the NADPH oxidase complex. These
data indicate that the EP4 receptor also functions in vivo in an anti-
inflammatory manner, and its deletion results in a dysregulated in-
flammatory response, with persistent increases in proinflammatory
gene expression and increased inflammatory oxidative injury in
brain. Indeed, gene-expression studies in isolated microglia in
EP4 conditional knockout mice indicated that although the initial
increase of proinflammatory mRNAs following LPS does not differ
at 6 h (Fig. 7), the later normal resolution by 24 h does not occur,
suggesting a failure to reset the response back to basal conditions. It
might be possible that EP4 is involved in silencing the neuro-
inflammatory response, consistent with the concept of regulatory
pathways responsible for abrogating the inflammatory response
(reviewed in Ref. 63). This is relevant because the innate immune
response, although initially protective in its clearance of pathogenic
substances, can also be injurious because components of the innate
immune response are cytotoxic and lead to neurodegeneration.
Thus, EP4 may be acting as a suppressor of brain inflammation
through direct effects on innate immune cells, such as macrophages
and brain microglia. Alternatively, it is possible that EP4 signaling
may function in alternative activation macrophages/microglia,
a state more associated with phagocytosis, given the positive regu-
lation of IL10; quantification of markers of alternate activation,
including cytokines, such as IL-4 and -14 and TGF-B, and
scavenger receptors, such as scavenger receptor-A and -B, would
be helpful in examining this.

Peripheral administration of the selective EP4 agonist AE1-329
led to significant downregulation of proinflammatory gene expres-
sion in hippocampus of LPS-treated mice. Examination of plasma
cytokine levels in LPS-treated mice revealed a broad and significant
downregulation of many proinflammatory cytokines and chemo-
kines that are regulated by NF-kB in EP4 agonist-treated mice.
Significant decreases were seen in proinflammatory cytokines
IL-6 and -1a and TNF-a and in chemokines, including MCP-1,
-3, and -5 and MIP-1q, -1f3, and -2, which serve as chemoattrac-
tants for a range of inflammatory cells, including neutrophils,
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macrophages, and lymphocytes. Conversely, EP4 agonist elicited
a marked increase in the anti-inflammatory cytokine IL-10. Se-
creted levels of MPO from macrophages and neutrophils were also
significantly decreased. These findings suggest that peripheral
anti-inflammatory effects of EP4 signaling may attenuate conse-
quent CNS inflammation by suppressing transmission of the sys-
temic immune response to brain. A unidirectional transmission of
inflammatory injury from periphery to CNS was demonstrated in
the case of peripheral LPS administration, a model of bacterial
infection or sepsis, which can result in hippocampal neuronal in-
jury and behavioral changes (8), as well as late-onset and selective
dopaminergic neuronal loss (11). These data are also relevant to
the concept of an immune peripheral-to-central connection in neu-
rodegenerative disorders (reviewed in Ref. 64), such as AD (65),
ALS (66), PD (67), and stroke (68), in which the relationship
between peripheral innate immune responses and CNS inflamma-
tion is beginning to be investigated.

Neuroinflammation results in significant neuronal injury and
behavioral deficits, as exemplified by various models of neuro-
degeneration including PD, AD, and ALS, in which the CNS innate
immune response is an important component of disease pro-
gression. The enzymatic activity of COX-2 has long been associ-
ated with exacerbation of the neuroinflammatory response in brain,
and inhibition of COX-2 is beneficial in rodent models of neuro-
degenerative disease. However, studies in humans demonstrated
that sustained COX-2 inhibition has deleterious effects related to
the suppression of beneficial PG signaling pathways (69, 70). So
far, these effects have been linked to PG-mediated effects on
vascular function, specifically the vasodilatory and antithrombotic
effects of the prostacyclin receptor (71). In this study, we identi-
fied the PGE, EP4 receptor as an analogous and beneficial PG
receptor that plays an important role in regulating the innate neu-
roinflammatory response in vivo. Further studies are required to
address the therapeutic potential of selectively targeting the
EP4 receptor in inflammatory neurologic and neurodegenerative
diseases.
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