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Prostaglandin PGE2 Receptor EP4 Regulates Microglial
Phagocytosis and Increases Susceptibility to
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In rodents, susceptibility to diet-induced obesity requires
microglial activation, but the molecular components of
this pathway remain incompletely defined. Prostaglandin
PGE2 levels increase in the mediobasal hypothalamus
during high-fat-diet (HFD) feeding, and the PGE2 recep-
tor EP4 regulates microglial activation state and phago-
cytic activity, suggesting a potential role for microglial
EP4 signaling in obesity pathogenesis. To test the role
of microglial EP4 in energy balance regulation, we ana-
lyzed the metabolic phenotype in a microglia-specific
EP4 knockout (MG-EP4 KO) mouse model. Microglial
EP4 deletion markedly reduced weight gain and food
intake in response to HFD feeding. Corresponding with
this lean phenotype, insulin sensitivity was also im-
proved in HFD-fed MG-EP4 KO mice, though glucose
tolerance remained surprisingly unaffected. Mechanis-
tically, EP4-deficient microglia showed an attenuated
phagocytic state marked by reduced CD68 expression
and fewer contacts with pro-opiomelanocortin (POMC)
neuron processes. These cellular changes observed in
the MG-EP4 KO mice corresponded with an increased
density of POMC neurites extending into the paraven-
tricular nucleus (PVN). These findings reveal that micro-
glial EP4 signaling promotes body weight gain and insulin
resistance during HFD feeding. Furthermore, the data
suggest that curbing microglial phagocytic function may
preserve POMC cytoarchitecture and PVN input to limit
overconsumption during diet-induced obesity.

Hypothalamic regulation of energy balance maintains sys-
temic metabolism and body weight homeostasis. A key

neurocircuit in the control of food intake and energy balance
is the melanocortin system, comprising pro-opiomelanocor-
tin (POMC) neurons and agouti-related peptide neurons in
the arcuate nucleus. These mutually inhibitory neurons inte-
grate hormonal and nutritional signals of energy status to
calibrate the activity of downstream melanocortin receptor—
expressing neurons in the paraventricular nucleus (PVN),
thereby controlling sympathetic tone and consummatory
drive (1). POMC neurons, in particular, operate over long time
frames to limit weight gain by reducing food intake and in-
creasing energy expenditure, and dysfunction in this neuronal
subset is thought to be a critical component of obesity patho-
genesis (2).

High-fat-diet (HFD) feeding triggers an inflammatory re-
sponse marked by gliosis in the arcuate nudeus. Under ho-
meostatic conditions, microglia exhibit a ramified morphology
with long processes constantly surveilling the brain microen-
vironment. However, following perturbations, such as HFD,
these cells undergo rapid morphological changes marked by
a more ameboid-shaped cell body with thicker processes
(3). Importantly, this structural remodeling is indicative of
cellular activation, frequently characterized by production
of cytokines and immune mediators, such as interleukin-13
(IL-1B) and tumor necrosis factor-a (TNF-), as well as in-
creased phagocytic activity (4,5). These microglial changes,
collectively referred to as gliosis, contribute to susceptibil-
ity to diet-induced obesity (DIO) because pharmacological
depletion of microglia or genetic disruption of their nuclear
factor k-light-chain-enhancer of activated B cells (NF-kB)
signaling pathway reduces food intake and weight gain
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during HFD feeding (3,6). However, the downstream mecha-
nisms triggered by HFD feeding to alter microglial activity re-
main pootly characterized.

Prostaglandins are signaling lipids derived from arachi-
donic acid that are present throughout the body and per-
form an array of functions in health and disease (7). The
prostaglandin PGE2 is a key inflammatory mediator that
regulates apoptosis, angiogenesis, and cell proliferation but
is also implicated in diseases such as stroke, neurodegen-
erative conditions, and cancer (7,8). Under physiologic
conditions, PGE2 originates from many cellular sources
in the brain, including tanycytes and astrocytes, as well as
from neurons themselves (9,10). Similarly, inflammatory
stimuli trigger PGE2 release from diverse cell types, includ-
ing vascular endothelium (important for the fever response),
microglia, and others (11). PGE2 signals through four
G-protein-coupled receptors (EP1-4), the downstream ef-
fects of which vary across tissues, cell types, and conditions
(8). While the role of PGE2 in DIO is unclear, HFD-fed mice
have elevated levels of the prostaglandin PGE2 in the arcu-
ate nudeus (12), which could modulate microglial activity
through the EP receptors. EP4 is highly expressed in micro-
glia and generally serves to constrain the microglial response
to inflammatory stimuli, such as lipopolysaccharide, and pro-
mote engulfment of B-amyloid plaques in rodent models of
Alzheimer disease (13,14). However, the effect of EP4 signal-
ing can vary based on context and timing. For example,
in experimental autoimmune encephalomyelitis, a rodent
model of multiple sclerosis, EP4 signaling promotes the de-
velopment of pathology in early stages of disease but re-
duces severity at later time points (15). Since EP4-null mice
develop a lipodystrophic phenotype with a shortened life
span (16), it is critical to study EP4 function using cell-
specific methods to determine its precise role in meta-
bolic homeostasis.

In the current study, we delineated the role of micro-
glial EP4 signaling in energy balance and glucose homeo-
stasis. Microglial EP4 deletion markedly reduced weight
gain during HFD feeding as a result of lower energy in-
take with no effect on chow-fed mice. Notably, mice with
EP4-deficient microglia showed evidence of less micro-
glial phagocytic activity, which was associated with fewer
microglia-neuron cell-cell contacts and greater POMC
neuron fiber density in the PVN, suggesting their lean phe-
notype results from preservation of the melanocortin sys-
tem during DIO.

RESEARCH DESIGN AND METHODS

Mice

Microglia-specific EP4 knockout (MG-EP4 KO) mice were
generated by crossing the CX3CR1“ER™™) [Bg 129P2
(Cg)—CXBcrltmzucre/ ERTZ)Litt/WganJ, stock no. 021160; The
Jackson Laboratory] line with the Ptgerd™® line. Mice were
injected at 6 weeks of age with two doses of tamoxifen 4 mg
s.c. prepared in corn oil (T5648; Sigma-Aldrich) 48 h apart.
Following a 4-week period to allow replenishment of
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peripheral myeloid cells (17), mice were single housed
and placed on a 60% kcal HFD (D12492i; Research Diets)
or chow standard diet (5053; LabDiet). All mice had ad libi-
tum access to food and water, except during fasting experi-
ments, and were housed in a temperature-controlled room
with a 14-h/10-h light/dark cycle. All experiments and pro-
cedures were performed in accordance with the National
Institutes of Health Guidelines for Care and Use of Ani-
mals and were approved by the institutional animal care
and use committee of the University of Washington.

Microglial Isolation

At 3 weeks of HFD, brain microglia were isolated on Percoll
gradients, followed by sorting (FACSAria II; Becton Dickin-
son) using PerCP-conjugated anti-CD11b antibody (cat. no.
550993; BD Pharminogen) into RNA lysis buffer (QIAGEN)
for quantitative PCR (qPCR) analysis. Brains from chow-
fed mice were isolated and processed by magnetic-activated
cell sorting with anti-CD11b MicroBeads (130-049-601; Mil-
tenyi Biotec). CD11b" and CD11b ™~ cells were stained with
DAPI, placed on glass slides, and coverslipped, and EYFP
was visualized using an epifluorescence microscope (Eclipse
E600; Nikon) with a hoisted Nikon camera.

Gene Expression Analysis

FACS microglia and hypothalamus blocks were stored
at —80°C until RNA extraction. RNA isolation was per-
formed following the manufacturer’s instructions using
the QIAGEN RNeasy Micro Kit and RNeasy Mini Kit for
FACS microglia and whole hypothalamus, respectively.
cDNA samples were generated using the High-Capacity
cDNA Reverse Transcription Kit (Thermo Fisher Scientific),
and real-time qPCR was performed on the 7900HT system
(Applied Biosystems) using SYBR Green Mix. Data were an-
alyzed using the sequence detection software SDS 2.2 (Ap-
plied Biosystems). Gene expression levels were measured
relative to 18S, and fold change was determined using the

AACt method.

Body Composition and Indirect Calorimetry

Body composition analysis was performed using EchoMRIL
Indirect calorimetry was performed at the University of
Washington Nutrition Obesity Research Center facility us-
ing metabolic cages (Promethion; Sable Systems). Respira-
tory quotient was calculated as a ratio of CO, production
to O, consumption. Continuous data were binned by hour
for analysis and presentation. Calorimetry data were ad-
justed for body composition differences using ANCOVA.

Intraperitoneal Glucose Tolerance Test and
Intraperitoneal Insulin Tolerance Test

Following a 4-h food withdrawal period, mice were in-
jected with a bolus of glucose (2 g/kg i.p., 30% dextrose
prepared in saline) or insulin (0.9 units/kg i.p., Humulin
prepared in saline), respectively, with tail blood glucose
measured using a glucometer (FreeStyle Freedom Lite).
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For insulin tolerance test data, glucose was normalized to
the baseline value (time 0) for each mouse.

Insulin and Leptin ELISAs

Plasma samples were collected at baseline (nonfasting) or
following a 16-h overnight fast. Insulin and leptin ELISAs
were performed following the manufacturer’s instructions
(cat. nos. 90080 and 90030; Crystal Chem).

Intracerebroventricular Administration of EP4 Agonist
Surgical implantation of steel guide cannulas (ALZET;
DURECT Corp.) into the lateral ventricle (coordinates:
x =13 mm, y = —0.7 mm, z = —1.3 mm) was performed
under isoflurane with 2 weeks postoperative recovery. EP4
agonist L-902688 (25 nmol; Cayman Chemicals) or DMSO
vehicle was administered centrally (1 pL ic.v., two doses
3 days apart), with PBS and 4% paraformaldehyde perfusion
for immunofluorescence performed 2 h after the second
dose.

Immunofluorescent Labeling and Microscopy
Twenty-five-micrometer free-floating coronal sections col-
lected on a freezing stage microtome (Leica SM2010R)
were blocked using 5% normal donkey serum (Jackson
ImmunoResearch), followed by overnight incubation with
the primary antibodies rabbit anti-Iba-1 (1:1,000; Wako),
goat anti-Iba-1 (1:1,000; Abcam), rat anti-CD68 (1:1,000;
Bio-Rad), rabbit anti-POMC (1:4,000; Phoenix Pharmaceuti-
cals), rabbit anti-B-endorphin (1:5,000; Phoenix Pharmaceut-
icals), and sheep anti-a-melanocyte-stimulating hormone
(a-MSH) (1:10,000; Sigma Millipore) and secondary antibod-
ies donkey anti-rabbit Alexa Fluor 488 (1:500; Thermo Fisher
Scientific), donkey anti-rat Alexa Fluor 594 (1:500; Thermo
Fisher Scientific), donkey anti-rabbit Alexa Fluor 594 (1:500;
Thermo Fisher Scientific), and donkey anti-rabbit Alexa Fluor
647 (1:500; Thermo Fisher Scientific). DAPI (1:10,000) was
used for nuclear staining. Sections were mounted on slides
and coverslipped in the presence of mounting medium
(Fluoromount-G; Thermo Fisher Scientific).

For CD68 expression analysis, immunolabeled sections
were imaged on a KEYENCE BZ-X800 inverted microscope
at 20x (CD68, Iba-1) and analyzed using ImageJ software.
A region of interest (ROI) was created delineating the arcu-
ate nucleus region. A uniform threshold for positive labeling
of CD68 was determined, and percent CD68™ area was calcu-
lated using ImageJ software on the basis of the thresholded
target. For CD68" puncta analysis, particles with an area of
5-10 pwm? were considered positive. Counts were manually
obtained in a blinded fashion for six microglia from two ar-
cuate nucleus sections each per mouse, and data are pre-
sented as overall per-mouse averages. POMC neuron
projections were imaged at 10x, followed by thresholding
and densitometry within the ROI (PVN approximately
—0.8 mm bregma) as described above for CD68 area analysis.

For microglia-POMC overlap analysis, immunolabeled
sections were imaged at 40x using the Leica SP8 X
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microscope at the W.M. Keck Microscopy Center, Univer-
sity of Washington. Arcuate nucleus and PVN imaging
were done on separate days. Confocal Z-stack images
were imported into Imaris software (Bitplane) and sub-
jected to automated three-dimensional (3D) rendering us-
ing the Surface module on the Iba-1 channel and the
POMC channel. The mask channel option was used to delin-
eate POMC soma and neurites. The volume of POMC signal
within —2 wm and 0 wm distance from the Iba-1 (microglia)
signal was calculated by the Imaris software to determine
POMC soma or neurite internalization by microglia. All sam-
ple imaging and analyses for a given brain region were per-
formed blinded in randomized order on the same day using
the same settings.

For microglia-B-endorphin apposition analysis, samples
were visualized using a KEYENCE BZ-X800 inverted micro-
scope. Images were captured at 60x using the sectioning
feature to generate a Z-stack (1-pm slice, 30 slices per stack)
and processed using the maximum projection intensity fea-
ture. Microglial contact with B-endorphin puncta and soma
were manually counted per image in a randomized and
blinded manner.

Microglial Sholl and Morphology Analysis

Sholl analysis was performed using the Sholl plugin in Fiji
(ImageJ Fiji; National Institutes of Health). Briefly, images
were transformed into binary and thresholded to dearly vi-
sualize microglia and processes. Two microglia per image
(field of view) in two images per mouse were analyzed. Each
cropped microglia was reconstructed via tracing using the
Simple Neurite Tracer plugin in Fiji. A fixed ROI was drawn
at the soma of the reconstructed microglia. The start radius
was set at 0.05 arbitrary units and end radius at 4 arbitrary
units, with step size of 0.2. Number of intersections were
automatically generated by the software. Data were averaged
across microglia, and an area under the curve was calculated
for each mouse. Soma size, circularity, and Feret length were
calculated using the ROI feature in Fiji.

In Vitro Phagocytosis Assay

BV2 cells (a gift from Dr. Suman Jayadev, University of
Washington) were cultured and passed three times prior to
experiment. Cells were plated onto a 12-well plate (50,000
cells per well) and incubated in DMEM supplemented with
5% FBS and 1% penicillin/streptomycin at 37°C in 5% CO,
overnight. Upon reaching confluency, cells were serum
starved 24 h prior to the experiment. On the day of the ex-
periment, cells were treated with varying concentrations of
the EP4 agonist L-902688 for 1 h, followed by incubation
with fluorescent-tagged carboxylate-coated 2-pm-sized la-
tex beads (L3030; Sigma-Aldrich) for 3 h. Cells were detached
from the wells with light trypsinization, followed by washes
and flow analysis (FACSCanto; Becton Dickinson). DAPI was
used to exclude dead cells. Cells positive for phycoerythrin
were gated and quantified as a percentage of total viable
cells.
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Statistics

Groupwise comparisons used unpaired two-tailed Stu-
dent t tests performed with GraphPad Prism 9.0.2. Body
weight gain and cumulative food intake data were analyzed
using a two-way ANOVA, and post hoc tests were performed
using Sidak test to correct for multiple comparisons. Indirect
calorimetry data for heat production were analyzed using
ANCOVA, with body mass as covariate. Results are pre-
sented as mean + SEM. P < 0.05 was considered statistically
significant.

Data and Resource Availability

The data sets and resources generated and/or analyzed during
the current study are available from the corresponding author
upon reasonable request.

RESULTS

Microglial EP4 Deletion Reduced Susceptibility to DIO

A recent study reported an increase in prostaglandin
PGE2 levels in the arcuate nucleus following HFD feeding
(12). Interestingly, we found a near-significant increase in
expression of the receptor EP4 (encoded by the gene
Ptger4) in isolated microglia but not whole hypothalamus
from 1-week HFD-fed mice (Supplementary Fig. 1A and
B), suggesting a potential role for EP4 in diet modulation
of microglial function. Activation of EP4, a Gs-protein-
coupled receptor, triggers the cAMP pathway. HFD sig-
nificantly reduced Egrl (a downstream target of the
cAMP response element-binding protein [CREB]) ex-
pression in isolated hypothalamic microglia (Supplementary
Fig. 1C), implicating EP4 in the microglial response to HFD
feeding. To explore this possibility further, we generated
CX3CR]reERT2H/2) IRES BYEP. pioerg®® mice (MG-EP4 KO)
and CX3CR1CreERT2(~/ _)::Ptge1r4ﬂ/ﬂ littermate controls (wild
type [WT]), which are predicted to develop EP4 deficiency in
microglia upon tamoxifen treatment. As expected, tamoxifen
treatment led to a significant reduction (~79%) in micro-
glial Ptger4 expression in the MG-EP4 KO mice compared
with WT littermates (Supplementary Fig. 2A). To confirm
the cellular specificity of the EP4 KO, we isolated CD11b"
cells (central nervous system [CNS] microglia/myeloid)
and CD11b™ cells (neurons and other glia) from WT and
MG-EP4 KO mice using magnetic-activated cell sorting.
Given that EYFP and CreERT2 are cotranscribed from a bi-
cistronic mRNA cassette knocked into the Cx3crl locus,
EYFP fluorescence serves as a faithful marker of Cre ex-
pression. We found EYFP only in CD11b" cells and not in
any population of CD11b~ cells (Supplementary Fig. 2B
and C), indicating that EP4 deletion occurred exclusively in
the CNS myeloid compartment of the MG-EP4 KO mice.
Next, we examined the effects of Cre-mediated EP4 dele-
tion on microglial morphology following at least 6 weeks
after tamoxifen administration. Sholl analysis revealed that
microglia from MG-EP4 KO mice had a more ramified
structure than microglia from WT mice, as indicated by
a greater number of intersections with the Sholl radii
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(Supplementary Fig. 2D and E). Greater ramifications usu-
ally suggest a more quiescent microglial phenotype (18,19),
but we found that microglial expression of CD68, a lysoso-
mal marker expressed in phagocytically active cells, was
equally low in MG-EP4 KO and WT mice at the protein
(Supplementary Fig. 2F and G) and mRNA (Supplementary
Fig. 2H) levels. Thus, under baseline conditions when mi-
croglia are already in a quiescent state, EP4 deletion has lit-
tle impact on their function. Corresponding with these
findings, MG-EP4 KO and WT mice fed standard chow did
not differ in body weight (Supplementary Fig. 2I), glucose
tolerance (Supplementary Fig. 2J), or insulin tolerance
(Supplementary Fig. 2K), indicating that microglial EP4 sig-
naling is dispensable for energy balance under normal
physiologic conditions as expected when hypothalamic
PGE2 levels are low (12).

EP4 deletion caused microglia to adopt a more quies-
cent morphological profile, but this did not impact sys-
temic physiology under basal conditions. However, this
morphologic phenotype raised the possibility that EP4-
deficient microglia may be more resistant to the activat-
ing effects of HFD feeding observed in male mice (3). Ac-
cordingly, we hypothesized that male MG-EP4 KO mice
would have reduced susceptibility to DIO. Indeed, MG-
EP4 KO mice had a marked protection from HFD-induced
weight gain (Fig. 1A and B) and fat mass gain (Fig. 1C)
compared with the WT mice. Though lean mass was mod-
estly reduced as well (Fig. 1C), lower plasma leptin levels
in KO mice (Fig. 1D) indicated a strong effect of micro-
glial EP4 deletion on the regulation of adiposity. Tracking
of food intake over the course of 105 days of HED feeding
revealed significantly lower cumulative food intake in the
MG-EP4 KO animals (Fig. 1E). Female MG-EP4 KO mice
showed no differences in food intake or body weight com-
pared with controls (data not shown), which was expected
based on the known resistance of female mice to HFD-
induced microglial activation and weight gain (20).

Examining food intake in calorimetry cages revealed that
male MG-EP4 KO mice had consumed less of the HFD in
both dark and light cycles (Fig. 1F and G), resulting in re-
duced total daily intake (Fig. 1H). Surprisingly, body weight—
normalized energy expenditure was also lower in MG-EP4
KO mice (Fig. 1I-K), suggesting a compensatory metabolic
mechanism to offset hypophagia. However, with the respira-
tory quotient closer to 0.7 (the level indicative of fat utili-
zation) in KO mice (Fig. 1L and M), this adaptation is
apparently inadequate, resulting in consistent body weight
differences between genotypes. Overall, these results indi-
cate that microglial EP4 signaling promotes HFD-induced
hyperphagia and susceptibility to DIO.

Microglial EP4 Deletion Improved Insulin Tolerance on
HFD

Given the lean phenotype induced by microglial EP4 dele-
tion, we hypothesized that obesity-associated glucose intol-
erance would be improved in MG-EP4 KO mice. However,
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Figure 1 —Microglial EP4 deletion reduced susceptibility to DIO. A-E: Absolute body weight gain (A), percentage body weight gain (B), fat
mass and lean mass (C), plasma leptin (D), and cumulative food intake (E) in male WT and MG-EP4 KO mice fed an HFD for 16 weeks (n =
8-9). F—H: Continuous measurements of cumulative food intake (F), binned dark cycle and light cycle food intake (G), and total 24-h food
intake (H). I-K: Heat production traces (/), quantification of dark cycle and light cycle (J), and total heat production (K). L and M: Respiratory
quotient traces (L) and quantification of dark cycle and light cycle respiratory quotient (M) following 16 weeks of HFD (n = 8). Body weight
gain and cumulative food intake data analyzed by two-way ANOVA with Sidak test. Data in /-K analyzed by ANCOVA with body mass as
covariate. Data are mean + SEM. *P < 0.05 for genotype x time interaction in ANOVA; #P < 0.05 for post hoc analysis.
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Figure 2—Microglial EP4 deletion improved insulin tolerance during HFD. A: Intraperitoneal glucose tolerance test (2 g/kg i.p.) and area
under curve (AUC) analysis (inset) from male WT and MG-EP4 KO mice following 12 weeks of HFD feeding (n = 9). B and C: Fasting plasma
insulin and glucose levels at 12 weeks of HFD. D: Intraperitoneal glucose tolerance test with AUC (inset) at 22 weeks of HFD. E: Insulin tol-
erance test (0.9 units/kg) with area over curve (AOC) (inset) at 23 weeks of HFD (n = 9). Data are mean + SEM. *P < 0.05 by Student t test.

no differences in glucose tolerance between genotypes
were observed at 12 weeks of HFD (Fig. 2A). Instead,
MG-EP4 KO mice showed lower fasting plasma insulin
(Fig. 2B) with no difference in fasting glucose (Fig. 2C),
suggesting increased insulin sensitivity. Similar results were
obtained at 22-23 weeks of HFD, with equivalent glucose
tolerance (Fig. 2D) but improved insulin tolerance in
MG-EP4 KO mice compared with WT controls (Fig. 2E).
Overall, the unaltered glucose tolerance of MG-EP4 KO
mice suggests that their insulin sensitivity likely improved
as an indirect consequence of reduced adiposity rather
than a direct effect on glucose homeostasis.

Microglial EP4 Deletion Reversed Key HFD-Induced
Alterations to Microglial Attributes

Our findings demonstrate a positive association between
microglial EP4 deletion and reduced susceptibility to weight
gain and insulin resistance during HED feeding. To begin to
elucidate the mechanisms underlying this phenotype, we ex-
amined microglial properties that are altered during HED ex-
posure. Morphological assessment of microglia using Sholl
analysis following 3 weeks of HFD revealed that MG-EP4
KO mice had more intersections of arcuate nucleus microglia
processes with Sholl radii than WT controls, indicating a
more ramified structure of EP4-deficient microglia (Fig. 3A
and B). MG-EP4 KO microglia also had larger cell somas
(Fig. 30), lower circularity indices (Fig. 3D), and longer

Feret lengths (i.e., distance between the two farthest points
of the cell soma) (Fig. 3E). Taken together, these cytological
features suggest that EP4 deficiency renders microglia less
susceptible to HFD-mediated activation.

On the basis of the morphological analysis above, we
predicted that MG-EP4 KO microglia would have reduced
inflammatory gene expression consistent with a less acti-
vated profile. Unexpectedly, however, microglial Tnfo and
Il1 mRNA levels did not differ between genotypes after
3 weeks of HFD feeding (Fig. 3F). Instead, expression of the
phagocytosis gene Cd68 was significantly reduced in the
MG-EP4 KO microglia compared with the WT (Fig. 3F). Ex-
amining tissue sections of the mediobasal hypothalamus, we
observed that CD68 immunoreactivity was diminished in the
arcuate nudcleus in the MG-EP4 KO mice (percent area) (Fig.
3G and H). As a lysosomal membrane-associated glycoprotein
(21), CD68 produces a punctate staining pattern under im-
munofluorescence (Fig. 3G, inset). Quantification of high-
magnification images revealed fewer CD68" puncta local-
ized in MG-EP4 KO microglia (Fig. 3]). Notably, the degree
of change in microglial CD68 puncta was on the same order
as that observed in models of Huntington disease (22), ma-
ternal immune activation (23), and Alzheimer disease (21).

Reduced CD68 in KO microglia suggests that microglial
phagocytosis is regulated by EP4 signaling. To test this
hypothesis in vitro, we treated the murine microglial cell
line BV2 with the selective EP4 agonist L-902688, and
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Figure 3—Microglial EP4 deletion reversed key HFD-induced alterations to microglial attributes. A: Representative maximum intensity
projection images of fluorescently labeled Iba-1* microglia from WT and MG-EP4 KO mice following 3 weeks of HFD. Insets represent
reconstructed cells (shown in the middle panel [top, WT; bottom, MG-EP4 KQ)]). B: Area under the curve comparison between WT and
MG-EP4 KO mice following Sholl analysis of microglial process intersections. C-E: Cell soma area, circularity, and Feret length. Data
points represent two sections per mouse (n = 5). F: Real-time gPCR measurements of genes from FACS microglia following 3 weeks of
HFD (n = 8-10). G: Representative images of CD68 and Iba-1 immunofluorescence labeling from WT and MG-EP4 KO brains following
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measured phagocytosis of fluorescently labeled carboxylate-
coated latex beads using flow cytometry. EP4 agonist treat-
ment increased the percentage of phagocytic cells at con-
centrations >1 nmol/L (Fig. 3J and K). Central administration
of the EP4 agonist L-902688 (25 nmol i.c.v.) in WT mice
increased Cd68 mRNA levels in the hypothalamus (Fig. 3L).
Similarly, intracerebroventricular EP4 agonist administra-
tion increased the number of CD68" puncta in the micro-
glia of the WT group but not in the MG-EP4 KO group
(Fig. 3M and N). Together, these data demonstrate that
EP4 receptor activation triggers the microglial phagocytic
response in vivo and in vitro, providing a counterpoint for
the more homeostatic (nonphagocytic) microglial pheno-
type observed with EP4 deficiency.

Microglial EP4 Deficiency Preserved POMC Neuron
Projections to the PVN During HFD Feeding

Previous studies have demonstrated that HFD feeding trig-
gers alterations to POMC neurons that contribute to obe-
sity pathogenesis, including cell-cell contact with activated
microglia and disruption of downstream melanocortin sig-
naling (24,25). Here, we first examined whether and how
microglial contacts with POMC neurons are altered during
HFD feeding. We performed immunofluorescent labeling
and confocal imaging of the arcuate nucleus microglia and
POMC neurons in a cohort of chow- and HFD-fed mice, fol-
lowed by automated 3D reconstruction of the confocal Z-stacks
using Imaris analysis. Compared with chow conditions, 1 week
of HED feeding significantly increased the percentage of over-
lap between microglia and POMC puncta (Supplementary Fig.
3A-G and rendered in 3D in Supplementary Video 1), demon-
strating greater internalization of POMC processes by microglia
during HFD feeding. As expected, there was no difference be-
tween chow and HFD in microglial overlap with POMC soma,
suggesting that POMC neurons remain viable during HFD
feeding (Supplementary Fig. 3H). Indeed, there was no dif-
ference in the number of POMC cells, though microglial vol-
ume was increased in the HFD group (Supplementary Fig.
3I and J). Consistent with the immunohistochemical find-
ings, HFD feeding increased hypothalamic expression of key
genes indicative of phagocytosis (Cd68, Apoe, MerTK, Itgam)
(Supplementary Fig. 3K-N). Taken together, the microglial
phagocytic response to HFD is characterized by internaliza-
tion of POMC processes, likely altering melanocortin signal-
ing and POMC projections to distal targets (see below).
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Given the attenuated phagocytic profile of EP4-deficient
microglia in HFD-fed mice, we hypothesized that microglial
internalization of POMC processes would be reduced dur-
ing DIO in the MG-EP4 KO mice compared with the WT.
We again used Imaris analysis to assess microglial overlap
with POMC neurons. As predicted, there was a significant
reduction in percent overlap between POMC puncta and
microglia (WT group in Fig. 4A and C and MG-EP4 KO
group in Fig. 4B and E) but not POMC soma and microglia
(Fig. 4D and F) in the MG-EP4 KO mice compared with
WT (Fig. 4G and H). The overall microglial volume and the num-
ber of POMC cells did not differ by genotype (Supplementary
Fig. 4A and B). The reduced microglia-POMC puncta overlap
was also evident in samples where staining for the POMC
cleavage product 3-endorphin was used as a proxy to visualize
POMC neurons (Supplementary Fig. 4C-F). Corresponding
with findings from POMC immunolabeling (Fig. 4), there was
no difference in the number of microglia (Supplementary
Fig. 4G) or PB-endorphin-positive cells (Supplementary
Fig. 4H) between the WT and MG-EP4 KO groups. Over-
all, these findings indicate that HFD-induced microglial
internalization of POMC processes is reduced in MG-EP4
KO mice.

One of the primary targets of POMC neurons is the PVN
melanocortin receptor 3/4-expressing neurons, which pro-
vide a strong anorexigenic signal in response to agonism by
the POMC deavage product o-MSH (1). This pathway is
rapidly disrupted during HED feeding through an unknown
mechanism. Consistent with the reduced microglia-POMC
overlap and phagocytic profile of EP4-deficient microglia,
POMC" area (Fig. 4 and J) and POMC intensity (Fig. 4K)
in the PVN were markedly higher in HFD-fed MG-EP4 KO
mice. Correspondingly, we also observed greater a-MSH ™"
(Fig. 4L and M) and B-endorphin area (Supplementary Fig.
4] and J) and o-MSH intensity (Fig. 4N) in the HFD-fed
MG-EP4 KO mice. Together, these findings demonstrate
that microglial EP4 deletion leads to greater preservation of
POMC projections during HFD feeding, a possible mecha-
nism to explain their reduced susceptibility to DIO.

Unlike in the arcuate nudeus, the percentage of microglia-
POMC puncta overlap in the PVN did not differ between the
MG-EP4 KO mice and WT mice (Supplementary Fig. 5A-E),
indicating that microglial internalization of POMC projections
occurred primarily in the arcuate nucleus. Similar to the arcu-
ate nudeus, microglia volume in the PVN did not differ

5 weeks of HFD. Arrows represent CD68 " microglia from the mediobasal hypothalamus also depicted in the insets. Scale bar = 80 pm; inset
magpnification x80. H and /: Quantification of CD68 percent area and number of CD68* puncta per microglia (n = 4-5). J: Representative flow
cytometry plots of BV2 cells treated for 3 h with 2-pum phycoerythrin-coated latex beads in the presence of various concentrations of the EP4
agonist (L-902688). K: Bead-positive cells out of total live cells quantified as percentage of phagocytic cells (n = 3 from two technical repli-
cates). L: Cd68 mRNA levels in the hypothalamus 1 h after intracerebroventricular administration of the EP4 agonist L-902688
(25 nmol) or vehicle in WT mice (n = 9). M: Representative images of CD68 and Iba-1 immunofluorescence in the mediobasal hypothala-
mus following intracerebroventricular administration of L-902688 (25 nmol) or vehicle in chow-fed WT and MG-EP4 KO mice. Arrows rep-
resent CD68* microglia also depicted in the insets. Scale bar = 80 um; inset magnification x80. N: Quantification of CD68™ puncta per
microglia (n = 4-5). Data are mean + SEM. Data analyzed by one-way ANOVA with Tukey test for multiple comparisons. *P < 0.05 by Student
t test. A.U., arbitrary unit, FSC-A, forward scatter area; FSC-W, forward scatter width; PE-A, phycoerythrin area; SSC-A, side scatter area;

Veh, vehicle.
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Figure 4—Microglial EP4 deficiency preserved POMC neuron projections to the PVN during HFD feeding. A and B: Representative images
(left) and Imaris 3D rendering (right) of POMC neurons (puncta, gray; soma, red) and Iba-1" microglia (green) in the arcuate nucleus of WT
(A) and MG-EP4 KO (B) mice following 3 weeks of HFD (scale bar = 20 um). C-F: Insets (top) and Imaris 3D rendering (bottom) from A and
B. Microglial (green) overlap with POMC puncta (gray) represented in C and E. Microglial (green) overlap with POMC soma (red) repre-

sented in D and F (scale bar = 5 um). G and H: Percentage overlap

between microglia and POMC puncta (G) and microglia and POMC

soma (H). Data points represent two sections per mouse (n = 5-7). I-K: Representative images (scale bar = 100 pwm) (/), quantification of

POMC percent area (J), and POMC intensity (K) in the PVN (n = 5-7).

L-N: Representative images (scale bar = 100 wm) (L) and quantifica-

tion (M) of a-MSH percent area and a-MSH intensity (N) in the PVN (n = 5-7). Data are mean + SEM. *P < 0.05 by Student t test. a.u., arbi-

trary unit; mgl, microglia.

between the WT and the MG-EP4 KO mice (Supplementary
Fig. 5F). POMC is a precursor polypeptide enzymatically
deaved into multiple peptides; therefore, we next assessed
whether MG-EP4 KO mice on an HFD have altered levels
of POMC processing enzymes or other appetite-regulating

neuropeptides compared with the WT. Hypothalamic expres-
sion of the enzymes Cpe, Pam, Pcsk1, and Pcsk? and neuro-
peptides agouti-related peptide (Agrp), orexin (Hcrt), and
Pomc did not differ between the MG-EP4 KO mice and the
WT mice (Supplementary Fig. 5G and H), indicating that
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altered POMC processing or neuropeptide synthesis do not
contribute to greater POMC projections in the MG-EP4
KO mice during HFD feeding. Together, these data support
a model in which the absence of EP4 limits HFD-induced
activation of microglial phagocytosis, thereby preserving
POMC projections to the PVN and reducing susceptibility
to DIO.

DISCUSSION

Microglial activation is both necessary and sufficient to
promote weight gain and hyperphagia in response to HED
feeding (6,25), but the specific drivers of this response
have not been fully identified. Here, we present evidence
that expression of the PGE2 receptor EP4 by microglia is
critical for susceptibility to DIO. Specifically, microglial EP4
deficiency confers protection from HFD-induced hyperpha-
gia, weight gain, and insulin resistance, while being dis-
pensable for physiological body weight regulation. At the
cellular level, these metabolic improvements correspond with
reduced microglial phagocytic activation by HFD, fewer con-
tacts between microglia and POMC neurons, and greater
abundance of POMC projections to the PVN. Together, these
data implicate EP4-mediated regulation of microglial phagocy-
tosis as an important modulator of energy homeostasis dur-
ing DIO via impacts on melanocortin drcuit integrity.

A recent study implicated hypothalamic PGE2 in micro-
glial activation and metabolic regulation during DIO. Pre-
venting the increase in ventromedial hypothalamic PGE2
during HFD feeding by targeted knockdown of cPLA2, an
enzyme involved in the generation of the prostaglandin
precursor molecule arachidonic acid, reversed microgliosis
and improved glucose tolerance of the HFD (12). How-
ever, arachidonic acid is a precursor for all eicosanoids, in-
cluding other prostaglandins, prostacyclins, thromboxanes,
and leukotrienes, making commonality between the pheno-
types of the MG-EP4 KO and cPLA2 KO models unlikely.
More relevant is a mouse model with global deletion of the
key enzyme for PGE2 synthesis mPGES-1, which showed re-
duced food intake and weight gain with an HFD (26). In
contrast, tanycyte production of PGE2 (a major cellular
source under basal conditions) sustains POMC neuronal sig-
naling via lactate supply (9) and is critical for inflammation-
induced anorexia (27). Overall, these reports implicate
PGE2 signaling in energy balance regulation, although
cellular and tissue context are critical, and the mecha-
nisms involved remain elusive.

Among the four receptors for PGE2, EP4 is highly ex-
pressed throughout the body and exerts various physio-
logical and pathological roles in inflammatory processes,
lipid uptake, and vascular functions (8). Global deletion of
EP4 leads to a lipodystrophic phenotype with reduced weight
gain, suggesting that the function of EP4 at the systemic
level is dominated by its role in adipose tissue (16). EP4 is
also the primary PGE2 receptor expressed in macrophages
where it has been implicated in atherosclerotic lesions in hu-
mans and mice (28,29). Finally, microglia express among the
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highest levels of EP4 in the mouse and human brain (30,31),
but prior studies have largely focused on its role in bacterial
challenge and Alzheimer disease. Thus, our study is the first
to describe a function for microglial EP4 signaling in obesity
pathogenesis, representing an important step forward in
elucidating the involvement of CNS prostaglandins in
metabolism.

Our finding that microglial EP4 deletion limits food in-
take and body weight gain during HFD feeding adds to a
small, but growing body of literature implicating micro-
gliosis in obesity pathogenesis. Interestingly, two mouse
models involving microglial deletion of Ikkf and mito-
chondrial uncoupling protein 2 (Ucp2), respectively, showed
a similar level of obesity resistance (~6-7 g less than con-
trols over a 12-18-week HFD) as the MG-EP4 KO mice
(6.5 g over a 17-week HFD) (6,25). Conversely, microglial
lipoprotein lipase (Lpl)-deficient mice gained excess weight
to a similar extent (~7 g) (32). While the metabolic altera-
tions observed in these mouse lines was largely ascribed to
reduced hypothalamic inflammation, we provide a novel
mechanism for the MG-EP4 KO model based on preserva-
tion of POMC neuron-PVN projections during HFD feed-
ing. Similar alterations to the POMC-PVN neurocircuit have
been described in the context of aging, intrauterine HED ex-
posure, and short-term HFD feeding (33-35), suggesting that
a common pathway involving structural compromise of the
melanocortin system may underlie environmentally induced
metabolic dysfunction. While the precise mechanism underly-
ing this vulnerability is unknown, the preserved architecture
of the melanocortin neurocircuit during DIO in MG-EP4 KO
mice corresponded with fewer phagocytic contacts between
microglia and POMC neuron soma and projections at the
level of the arcuate nudcleus (but not the PVN). As discussed
in more detail below, microglial phagocytosis and its impact
on neurocircuit integrity represent a novel mechanism for fu-
ture studies on metabolic physiology and pathology.

During HED feeding, the levels of inflammatory cytokines,
such as IL-1B and TNF-a, as well as markers of phagocyto-
sis, such as the myeloid-specific lysosome-assocdiated glyco-
protein CD68, increase together with the onset of gliosis in
the arcuate nucleus (3). In MG-EP4 KO mice, there were
no changes in inflammatory signaling in DIO, despite pre-
vious reports that microglial EP4 signaling helps to resolve
inflammation following lipopolysaccharide challenge (13).
In contrast, CD68 levels were significantly reduced along
with microglia, displaying a less activated phenotype char-
acterized by a homeostatic pattern of more branching of
projections and an elongated, less ameboid cell body. Thus,
these data support the novel finding that the microglial
phagocytic and morphological activation responses are reg-
ulated separately from the inflammatory cytokine response
in the context of DIO.

A reduced microglial phagocytic state in the absence of
EP4 signaling may impact synapse remodeling. As the res-
ident phagocytes of the CNS, microglia are responsible for
maintaining synaptic integrity. For example, microglial
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engulfment of presynaptic inputs from retinal ganglion
cells via the complement pathway is critical in synapse
pruning and stabilization (36). Likewise, microglial phago-
cytosis of apoptotic neurons via receptor tyrosine kinases
is key in debris clearance during development and injury
(37). Microglia also phagocytose dendritic spines, whole
neurons, extracellular matrix components, and myelin de-
bris, all of which may profoundly alter neuronal circuitry
and physiological outcomes (37-40). In the context of pa-
thology, aberrant microglial phagocytosis is associated with
disruption of neurocircuits or impairment of neuronal
function, such as in autism and Alzheimer disease (21,41).
In fact, deficiency of microglial EP4 disrupts amyloid
phagocytosis, leading to increased plaque accumulation and
plaque density in the hippocampus of a mouse model of
Alzheimer disease (14). Our current study demonstrates
that EP4 deficiency reduces the phagocytic state of micro-
glia, leading to fewer phagocytic contacts between microglia
and POMC projections at the level of the arcuate nucleus.
In contrast, there were no differences in associations in
the PVN. Nevertheless, microglia EP4 deficiency led to pre-
served POMC projections to the PVN. Overall, this suggests
a model by which HFD feeding triggers EP4 activation of
microglial phagocytic engulfment of POMC neuronal seg-
ments in the arcuate nudeus; the consequent disruption of
anterograde communication to terminal fibers in the PVN
would cause their retrograde degeneration, leading to a re-
duction in melanocortin signaling. Follow-up studies will be
critical to test this hypothesis and delineate the specific im-
pact of HED-triggered phagocytosis on hypothalamic circuit
remodeling.

In contrast with our study, a previous report using a
microglia-specific Lpl deletion model found reduced CD68
expression associated with increased body weight gain on
a high-fat, high-sucrose diet (32). One potential explana-
tion for the discrepancy may be a different substrate of
phagocytosis in the context of LPL versus EP4. Indeed,
microglial Lpl deletion on HFD was associated with fewer
POMC neurons (32), while microglial EP4 deletion in the
current study did not alter the total number of POMC
neurons (nor did loss of UCP2 [25]). Instead, microglial
EP4 deletion resulted in reduced internalization of POMC
processes, the direct converse of a previous study (from
the same authors as the Lpl study), showing that increased
microglia-POMC neuron contacts are associated with HFD-
induced weight gain (24). The association of these reduced
cell-cell contacts with a more intact melanocortin neurocir-
cuit suggests a mechanism linking microglial phagocytosis
to the maintenance of POMC neuron function during HFD
feeding. Indeed, greater melanocortin fiber density in the
PVN has been associated with intact sickness-associated
anorexia responses in adult mice (42), while depletion of
these projections in mice lacking protein kinase CMA in
POMC neurons results in profound obesity in the context
of HED exposure (43). Given that POMC neurons com-
prise a heterogeneous population with diverse functional
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properties, future studies will need to further characterize
neuron-microglia appositions in specific POMC (and other
neuronal) subpopulations and determine their role in DIO
pathogenesis.

In conclusion, microglial EP4 deletion conferred protec-
tion from DIO and obesity-associated insulin resistance.
EP4 signaling was associated with a phagocytic response to
HFD, and abrogation of this pathway suppressed the mi-
croglial phagocytic state, yielding fewer microglia-POMC
neuron contacts and preserved POMC projections in the
PVN. Together, these data implicate PGE2 signaling via
EP4 as an important regulator of microglial-POMC neu-
ron interactions during HFD feeding that drives suscepti-
bility to metabolic dysfunction and provide a basis for
investigating microglial phagocytosis as a novel target for
obesity therapeutics.
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