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Abstract: Both hypothalamic microglial inflammation and melanocortin pathway dysfunction con-
tribute to diet-induced obesity (DIO) pathogenesis. Previous studies involving models of altered
microglial signaling demonstrate altered DIO susceptibility with corresponding POMC neuron cyto-
logical changes, suggesting a link between microglia and the melanocortin system. We addressed
this hypothesis using the specific microglial silencing molecule, CX3CL1 (fractalkine), to determine
whether reducing hypothalamic microglial activation can restore POMC/melanocortin signaling to
protect against DIO. We performed metabolic analyses in high fat diet (HFD)-fed mice with targeted
viral overexpression of CX3CL1 in the hypothalamus. Electrophysiologic recording in hypothalamic
slices from POMC-MAPT-GFP mice was used to determine the effects of HFD feeding and microglial
silencing via minocycline or CX3CL1 on GFP-labeled POMC neurons. Finally, mice with hypothala-
mic overexpression of CX3CL1 received central treatment with the melanocortin receptor antagonist
SHU9119 to determine whether melanocortin signaling is required for the metabolic benefits of
CX3CL1. Hypothalamic overexpression of CX3CL1 increased leptin sensitivity and POMC gene ex-
pression, while reducing weight gain in animals fed an HFD. In electrophysiological recordings from
hypothalamic slice preparations, HFD feeding was associated with reduced POMC neuron excitability
and increased amplitude of inhibitory postsynaptic currents. Microglial silencing using minocycline
or CX3CL1 treatment reversed these HFD-induced changes in POMC neuron electrophysiologic
properties. Correspondingly, blockade of melanocortin receptor signaling in vivo prevented both
the acute and chronic reduction in food intake and body weight mediated by CX3CL1. Our results
show that suppressing microglial activation during HFD feeding reduces DIO susceptibility via a
mechanism involving increased POMC neuron excitability and melanocortin signaling.

Keywords: microglia; fractalkine; POMC neurons; obesity; melanocortin system

1. Introduction

Obesity is a leading cause of morbidity and mortality worldwide with few effective
treatments [1]. Current evidence suggests that diet-induced obesity (DIO) is associated with
dysfunction of pro-opiomelanocortin (POMC) neurons, a hypothalamic cell population that
maintains energy homeostasis by modulating food intake and energy expenditure [2—4].
POMC neurons are activated by nutrients and hormones, such as the adipokine leptin,
reducing food intake through synaptic release of neurotransmitters (mostly glutamate) and
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alpha-melanocyte stimulating hormone (x-MSH), a neuropeptide melanocortin 3/4 recep-
tor (MC3/4R) agonist [5-7]. Genetic defects in the leptin-melanocortin pathway such as
mutations in MC4R lead to profound high-fat diet (HFD) sensitivity and increased obesity
susceptibility in rodents and humans [2,8-12]. Likewise, nongenetic POMC neuron defects
induced by HFD exposure, including alterations to x-MSH production, synaptic organiza-
tion, and intracellular calcium responses, likely contribute to DIO pathogenesis [3,4,13,14].

The factors that drive neuronal dysfunction in obesity have not been fully identified,
but growing evidence implicates hypothalamic inflammation as an important contribu-
tor [15-21]. Activation of microglia (CNS macrophage-like immune cells) and elevated
expression of inflammatory cytokines are detectable in the mediobasal hypothalamus
(MBH) within the first week of HFD exposure [15-17,22], even before inflammation is
detected in peripheral metabolic organs [16]. Preventing gliosis through downregulation
of microglial NF-«B signaling or ablating microglia altogether restores leptin sensitivity
in hypothalamic neurons in vivo and leads to protection from HFD-associated weight
gain [19,20]. Though the precise mechanisms remain to be determined, several recent
studies connect these microglial-mediated metabolic benefits with the melanocortin sys-
tem. In mice subjected to HFD or other inflammatory stimuli, microglia become closely
apposed to the surface of POMC neuron cell bodies, suggesting an increase in intercellular
signaling [21,23]. Moreover, DIO mouse models with genetic manipulations to either en-
hance or suppress microglial activation show corresponding alterations in POMC neuron
cytoarchitecture, c-Fos positivity, and cell survival [21,24-26]. Though provocative, these
studies leave undetermined the direct effect of microglia on POMC neuron electrophysio-
logical properties and the requirement for melanocortin signaling in the regulation of DIO
susceptibility by microglia.

In the CNS, the chemokine CX3CL1 (also known as fractalkine) is produced by neurons
and binds a unique receptor CX3CR1 exclusively expressed by microglia, playing an
important role to maintain microglial quiescence [27]. Full-length CX3CL1 is a membrane-
bound molecule that can signal bidirectionally [28,29], but a soluble ligand consisting of the
N-terminal signaling domain is released extracellularly by proteolytic processing. While
there are some contexts in which differences between the functions of the membrane-bound
and secreted CX3CL1 isoforms have been observed, the overall effect of reduced CX3CL1-
CX3CR1 signaling (e.g., in homozygous CX3CR1&% knock-in mice) is excessive microglial
activation, leading to increased susceptibility to CNS inflammatory and neurodegenerative
pathologies [30-33]. Similarly, MBH CX3CL1-CX3CR1 signaling decreases during HFD
exposure, suggesting a potential mechanism by which HFD feeding triggers microglial
activation and weight gain [20]. Indeed, restoring CX3CL1 expression in the MBH protects
from HFD-induced obesity (DIO) [20], but the mechanisms linking CX3CL1 action—and
more generally, microglial activation—to metabolic alterations remain unclear. Here, we
provide evidence that inhibition of HFD-induced microglial activation by CX3CL1 restores
POMC neuron excitability and correspondingly reduces weight gain in a melanocortin-
dependent manner.

2. Results
2.1. Hypothalamic CX3CL1 Reduces Food Intake and Body Weight and Improves Leptin Sensitivity
in HFD-Fed Mice

Our previous study demonstrated that DIO is associated with downregulation of
CX3CL1-CX3CR1 signaling in the MBH of male mice, and that central CX3CL1 protects
from diet-induced microglial inflammation and weight gain [20]. To determine how
microglial-neuronal interactions are involved in these effects, we sought to avoid con-
founding by potential outside-in signaling in neurons through the intercellular domain of
CX3CL1. Therefore, we first verified that MBH overexpression of the soluble ligand form,
achieved by bilateral injections of AAVs containing CX3CL1-s (Figure 1A-C), was sufficient
to have metabolic benefits. Two weeks after recovering from stereotaxic surgery, mice were
placed on an HFD, and body weight and food intake were recorded. Reduction in weight
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gain and food intake over 25 days of HFD feeding was observed in AAV-CX3CL1-s when
compared with the AAV-GFP control (Figure 1D-E). AAV-CX3CL1-s reduced food intake
during the first week of HFD (Figure 1E), specifically between days 3 and 7 (Figure 1F).
These data show that CX3CL1-s expression in the hypothalamus is sufficient to recapitulate
the anti-obesity effects of full length CX3CL1 [20] but ensures a microglial site of action
since CX3CR1 is expressed exclusively by microglia in the CNS (Supplementary Figure S1).
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Figure 1. Hypothalamic overexpression of soluble CX3CL1 reduces weight gain, food intake and
improves leptin sensitivity in DIO mice. (A) Schematic diagram of a mouse coronal brain section
indicating bilateral administration of AAVs into the mediobasal hypothalamus. (B,C) Representative
image of a hypothalamic section from a mouse treated with AAV-CX3CL1-s. CX3CL1-s overex-
pression in the MBH is indicated by HA staining (red). Higher magnification view in C shows
broad expression in the arcuate nucleus (ARC) and ventromedial hypothalamus (VMH). (D,E) Body
weight gain (D) and 24 h food intake (E) in HFD-fed mice with hypothalamic overexpression of GFP
(AAV-GFP) or the soluble isoform of CX3CL1 (AAV-CX3CL1-s) measured daily over the first week
and then bi-weekly until day 25 of HFD. (F) Cumulative food intake over days 1-2 (left panel), 3-7
(middle panel) and 8-24 (right panel). (G) 24 h and 48 h food intake after i.p. saline or leptin injections
(2 pg/g/day) in AAV-GFP and AAV-CX3CL1-s mice on HFD. Data are presented as mean + SEM of
at least 6 animals per group. (H) Hypothalamic mRNA expression of Pomc in chow-fed AAV-GFP
and AAV-CX3CL1-s mice. Data are expressed as a percentage of AAV-GFP control; n = 6 per group.
*p <0.05; *** p < 0.001.
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We previously demonstrated that central CX3CL1 administration can suppress mi-
croglial activation [20]. Since HFD-induced gliosis and inflammation are associated with
leptin resistance [17,19], we hypothesized that hypothalamic CX3CL1-s overexpression
would increase leptin sensitivity. Indeed, a once-daily injection with a moderate dose of
leptin (2 pug/gi.p.) for 2 consecutive days starting on day 25 of HFD reduced food intake in
AAV-CX3CL1-s mice but not AAV-GFP controls (Figure 1G; trend by day 1 and significant
at day 2). Consistent with its ability to improve leptin sensitivity, AAV-CX3CL1-s increased
hypothalamic expression of POMC in weight-matched AAV-GFP controls (Figure 1H).

2.2. Inhibition of Activated Microglia Restores Intrinsic Excitability of POMC Neurons in
HFD-Fed Mice

Chronic HFD consumption is associated with hypothalamic microglial activation and
alterations in the electrophysiological properties of POMC neurons [4,16,17,19,21,22,34], but
a direct connection between these diet-induced responses has not been established. Whole-
cell recordings of GFP-labeled POMC neurons in age-matched POMC-MAPT-GFP mice
(Figure 2A-C) showed that exposure to HFD for 4 weeks did not alter resting membrane
potential (Figure 2D; body weight: Chow 27.65g + 0.74 g, N=11; HFD 33.63g £ 1.13 g,
N =13; p =0.003). A similar proportion of POMC neurons were found to be spontaneously
active in both chow and HFD-fed mice (~28%; Figure 2E), with equivalent firing rates
(Figure 2F). This suggests that neither HFD exposure nor GFP expression resulted in
fundamental cellular abnormalities in POMC neurons.

Previous studies suggest that POMC neurons act as “synaptic integrators” summating
electrical inputs over prolonged timescales [35]. Thus, a time ramp with steps of extended
durations can be used to elicit this type of intrinsic excitability and determine how it is af-
fected by different environmental exposures. To perform the time ramp study, we examined
the responses of POMC neurons evoked by a minimal suprathreshold stimulus of variable
duration (100-1000 ms, 30 pA) in brain slices incubated with blockers of glutamatergic
and GABAergic postsynaptic currents (a method previously validated in [21]). POMC
neurons of HFD-fed mice and chow-fed mice responded with similar numbers of action
potentials when stimulated by a short duration stimulus (Figure 2G,I; 100 ms, 30 pA; Chow:
1.5+ 03, n=14 N =3, HFD: 1.2 £ 0.26, n = 17, N = 4). However, a longer duration
stimulus of the same amplitude evoked fewer action potentials in POMC neurons from
HFD-fed mice compared with those from chow-fed controls (Figure 2G,I, 1000 ms, 30 pA,
Chow: 1221 +£2.19,n =14, N =3, HFD: 7 £ 1.0, n = 17, N = 4, adjusted p-value (diet)
=1.71 x 1077, two-way ANOVA, Tukey’s HSD multiple comparison test). Importantly,
this diminished response occurred without depolarization block and in the absence of
inhibitory and excitatory inputs, suggesting that HFD exposure significantly lowered the
intrinsic excitability of the POMC neurons.

Incubating the hypothalamic slices from HFD-fed animals for 2 h in 100 pM minocy-
cline (a tetracycline derivative that inhibits microglial activation) [36-38] restored the
number of evoked action potentials in HFD POMC neurons to chow levels (Figure 2H,],
Chow: 10.09 + 1.36, n = 11, N = 3, HFD: 9.68 £+ 1.37, n = 19, N = 3, adjusted p-value:
HFD + Minocycline: Chow + Minocycline = 0.59; HFD + Vehicle: HFD + Minocycline
= 0.0017, Interaction: Minocycline:diet Pr = 0.00137, three-way ANOVA, Tukey’s HSD
multiple comparisons test), suggesting that microglial activation induced by HFD feeding
is necessary for altering the intrinsic excitability of POMC neurons.
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Figure 2. Minocycline restores intrinsic excitability of POMC neurons in HFD-fed mice. (A) Schematic
diagram showing a coronal hypothalamic slice. The arcuate nucleus (ARC), where GFP-expressing
POMC neurons were visualized and recorded from, is highlighted in green. (B) 4X DIC image showing
the ARC region and recording pipette attached to a recorded POMC neuron. (C) Representative
fluorescent image of a GFP-expressing POMC neuron with attached recording pipette filled with
internal solution containing fluorophore Alexa-594. (D) Resting membrane potential of recorded
POMC neurons (Chow: —69.38 + 4.3 mV, n = 11, N = 3; HFD: —70.92 + 3.1 mV, n = 13, N = 3).
(E) Proportion of recorded POMC neurons showing spontaneous activity (upper: Chow (6 out of 21
neurons), lower: HFD (6 out of 22 neurons)). (F) Frequency of action potentials in spontaneously
firing POMC neurons (Chow: 2.220 + 0.87 Hz, n =6, N = 5; HFD: 1.35 + 0.58 Hz, n = 6, N = 5).
(G,H) Representative traces of POMC neuron responses after stimulation by 1000 ms 30 pA current
step in brain slices from chow and HFD-fed mice treated with vehicle (G) or minocycline (100uM)
(H). (1)) Population data of evoked responses of POMC neurons to variable duration of stimulus in
brain slices from chow and HFD-fed mice incubated with vehicle (I) or minocycline (J). Lowercase (n)

indicates number of neurons and uppercase (N) number of animals. * p < 0.05; ** p < 0.01.
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2.3. CX3CL1 Restores Intrinsic Excitability of POMC Neurons in HFD-Fed Mice

Based on the minocycline data (Figure 2G-J), we hypothesized that the more specific
microglial inhibitor CX3CL1 would restore POMC neuron function during HFD feeding,
which might account for its anti-obesity properties (Figure 1). Hypothalamic slices from
chow and HFD-fed POMC-MAPT-GFP mice were incubated with recombinant mouse
CX3CL1 (20 nM; soluble form) for 2 h prior to recording. Similar to the effect observed with
minocycline (Figure 2J), CX3CL1 restored the number of evoked action potentials in HFD-
POMC neurons to chow levels (Figure 3A,B, 1000 ms, 30 pA, Chow + CX3CL1: 11.91 £ 2.36,
n =12, N = 3; HFD + CX3CL1: 11.27 £+ 147, n = 11, N = 3; HFD + Veh: 6.70 &+ 1.43,
n =10, N = 3, adjusted p-value: HFD + Vehicle: HFD + CX3CL1 = 0.0002; HFD + CX3CL1:
Chow + CX3CL1 = 0.64; HFD + CX3CL1: Chow + Vehicle = 0.37, Intervention: CX3CL1:diet
Pr = 1.56 x 1073, three-way ANOVA, Tukey’s HSD multiple comparisons test).

Next, we assessed synaptic inputs to POMC neurons. Spontaneous excitatory postsy-
naptic currents (sSEPSCs) received by POMC neurons were unchanged by HFD exposure
both in terms of amplitude and frequency (Figure 3C-E) so we did not test the effect of
CX3CL1 on sEPSCs. In contrast, we observed a significant increase in the cumulative
probability of larger amplitude spontaneous inhibitory postsynaptic currents (sIPSCs) in
POMC neurons from HFD-fed mice vs. chow-fed (Figure 3FG, red trace, chow vs. HFD:
adjusted p value = 3.18 x 101!, KS test, Benjamini-Hochberg multiple comparison cor-
rection) with no differences in frequency (Figure 3H). CX3CL1 application reduced the
sIPSC amplitude in the HFD group toward chow levels (Figure 3G, blue trace, HFD + veh
vs. HFD + CX3CL1: adjusted p value = 0.0019, KS test, Benjamini-Hochberg multiple
comparison correction) though it also mildly increased sIPSC amplitude in chow subjects
(Figure 3G, grey trace, Chow + veh vs. Chow + CX3CL1: adjusted p value = 0.0004, KS
test, Benjamini-Hochberg multiple comparison correction). Notably, both CX3CL1-treated
groups had significantly lower sIPSC amplitude than the HFD group, suggesting an overall
restorative effect of CX3CL1 on the changes affecting POMC neurons. Together these results
support the hypothesis that microglial CX3CL1-CX3CR1 signaling reverses the impairment
of hypothalamic POMC neuronal activity induced by HFD feeding.

2.4. The Anti-Obesity Effect of Central CX3CL1 Requires Intact Melanocortin Signaling In Vivo

The degree of POMC neuron activity generally correlates with production of x-MSH,
a neuropeptide derived from POMC that reduces food intake and body weight by acting
on MC3R and MC4R [39,40]. Thus, based on the ability of CX3CL1 to restore POMC
neuron excitability (Figure 3) and increase Pomic gene expression in vivo (Figure 1E), we
hypothesized that CX3CL1 reduces food intake and body weight during DIO via increased
melanocortin signaling. To test this hypothesis, we performed pharmacological blockade of
the central melanocortin signaling in HFD-fed mice treated with CX3CL1-s. A singlei.c.v.
administration of recombinant mouse CX3CL1 peptide (soluble form) tended to reduce
24-h HFD intake (Figure 4B, Sal/Sal vs. Sal/CX3CL1) and significantly limited weight
gain (Figure 4C, Sal/Sal vs. Sal/CX3CL1). Pre-treatment with a dose of the MC3R/MC4R
antagonist SHU9119 (0.1 nmol, i.c.v.) that by itself had no effect on food intake and body
weight (Figure 4B,C, Shu/Sal vs. Sal/Sal) blocked the metabolic benefits of acute CX3CL1
treatment (Figure 4B,C, Sal/CX3CL1 vs. Shu/CX3CL1). To assess the involvement of
melanocortin system activation in DIO prevention by CX3CL1, s.c. osmotic minipumps
containing SHU9119 (0.2 nmol/h) were placed in lateral ventricle-cannulated mice with
prior AAV-CX3CL1-s or AAV-GFP injection into the MBH (Figure 4D). As described above,
hypothalamic overexpression of CX3CL1-s reduced food intake and body weight in DIO
mice (Figure 1A—C). However, concurrent SHU9119 infusion abolished these metabolic
benefits (Figure 4E,F) despite an overall increase in body weight and food intake in both
groups relative to untreated animals (compare Figure 4E,F to Figure 1A—C). Collectively,
these data support a requirement for intact melanocortin signaling in the anti-obesity effect
of microglial silencing via hypothalamic CX3CL1 overexpression.
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Figure 3. CX3CL1 restores intrinsic excitability of POMC neurons in DIO mice. (A) Representative
traces of POMC neurons after stimulation by 1000 ms 30 pA current step (top: stimulus step; bottom:
responses: black: Chow + Veh, gray: Chow + CX3CL1, red: HFD + Veh, blue: HFD + CX3CL1).
(B) Population data of evoked responses of POMC neurons to variable duration of stimulus after
vehicle or CX3CL1 treatment in brain slices from chow and HFD-fed mice (* denotes p values
for Chow + Veh and HFD + veh comparison, #, ## denotes p values for HFD + veh and HFD +
CX3CL1 comparison). (C-E) Representative traces (C), cumulative probability plot of amplitude
(D), and frequency plot (E) of sEPSCs for POMC neurons recorded in chow and HFD brain slices
(Frequency of sEPSCs: Chow: 7.41 £+ 1.69 Hz, n =17, N = 3; HFD: 7.96 &= 1.56 Hz, n = 11, N = 3).
(F-H) Representative traces (F), cumulative probability plot of amplitude (G), and frequency plot (H)
of sIPSCs for POMC neurons recorded in chow and HFD brain slices incubated for 2 h with vehicle or
CX3CL1 (Frequency of sIPSCs: Chow + Veh: 0.76 & 0.28 Hz, n = 18, N = 4; HFD + Veh: 0.61 4 0.28 Hz,
n=22,N =4; Chow + CX3CL1 =054 £ 0.33 Hz,n=7, N =2; HFD + CX3CL1: 1.3 £ 0.54 Hz,n =7,
N = 2). Lowercase (n) indicates number of neurons and uppercase (N) number of animals. * p < 0.05;
** p <0.01; ** p < 0.001.
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Figure 4. Central CX3CL1 does not reduce weight gain and food intake in mice treated with
MC3R/MCH4R antagonist. (A) Time scale of the experimental approach used for acute i.c.v. ad-
ministration of SHU9119 and CX3CL1. (B,C) Average of cumulative 24 h food intake (A) and body
weight gain (B) in mice treated with saline (Sal) or SHU9119 i.c.v. and 30 min later with Sal or CX3CL1
i.c.v. Data are presented as mean 4= SEM of at least 5 animals per group. * p < 0.05. (D) Time scale
for chronic i.c.v. administration of SHU9119 in mice previously subjected to hypothalamic viral
microinjection of AAV-GFP and AAV-CX3CL1. (EF) Body weight gain (E) and total food intake
(F) measured in mice with hypothalamic overexpression of CX3CL1-s or GFP control that received
SHU9119 i.c.v. infusion over 2 weeks (compare with Figure 1D). Data are presented as mean + SEM
of 10 animals per group. * p < 0.05.

3. Discussion

Neuronal output dictates behavior including food intake and metabolic rate, yet
diet-induced activation of glial cells can promote susceptibility to hyperphagia and obe-
sity [3,16,18,19,24,25]. Therefore, glial cells must influence energy balance through action on
neighboring neurons. Here, we focus on one such glial-neuronal interaction via CX3CL1-
CX3CR1 signaling to illustrate how microglial activation alters melanocortin system activity
during HFD feeding to promote DIO.

CX3CL1-CX3CR1 signaling maintains microglia in their basal surveillance mode with
downstream impacts on neuronal function and survival in the adult brain [41]. CX3CR1
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is a Gi protein-coupled receptor that regulates apoptotic, proliferative, transcriptional,
and migratory functions in microglia [27]. Perturbation of CX3CL1-CX3CR1 signaling is
associated with increased neuroinflammation and neuronal cell death in animal models of
neurodegenerative disease [32,42-45]. In the context of DIO, where microglial inflammation
is required for body weight gain upon HFD exposure [19,24,25], we have previously shown
that CX3CL1 is reduced in the hypothalamus of male mice, and that central administration
of CX3CL1 prevented diet-induced weight gain and microglial activation [20]. In this
study, we investigated a potential mechanism by which this chemokine provides protection
from weight gain. Given potential confounding by different signaling functions for the
membrane-bound and soluble isoforms of CX3CL1 [28,29,42], we first determined that
the soluble form is equally effective in preventing weight gain. This occurred despite the
presence of endogenous CX3CL1 (at low levels due to HFD feeding [20]), suggesting that
CX3CL1-s overexpression could have pharmacological benefits for obesity treatment.

Mice overexpressing CX3CL1-s in the MBH displayed a significant reduction in food
intake and an increased anorexigenic response to leptin, suggesting that microglial CX3CR1
signaling may affect neurons involved in feeding regulation. Indeed, we found that CX3CL1
increases the expression of the neuropeptide POMC in vivo. In support of this cell—cell
interaction model, a previous study demonstrated an increase in microglia-POMC neuron
cell contact when mice were exposed to a high-fat, high-sucrose diet [21]. The specificity
of CX3CL1 action on microglia is further supported by our immunohistological analysis
of Cx3crl-Gfp mice confirming that CX3CR1 is not expressed in neurons, astrocytes, or
tanycytes. Similarly, single-cell RN Aseq analysis of mouse hypothalamic tissue has shown
that CX3CR1 is not found in any CNS cell populations other than microglia and perivascular
macrophages [46]. CX3CR1 is also expressed in subsets of peripheral monocytes and
macrophages [47] so it is possible that circulating myeloid cells that infiltrate the MBH in
HFD-fed mice [19] may also contribute to the anti-obesity effect of CX3CL1.

CX3CL1 acts as an anti-inflammatory molecule by downregulating microglial IL-1f3,
TNF-o and, IL-6 production [20,48,49]. We recently showed that central CX3CL1 adminis-
tration to HFD-fed mice reduces the expression of TNF« in hypothalamic microglia [20].
There is accumulating evidence that TNF« is an important pro-obesogenic factor. Knock-
down of TNFa signaling in MBH neurons of DIO mice reduces food intake and body weight
gain, while lowering mitochondrial activity and cellular stress in POMC neurons [21]. Thus,
we speculate that hypothalamic CX3CL1 may restore POMC neuron excitability and limit
weight gain in DIO mice by reducing TNF« signaling. However, proinflammatory agents
like TLR2 and TLR4 agonists also induce microglial activation but increase POMC neuron
activity [23,38]. Thus, an important priority for future research is to distinguish the molecu-
lar characteristics of microglia activated by different inflammatory stimuli, such as HFD
and LPS, in order to determine how these interventions elicit distinct metabolic outcomes.
It is also important to consider an alternative to the reduced TNF signaling model, which
posits that mitochondrial metabolism and reactive oxygen species production in microglia
affect neighboring neurons, such as closely apposed POMC cells [21,25]. In support of this
hypothesis, microglia-specific deletion of UCP2, a critical protein in mitochondrial function,
prevents HFD-induced obesity and induces cytological markers of increased POMC neu-
ronal activity [25]. Here, we have extended these important findings by demonstrating that
microglial silencing ex vivo increases POMC neuron excitability and in vivo acts through
the melanocortin system to reduce DIO susceptibility.

Hypothalamic inflammation and gliosis are proposed to mediate the synaptic input
rearrangement, c-Fos induction, and neuronal loss observed in POMC neurons during
HEFD feeding [3,16,21]. Consistent with previous studies, we found that mice exposed to
HEFD have reduced POMC neuron activity due to alterations in intrinsic excitability, as well
as changes in synaptic inputs [4]. Minocycline treatment restored neuronal excitability,
suggesting that microglial activation contributes to the effect of HFD to inhibit POMC
neurons. However, these data should be interpreted with caution as minocycline has been
reported to affect other cell types [50]. Nevertheless, restoration of intrinsic excitability of
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POMC neurons in HFD-fed mice by CX3CL1 support a role for microglia in POMC neuron
activity during DIO. Though CX3CL1-CX3CR1 signaling is known to modulate neuronal
activity in other contexts, the mechanisms involved are not completely understood [51].
One possibility is suggested by a recent study demonstrating that reduced mitochondrial
Ca?* uptake during HFD feeding contributes to impaired POMC neuron excitability [4].
Activation of CX3CR1 signaling may alter the microglial secretome to restore POMC neuron
activity through improved mitochondrial Ca*? dynamics.

In our findings, CX3CL1 treatment of HFD-fed mice improved the anorexigenic re-
sponse to leptin, restored POMC neuron excitability, and increased Pomic expression, all
actions that would be predicted to raise the level of the melanocortin agonist, «-MSH,
which acts at the MC4R to reduce food intake [52]. Indeed, both acute and chronic admin-
istration of SHU9119, an MC3/4 receptor antagonist, eliminated the protective effect of
CX3CL1 on diet-induced body weight gain and food intake. Though the acute effect of
icv-injected CX3CL1 may involve extrahypothalamic regions, including brain areas control-
ling food reward and motivation (important factors in the first 24 h of HFD feeding [53]),
the administration of a subthreshold dose of SHU9119 still blocked the acute benefits of
CX3CL1. Similarly, chronic MC4R antagonism eliminated the body weight differences
between CX3CL1-overexpressing and control mice during DIO, indicating the metabolic
benefits of CX3CL1—and by extension microglial silencing—are melanocortin signaling-
dependent. Similar to previous studies using pharmacologic or genetic blockade of MC4R,
SHU9119 infusion induced heavier animals across all categories (a likely result of chemo-
genetic, optogenetic, or ablation-based strategies to silence POMC neurons also) [54-58].
Nevertheless, studies that identified melanocortin-independent processes observed relative
weight differences between treatment groups (e.g., activity-based anorexia [59,60], AgRP
neuron ablation-induced anorexia [61], xenin-induced anorexia [62], histamine-induced
anorexia [63], and cannabinoid-induced anorexia [64]). Thus, the failure of CX3CL1 to
impact metabolic parameters with either acute or chronic MC4R antagonism indicates that
restoring melanocortin signaling is a key downstream mechanism by which microglial
inhibition reduces DIO susceptibility.

In summary, we demonstrate that CX3CL1—specifically its secreted soluble isoform—
potently reduces weight gain when overexpressed in the MBH. CX3CL1 reverses HFD-
induced alterations in POMC neuron excitability and inhibitory inputs. Moreover, the
anti-obesity effect of CX3CL1 is blocked in the presence of a melanocortin receptor 3/4
antagonist. Together, these findings delineate a connection between microglial activation
and POMC neuron dysfunction that contributes to DIO pathogenesis and demonstrate a
potential metabolic benefit of strategies to target microglial inhibition.

4. Materials and Methods
4.1. Animals

Adult male C57BL/6] and Cx3cr1-GFP [47] mice, obtained from Jackson Laboratory
(JAX stock #000664, #005582), and POMC-MAPT-GEFP [65], a kind gift from Dr. Tamas
Horvath (Yale University, New Haven, CT, USA), were housed in temperature-controlled
rooms with 12:12 h light:dark cycle under specific pathogen-free conditions. The POMC-
MAPT-GFP colony was maintained as homozygotes in our animal facility and used for
electrophysiological measurement of POMC neurons. All procedures were performed in
accordance with NIH Guidelines for Care and Use of Animals and were approved by the
Animal Care Committee at the University of Washington.

4.2. Reagents

A plasmid containing the hybrid CMV-chicken 3-actin promoter driving mRNA
transcription of the soluble form of CX3CL1 (CX3CL1-s; aa 1-336) with a hemagglutinin
(HA)-tag appended to the C-terminus [42] (kindly provided by Dr. Kevin Nash, University
of South Florida, Tampa, FL, USA) was packaged into an AAV9 vector by the University
of Washington Diabetes Research Center Viral Vector and Transgenic Mouse Core. The
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AAV9-GFP control virus was kindly provided by Dr. Michael W. Schwartz, University of
Washington, Seattle, WA, USA. Carrier-free recombinant mouse CX3CL1 was used for in-
tracerebroventricular (i.c.v.) administration (BioLegend, San Diego, CA, USA; Cat#583502),
while CX3CL1 + BSA (carrier protein to enhance protein stability) was used for in vitro
studies (R&D Systems, Minneapolis, MN, USA; 458-MF-025). Leptin was obtained from the
National Hormone and Peptide Program (Dr. A. E Parlow, Harbor-UCLA Medical Center
Torrance, CA, USA) and SHU9119 from Bachem (Torrance, CA, USA; Cat#4027601).

4.3. Surgical Procedures
4.3.1. CX3CL1-s Hypothalamic Overexpression

Two groups of 8- to 10-week-old male wild-type C57BL6/] mice were injected with
AAV9-GFP or AAV9-CX3CL1-s (viral titer: 1 x 10'? viral particles/mL; n = 7/group).
Briefly, mice from each AAV group underwent intrahypothalamic viral injections under
isoflurane anesthesia. They received two consecutive stereotaxic injections (0.2 puL) bi-
laterally into the arcuate and ventromedial hypothalamus (anterior-posterior, —1.4 mm;
lateral, 0.5 mm; dorsal-ventral, —5.3 and —5.7 mm) using a Hamilton syringe (Cat#80030)
with a 33-gauge needle at a rate of 50 nl/min (Micro4 controller, WPI. FL, USA) followed
by a 7 min waiting period before needle removal. Mice were given 2 weeks to recover
and acclimated to handling for 1 week before switching to an HFD (60% kcal fat; D12492;
Research Diets, New Brunswick, NJ, USA). Body weight and food intake were recorded
daily during the first week on the HFD and then twice weekly until the end of the study
(25 days after diet switch). A leptin-sensitivity study was performed in these animals at
the end of the study (see below). The location of viral infection/protein expression was
assessed immunohistochemically, and, based on this postmortem evaluation, data from one
mouse in the GFP control group that displayed no expression in the MBH were excluded
from the final analysis.

4.3.2. Acute SHU9119/CX3CL1 i.c.v. Injections

C57BL6/] male mice underwent implantation of an acute injection lateral ventricle
(LV) cannula (Plastic One, Roanoke, VA, USA; co-ordinates: 0.7 mm posterior to bregma;
1.3 mm lateral, and 1.3 mm below the skull surface) under isoflurane anesthesia. Mice were
given 2 weeks for recovery before i.c.v. administration. On the day of the experiment, four
groups: (1) Saline/Saline, (2) SHU9119/Saline, (3) Saline/CX3CL1, (4) SHU9119/CX3CL1)
of weight-matched mice were established (n = 5 per group). Food was removed 4 h prior
to a first i.c.v. injection with saline or SHU9119 (0.5 nmol in 1puL) followed by a second
i.c.v. injection of saline or CX3CL1 (1 pg in 1pL) 30 min later (See time scale in Figure 4A).
Animals were then provided HFD, and food intake and body weight were measured after
24 h.

4.3.3. Chronic SHU9119 i.c.v. Infusion

Two groups of 8- to 10-week-old male wild-type C57BL6/] mice were injected with
AAVI9-GFP or AAV9-CX3CL1-s as described above. During the same surgical procedure,
mice underwent implantation of a chronic infusion LV cannula (Brain Infusion Kit 3, ALZET,
Cupertino, CA, USA; Cat#0008851; coordinates: 0.7 mm posterior to bregma; 1.3 mm lateral,
and 2.1 mm below the skull surface) under isoflurane anesthesia. A catheter tube filled with
sterile saline was connected to the cannula and implanted subcutaneously in the scapular
region of the animal. After 10 days of recovery time from surgery, daily measurements of
body weight and food intake were recorded. Two days before switching to HFD, an osmotic
minipump (model 1002, Alzet, Cupertino, CA, USA) containing SHU9119 was connected
to the catheter and implanted subcutaneously for 14-day i.c.v. infusion (0.2 nmol/h at
0.25 uL/h). The rate of SHU9119 infusion was based on previous studies in rodents
showing that this dose effectively blocks MC4R activity [66,67]. Measurements of body
weight and food intake were continued for 3 weeks. The location of viral infection/protein
expression was verified postmortem in all mice by IHC.
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4.4. Leptin Sensitivity

Following a within-subject design, mice (AAV9-GFP and AAV9-CX3CL1-s; n =7/group)
fed with HFD for 28 days and individually housed received daily injections of saline
(200 pL/day i.p.) for 2 days followed by daily recombinant murine leptin (2 pg/g body
weight i.p.) for 2 days with body weight and food intake measured daily [68,69]. Injections
were performed at 10 am and mice were maintained with ad libitum food access during
the experiment.

4.5. Brain Slice Preparation and Electrophysiology

Ten-week-old POMC-MAPT-GFP male mice were fed chow or HFD for 4 weeks,
and weekly measurements of body weight and food intake were recorded. Animals
were sacrificed by decapitation at the beginning of the light cycle, and the fed status
was confirmed by blood glucose levels taken before isofluorane anesthesia. The brains
were immediately immersed in ice-cold high magnesium artificial cerebrospinal fluid
(ACSEF) (in mM): NaCl 125, KC1 2.5, NaHCOj3 26, NaH,;PO4 1.25, glucose 11, CaCl, 0.5,
MgCl, 2 (pH 7.3, bubbled with 95% O, and 5% CO;) to protect from excitotoxicity, and
300 um acute hypothalamic slices were made using a Leica vibratome. The slices were
then recovered for 30 min at 32 °C in normal ACSF containing (in mM): NaCl 125, KCl
2.5, NaHCO; 26, NaH;POy4 1.25, glucose 11, CaCl, 2, MgCl, 1 (pH 7.3, bubbled with 95%
O, and 5% COy,). After recovery, the slices were transferred to HEPES ACSF containing
(in mM) NaCl 125, KCI1 2.5, NaHCO3 21, HEPES 10, Glucose 11, NaH,PO4 1.2, CaCl,
2, MgCl, 2 (pH 7.4). An amount of 50nM CX3CL1 (or vehicle: PBS + 0.1% BSA) or
100 uM Minocycline (or vehicle: water) was added to the HEPES ACSF and the slices were
incubated for 2 h at 32 °C. At the end of incubation period, the slices were transferred
to a submerged bath in the electrophysiology rig and were perfused with HEPES ACSF
with 20nM CX3CL1 or 100 uM Minocycline during recordings. POMC neurons in the
arcuate nucleus were visually identified by GFP expression and subjected to whole cell
patch clamp using 3-6 MQ) borosilicate glass micropipettes (Sutter Instruments, UK) filled
with potassium gluconate internal containing (in mM): K-Gluconate 130, KCI 10, HEPES 10,
EGTA 1, NapATP 2, Mgy ATP 2, Nap GTP 0.3. All synaptic activity was blocked using DNQX
(10 uM), APV (50 uM), and picrotoxin (50uM) in the bath to isolate intrinsic properties of
the recorded POMC neurons. Neurons were stimulated with 30 pA current step for variable
durations (100-1000 ms) to study their evoked responses to extended depolarizing stimuli.
The spontaneous excitatory postsynaptic current (sEPSC) and spontaneous inhibitory
postsynaptic current (sIPSC) recordings were made using cesium-based internal solution
(in mM) Cs-Me-sulfonate 115, CsCl 20, MgCl, 2.5, HEPES 10, EGTA 0.6, MgATP 4, Na, GTP
0.4, Na-phosphocreatine 10, with inhibitory synaptic blockers (Picrotoxin) or excitatory
synaptic blockers (DNQX and APV) in the bath, respectively.

Electrophysiology data were acquired with a Multiclamp 700B amplifier and pClamp10
software version 10.7 (Molecular Devices, CA, USA), and sampled at 20 kHz using Digidata.
Data were analyzed using Clampfit10 and custom written R scripts.

4.6. Tissue Processing

For IHC studies, animals anesthetized using ketamine + xylazine cocktail (140 mg
of ketamine and 12 mg of xylazine/kg of body weight) were perfused with ice-cold PBS
followed by 4% paraformaldehyde (PFA) in PBS using gravitational flow. Brains were
removed, post-fixed in 4% PFA overnight at 4 °C, sucrose (25%) protected, cryosectioned
at 30 um in the coronal plane through the hypothalamus, and stored in freezing solution
(phosphate buffer, 30% sucrose, 30% ethylene glycol) at —20 °C for IHC staining.

For RNA extraction, animals were anesthetized using CO, and rapidly decapitated.
The brain was extracted and immediately frozen on dry ice. Hypothalamic blocks were dis-
sected and stored at —80 °C until RNA extraction using RNAeasy kits (Qiagen Cat#74106).

For microglial cell isolation, immediately following perfusion with PBS, whole brain
was dissected and dispersed into a single-cell suspension using Accutase (Innovative Cell
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Technologies Cat#AM-105) digestion at 4 °C for 30 min. After filtration (100 pm) and
centrifugation at 400 g for 10 min, cells were resuspended in FACS buffer and transferred to
a 30% Percoll solution. The cell pellet was resuspended and washed twice with FACS bulffer.
Microglial cells were sorted for CD11b using a FACSAria II Cell sorter (Becton-Dickinson,
San Jose, CA, USA). Microglial cells were collected directly into lysis buffer (RNeasy Micro
kit, Qiagen Cat#74004) and stored at —80 °C until processing.

4.7. Real-Time PCR

Total RNA was extracted using an RNeasy mini kit according to manufacturers instruc-
tions (Qiagen Cat#74106) and reverse-transcribed with Multiscribe Reverse Transcriptase
(Applied Biosystems). Levels of mRNA for Pomc, Cx3crl and 185 RNA (internal control)
were measured by semiquantitative real-time PCR on an ABI Prism 7900 HT (Applied
Biosystems). The primer sequences are as follows: 185 fwd: 5'-CGG ACA GGA TTG ACA
GAT TG-3, rev: 5-CAA ATC GCT CCA ACT AA-3'; Pomc fwd: 5'-CGC TCC TAC TCC
ATG GAG CAC TT-3/, rev: 5'-TCG CCT TCC AGC TCC CTC TTG-3'; Cx3cr1 fwd: 5'-AGT
TCC CTT CCC ATC TGC TC-3'; rev: 5'-GCC ACA ATG TCG CCC AAA TA-3'. The relative
expression was calculated by the 2-AACT method [70].

4.8. Immunohistochemical Staining

Free-floating 20 um coronal brain sections containing the hypothalamus were pre-
pared from mice with hypothalamic injections of AAV-GFP or AAV-CX3CL1-s using a
cryostat (Leica, Deer Park, IL, USA). The sections were washed with PBS, blocked with
5% normal donkey serum (Jackson Immuno Research Laboratories Cat#017-000-121) and
incubated overnight with rabbit anti-HA (1:1000; Cell Signaling C29F4) or chicken anti-
GFP (1:5000; Abcam Cat#13970). Hypothalamic sections from Cx3cr1-GFP mice were
incubated with either rabbit anti-Ibal (1:1000; Wako Cat#019-19741), mouse monoclonal
Anti-GFAP-Cy3 (1:1000; Millipore Sigma Cat#C9205), mouse anti-NeuN (1:1000; Milli-
pore Sigma Cat#MAB377) or chicken anti-Vimentin (1:5000; Abcam Cat#ab24525). After
primary incubation overnight at 4 °C, all wells were processed for 1h with appropriate
fluorescent secondary antibodies (Alexa Fluor 594 donkey anti-rabbit (1:1500, Life Technolo-
gies Cat#R37119); Alexa Fluor 488 donkey anti-chicken (1:500, Jackson Immuno Research
Cat#703-545-155); Alexa Fluor 594 goat anti-rabbit (1:500, Invitrogen); Alexa Fluor 594 goat
anti-chicken (1:500, Jackson Immuno Research Cat#103-585-155); Alexa Fluor 594 donkey
anti-mouse (1:500, Invitrogen Cat#R37115). Stained sections were imaged using a cooled
CCD camera attached to a DS-Ril epifluorescence microscope (Nikon, Melville, NY, USA).

4.9. Statistical Analyses

All results are presented as mean + SEM. Statistical analysis using Prism (GraphPad)
involved unpaired and paired two-tailed Student’s ¢ tests for data with normal distribution,
and Kolmogorov-Smirnov test (KS test) for data with non-normal distribution. Two-
way ANOVA with post-hoc Tukey’s multiple comparisons testing was used where noted.
Probability (p) values of less than 0.05 were considered statistically significant.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/1jms23126380/s1.

Author Contributions: ].B., M.D.D., A.B. and ].P.T. conceived the project and designed the research
plan. ].B., M.D.D,, R.E, ].D.D., and A.C.W.-]. performed the experiments. ].B.,, M.D.D., A.B. and J.P.T.
analyzed the results and wrote the manuscript. All authors have read and agreed to the published
version of the manuscript.


https://www.mdpi.com/article/10.3390/ijms23126380/s1
https://www.mdpi.com/article/10.3390/ijms23126380/s1

Int. J. Mol. Sci. 2022, 23, 6380 14 of 17

Funding: This work was supported by the American Diabetes Association (Pathway to Stop Diabetes;
1-14-ACE-51 (J.P.T.)), the National Institute of Health (R0O1DK119754 (J.P.T.)), and the American
Heart Association (165DG27010018 (M.D.D)). M.D.D. was supported by two Pilot and Feasibility
Awards from the NIDDK-funded Diabetes Research Center (DRC; P30 DK017047) and University
of Washington Medicine Diabetes Institute. In addition, services and support were provided by
the NIDDK-funded Nutrition Obesity Research Center (DK035816) and DRC at the University of
Washington.

Institutional Review Board Statement: All procedures were performed in accordance with NIH
Guidelines for Care and Use of Animals and were approved by the Animal Care Committee at the
University of Washington.

Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The authors acknowledge the technical assistance provided by Lee Shaffer at
the University of Washington and many discussions with members of the M.W. Schwartz laboratory.
The authors are also grateful to David Morgan (University of South Florida) for providing constructs
containing the soluble form of CX3CL1, and Tamas Horvath (Yale University) for the POMC-MAPT-
GFP mice.

Conflicts of Interest: The authors declare no conflict of interest.

References

10.

11.

12.

13.

14.

15.

16.

17.

Bliiher, M. Obesity: Global Epidemiology and Pathogenesis. Nat. Rev. Endocrinol. 2019, 15, 288-298. [CrossRef] [PubMed]

Toda, C.; Santoro, A.; Kim, ].D.; Diano, S. POMC Neurons: From Birth to Death. Annu. Rev. Physiol. 2017, 79, 209-236. [CrossRef]
Horvath, T.L.; Sarman, B.; Garcia-Caceres, C.; Enriori, PJ.; Sotonyi, P.; Shanabrough, M.; Borok, E.; Argente, J.; Chowen, J.A;
Perez-Tilve, D.; et al. Synaptic Input Organization of the Melanocortin System Predicts Diet-Induced Hypothalamic Reactive
Gliosis and Obesity. Proc. Natl. Acad. Sci. USA 2010, 107, 14875-14880. [CrossRef] [PubMed]

Paeger, L.; Pippow, A.; Hess, S.; Paehler, M.; Klein, A.C.; Husch, A.; Pouzat, C.; Briining, ].C.; Kloppenburg, P. Energy Imbalance
Alters Ca?* Handling and Excitability of POMC Neurons. eLife 2017, 6, €25641. [CrossRef]

Cowley, M.A.; Smart, J.L.; Rubinstein, M.; Cerdan, M.G.; Diano, S.; Horvath, T.L.; Cone, R.D.; Low, M.]. Leptin Activates
Anorexigenic POMC Neurons through a Neural Network in the Arcuate Nucleus. Nature 2001, 411, 480-484. [CrossRef]

Qiu, J.; Fang, Y.; Rennekleiv, O.K,; Kelly, M.]. Leptin Excites Proopiomelanocortin Neurons via Activation of TRPC Channels.
J. Neurosci. 2010, 30, 1560-1565. [CrossRef]

Gavello, D.; Carbone, E.; Carabelli, V. Leptin-Mediated Ion Channel Regulation: PI3K Pathways, Physiological Role, and
Therapeutic Potential. Channels 2016, 10, 282-296. [CrossRef]

Vaisse, C.; Clement, K.; Guy-Grand, B.; Froguel, P. A Frameshift Mutation in Human MC4R Is Associated with a Dominant Form
of Obesity. Nat. Genet. 1998, 20, 113-114. [CrossRef]

Yeo, G.S.H.; Farooqi, I.S.; Aminian, S.; Halsall, D.J.; Stanhope, R.G.; O’Rahilly, S. A Frameshift Mutation in MC4R Associated with
Dominantly Inherited Human Obesity. Nat. Genet. 1998, 20, 111-112. [CrossRef] [PubMed]

Huszar, D.; Lynch, C.A.; Fairchild-Huntress, V.; Dunmore, ].H.; Fang, Q.; Berkemeier, L.R.; Gu, W.; Kesterson, R.A.; Boston,
B.A.; Cone, R.D; et al. Targeted Disruption of the Melanocortin-4 Receptor Results in Obesity in Mice. Cell 1997, 88, 131-141.
[CrossRef]

Holder, J.L.; Butte, N.F; Zinn, A.R. Profound Obesity Associated with a Balanced Translocation That Disrupts the SIM1 Gene.
Hum. Mol. Genet. 2000, 9, 101-108. [CrossRef]

Michaud, E.J.; Mynatt, R.L.; Miltenberger, R.J.; Klebig, M.L.; Wilkinson, J.E.; Zemel, M.B.; Wilkison, W.O.; Woychik, R.P. Role of
the Agouti Gene in Obesity. J. Endocrinol. 1997, 155, 207-209. [CrossRef] [PubMed]

Scarlett, ].M.; Jobst, E.E.; Enriori, PJ.; Bowe, D.D.; Batra, A.K.; Grant, W.E; Cowley, M.A.; Marks, D.L. Regulation of Central
Melanocortin Signaling by Interleukin-1 Beta. Endocrinology 2007, 148, 4217-4225. [CrossRef]

Myers, M.G.; Cowley, M.A.; Miinzberg, H. Mechanisms of Leptin Action and Leptin Resistance. Annu. Rev. Physiol. 2008, 70,
537-556. [CrossRef]

De Souza, C.T.; Araujo, E.P.; Bordin, S.; Ashimine, R.; Zollner, R.L.; Boschero, A.C.; Saad, M.].; Velloso, L.A. Consumption of a
Fat-Rich Diet Activates a Proinflammatory Response and Induces Insulin Resistance in the Hypothalamus. Endocrinology 2005,
146, 4192-4199. [CrossRef] [PubMed]

Thaler, J.P; Yi, C.X; Schur, E.A.; Guyenet, S.J.; Hwang, B.H.; Dietrich, M.O.; Zhao, X.; Sarruf, D.A_; Izgur, V.; Maravilla, K.R ; et al.
Obesity Is Associated with Hypothalamic Injury in Rodents and Humans. J. Clin. Investig. 2012, 122, 153-162. [CrossRef]
Valdearcos, M.; Robblee, M.M.; Benjamin, D.I,; Nomura, D.K.; Xu, A.W.; Koliwad, S.K. Microglia Dictate the Impact of Saturated
Fat Consumption on Hypothalamic Inflammation and Neuronal Function. Cell. Rep. 2014, 9, 2124-2138. [CrossRef] [PubMed]


http://doi.org/10.1038/s41574-019-0176-8
http://www.ncbi.nlm.nih.gov/pubmed/30814686
http://doi.org/10.1146/annurev-physiol-022516-034110
http://doi.org/10.1073/pnas.1004282107
http://www.ncbi.nlm.nih.gov/pubmed/20679202
http://doi.org/10.7554/eLife.25641
http://doi.org/10.1038/35078085
http://doi.org/10.1523/JNEUROSCI.4816-09.2010
http://doi.org/10.1080/19336950.2016.1164373
http://doi.org/10.1038/2407
http://doi.org/10.1038/2404
http://www.ncbi.nlm.nih.gov/pubmed/9771698
http://doi.org/10.1016/S0092-8674(00)81865-6
http://doi.org/10.1093/hmg/9.1.101
http://doi.org/10.1677/joe.0.1550207
http://www.ncbi.nlm.nih.gov/pubmed/9415049
http://doi.org/10.1210/en.2007-0017
http://doi.org/10.1146/annurev.physiol.70.113006.100707
http://doi.org/10.1210/en.2004-1520
http://www.ncbi.nlm.nih.gov/pubmed/16002529
http://doi.org/10.1172/JCI59660
http://doi.org/10.1016/j.celrep.2014.11.018
http://www.ncbi.nlm.nih.gov/pubmed/25497089

Int. J. Mol. Sci. 2022, 23, 6380 15 of 17

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Douglass, ].D.; Dorfman, M.D.; Fasnacht, R.; Shaffer, L.D.; Thaler, J.P. Astrocyte IKK( /NF-KB Signaling Is Required for Diet-
Induced Obesity and Hypothalamic Inflammation. Mol. Metab. 2017, 6, 366-373. [CrossRef] [PubMed]

Valdearcos, M.; Douglass, ].D.; Robblee, M.M.; Dorfman, M.D; Stifler, D.R.; Bennett, M.L.; Gerritse, I.; Fasnacht, R.; Barres, B.A;
Thaler, J.P; et al. Microglial Inflammatory Signaling Orchestrates the Hypothalamic Immune Response to Dietary Excess and
Mediates Obesity Susceptibility. Cell Metab. 2017, 26, 185-197.€3. [CrossRef]

Dorfman, M.D.; Krull, J.E.; Douglass, ].D.; Fasnacht, R.; Lara-Lince, F.; Meek, T.H.; Shi, X.; Damian, V.; Nguyen, H.T.; Matsen,
M.E,; et al. Sex Differences in Microglial CX3CR1 Signalling Determine Obesity Susceptibility in Mice. Nat. Commun. 2017,
8, 14556. [CrossRef]

Yi, C.X.; Walter, M.; Gao, Y.; Pitra, S.; Legutko, B.; Kilin, S.; Layritz, C.; Garcia-Caceres, C.; Bielohuby, M.; Bidlingmaier, M.; et al.
TNF« Drives Mitochondrial Stress in POMC Neurons in Obesity. Nat. Commun. 2017, 8, 15143. [CrossRef]

Gao, Y.; Ottaway, N.; Schriever, S.C.; Legutko, B.; Garcia-Caceres, C.; de la Fuente, E.; Mergen, C.; Bour, S.; Thaler, ].P; Seeley, R.].;
et al. Hormones and Diet, but Not Body Weight, Control Hypothalamic Microglial Activity. Glia 2014, 62, 17-25. [CrossRef]

Jin, S.; Kim, J.G,; Park, ].W.; Koch, M.; Horvath, T.L.; Lee, B.]. Hypothalamic TLR2 Triggers Sickness Behavior via a Microglia-
Neuronal Axis. Sci. Rep. 2016, 6, 29424. [CrossRef]

Gao, Y.; Vidal-Itriago, A.; Kalsbeek, M.].; Layritz, C.; Garcia-Caceres, C.; Tom, R.Z.; Eichmann, T.O.; Vaz, EM.; Houtkooper,
R.H.; van der Wel, N.; et al. Lipoprotein Lipase Maintains Microglial Innate Immunity in Obesity. Cell Rep. 2017, 20, 3034-3042.
[CrossRef]

Kim, J.D.; Yoon, N.A ; Jin, S.; Diano, S. Microglial UCP2 Mediates Inflammation and Obesity Induced by High-Fat Feeding. Cell
Metab. 2019, 30, 952-962.e5. [CrossRef]

Wang, X.L.; Kooijman, S.; Gao, Y.; Tzeplaeff, L.; Cosquer, B.; Milanova, L.; Wolff, S.E.C.; Korpel, N.; Champy, M.E,; Petit-Demouliére,
B.; et al. Microglia-Specific Knock-down of Bmall Improves Memory and Protects Mice from High Fat Diet-Induced Obesity. Mol.
Psychiatry 2021, 26, 6336-6349. [CrossRef]

Wolf, Y.; Yona, S.; Kim, KW.; Jung, S. Microglia, Seen from the CX3CR1 Angle. Front. Cell. Neurosci 2013, 7, 26. [CrossRef]

Fan, Q.; He, W,; Gayen, M.; Benoit, M.R; Luo, X.; Hu, X;; Yan, R. Activated CX3CL1/Smad2 Signals Prevent Neuronal Loss and
Alzheimer’s Tau Pathology-Mediated Cognitive Dysfunction. J. Neurosci. 2020, 40, 1133-1144. [CrossRef]

Fan, Q.; Gayen, M.; Singh, N.; Gao, F.; He, W.; Hu, X,; Tsai, L.H.; Yan, R. The Intracellular Domain of CX3CL1 Regulates Adult
Neurogenesis and Alzheimer’s Amyloid Pathology. J. Exp. Med. 2019, 216, 1891-1903. [CrossRef]

Perea, J.R.; Lle6, A.; Alcolea, D.; Fortea, J.; Avila, J.; Bolés, M. Decreased CX3CL1 Levels in the Cerebrospinal Fluid of Patients
with Alzheimer’s Disease. Front. Neurosci. 2018, 12, 609. [CrossRef]

Thome, A.D.; Standaert, D.G.; Harms, A.S. Fractalkine Signaling Regulates the Inflammatory Response in an a-Synuclein Model
of Parkinson Disease. PLoS ONE 2015, 10, e0140566. [CrossRef]

Cardona, A.E.; Pioro, E.P; Sasse, M.E.; Kostenko, V.; Cardona, S.M.; Dijkstra, LM.; Huang, D.; Kidd, G.; Dombrowski, S.; Dutta, R.;
et al. Control of Microglial Neurotoxicity by the Fractalkine Receptor. Nat. Neurosci. 2006, 9, 917-924. [CrossRef] [PubMed]
Bhaskar, K.; Konerth, M.; Kokiko-Cochran, O.N.; Cardona, A.; Ransohoff, R.M.; Lamb, B.T. Regulation of Tau Pathology by the
Microglial Fractalkine Receptor. Neuron 2010, 68, 19-31. [CrossRef] [PubMed]

Diano, S.; Liu, Z.W.; Jeong, ] K.; Dietrich, M.O.; Ruan, H.B.; Kim, E.; Suyama, S.; Kelly, K.; Gyengesi, E.; Arbiser, J.L.; et al.
Peroxisome Proliferation-Associated Control of Reactive Oxygen Species Sets Melanocortin Tone and Feeding in Diet-Induced
Obesity. Nat. Med. 2011, 17, 1121-1127. [CrossRef]

Branco, T.; Tozer, A.; Magnus, C.J.; Lee, A.K.; Wood, J.N,; Sternson, S.M.; Sugino, K.; Tanaka, S. Near-Perfect Synaptic Integration
by Na v 1.7 in Hypothalamic Neurons Regulates Body Weight Correspondence Article Near-Perfect Synaptic Integration by Na v
1.7 in Hypothalamic Neurons Regulates Body Weight. Cell 2016, 165, 1749-1761. [CrossRef] [PubMed]

Yrjanheikki, J.; Keindnen, R.; Pellikka, M.; Hokfelt, T.; Koistinaho, ]J. Tetracyclines Inhibit Microglial Activation and Are
Neuroprotective in Global Brain Ischemia. Proc. Natl. Acad. Sci. USA 1998, 95, 15769-15774. [CrossRef]

Tikka, T.; Fiebich, B.L.; Goldsteins, G.; Keinanen, R.; Koistinaho, ]. Minocycline, a Tetracycline Derivative, Is Neuroprotective
against Excitotoxicity by Inhibiting Activation and Proliferation of Microglia. J. Neurosci. 2001, 21, 2580-2588. [CrossRef]

Reis, W.L.; Yi, C.X,; Gao, Y.; Tschop, M.H.; Stern, J.E. Brain Innate Immunity Regulates Hypothalamic Arcuate Neuronal Activity
and Feeding Behavior. Endocrinology 2015, 156, 1303-1315. [CrossRef] [PubMed]

Parton, L.E.; Ye, C.P,; Coppari, R.; Enriori, PJ.; Choi, B.; Zhang, C.Y.; Xu, C.; Vianna, C.R.; Balthasar, N.; Lee, C.E.; et al. Glucose
Sensing by POMC Neurons Regulates Glucose Homeostasis and Is Impaired in Obesity. Nature 2007, 449, 228-232. [CrossRef]
[PubMed]

Andermann, M.L.; Lowell, B.B. Toward a Wiring Diagram Understanding of Appetite Control. Neuron 2017, 95, 757-778.
[CrossRef]

Reshef, R.; Kudryavitskaya, E.; Shani-Narkiss, H.; Isaacson, B.; Rimmerman, N.; Mizrahi, A.; Yirmiya, R. The Role of Microglia
and Their CX3CR1 Signaling in Adult Neurogenesis in the Olfactory Bulb. eLife 2017, 6, €30809. [CrossRef]

Morganti, ].M.; Nash, K.R.; Grimmig, B.A.; Ranjit, S.; Small, B.; Bickford, P.C.; Gemma, C. The Soluble Isoform of CX3CL1 Is
Necessary for Neuroprotection in a Mouse Model of Parkinson’s Disease. J. Neurosci. 2012, 32, 14592-14601. [CrossRef]

Pabon, M.M.; Bachstetter, A.D.; Hudson, C.E.; Gemma, C.; Bickford, P.C. CX3CL1 Reduces Neurotoxicity and Microglial
Activation in a Rat Model of Parkinson’s Disease. . Neuroinflammation 2011, 8, 9. [CrossRef]


http://doi.org/10.1016/j.molmet.2017.01.010
http://www.ncbi.nlm.nih.gov/pubmed/28377875
http://doi.org/10.1016/j.cmet.2017.05.015
http://doi.org/10.1038/ncomms14556
http://doi.org/10.1038/ncomms15143
http://doi.org/10.1002/glia.22580
http://doi.org/10.1038/srep29424
http://doi.org/10.1016/j.celrep.2017.09.008
http://doi.org/10.1016/j.cmet.2019.08.010
http://doi.org/10.1038/s41380-021-01169-z
http://doi.org/10.3389/fncel.2013.00026
http://doi.org/10.1523/JNEUROSCI.1333-19.2019
http://doi.org/10.1084/jem.20182238
http://doi.org/10.3389/fnins.2018.00609
http://doi.org/10.1371/journal.pone.0140566
http://doi.org/10.1038/nn1715
http://www.ncbi.nlm.nih.gov/pubmed/16732273
http://doi.org/10.1016/j.neuron.2010.08.023
http://www.ncbi.nlm.nih.gov/pubmed/20920788
http://doi.org/10.1038/nm.2421
http://doi.org/10.1016/j.cell.2016.05.019
http://www.ncbi.nlm.nih.gov/pubmed/27315482
http://doi.org/10.1073/pnas.95.26.15769
http://doi.org/10.1523/JNEUROSCI.21-08-02580.2001
http://doi.org/10.1210/en.2014-1849
http://www.ncbi.nlm.nih.gov/pubmed/25646713
http://doi.org/10.1038/nature06098
http://www.ncbi.nlm.nih.gov/pubmed/17728716
http://doi.org/10.1016/j.neuron.2017.06.014
http://doi.org/10.7554/eLife.30809
http://doi.org/10.1523/JNEUROSCI.0539-12.2012
http://doi.org/10.1186/1742-2094-8-9

Int. J. Mol. Sci. 2022, 23, 6380 16 of 17

44.

45.

46.

47.

48.

49.

50.
51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Nash, K.R.; Moran, P,; Finneran, D.J.; Hudson, C.; Robinson, J.; Morgan, D.; Bickford, P.C. Fractalkine over Expression Suppresses
Alpha-Synuclein-Mediated Neurodegeneration. Mol. Ther. 2015, 23, 17-23. [CrossRef]

Cho, S.H.; Sun, B.; Zhou, Y.; Kauppinen, T.M.; Halabisky, B.; Wes, P.; Ransohoff, R.M.; Gan, L. CX3CR1 Protein Signaling
Modulates Microglial Activation and Protects against Plaque-Independent Cognitive Deficits in a Mouse Model of Alzheimer
Disease. J. Biol. Chem. 2011, 286, 32713-32722. [CrossRef]

Chen, R;; Wu, X,; Jiang, L.; Zhang, Y. Single-Cell RNA-Seq Reveals Hypothalamic Cell Diversity. Cell Rep. 2017, 18, 3227-3241.
[CrossRef]

Jung, S.; Aliberti, J.; Graemmel, P.; Sunshine, M.].; Kreutzberg, G.W.; Sher, A.; Littman, D.R. Analysis of Fractalkine Receptor
CX3CR1 Function by Targeted Deletion and Green Fluorescent Protein Reporter Gene Insertion. Mol. Cell. Biol. 2000, 20,
4106-4114. [CrossRef]

Zujovic, V.; Schussler, N.; Jourdain, D.; Duverger, D.; Taupin, V. In Vivo Neutralization of Endogenous Brain Fractalkine Increases
Hippocampal TNF« and 8-Isoprostane Production Induced by Intracerebroventricular Injection of LPS. J. Neuroimmunol. 2001,
115, 135-143. [CrossRef]

Zujovic, V.; Benavides, J.; Vigé, X.; Carter, C.; Taupin, V. Fractalkine Modulates TNF-« Secretion and Neurotoxicity Induced by
Microglial Activation. GLIA 2000, 29, 305-315. [CrossRef]

Garrido-Mesa, N.; Zarzuelo, A.; Galvez, ]. Minocycline: Far beyond an Antibiotic. Br. ]. Pharmacol. 2013, 169, 337-352. [CrossRef]
Paolicelli, R.C.; Bisht, K.; Tremblay, M.E. Fractalkine Regulation of Microglial Physiology and Consequences on the Brain and
Behavior. Front. Cell. Neurosci 2014, 8, 129. [CrossRef] [PubMed]

Fan, W.; Boston, B.A.; Kesterson, R.A.; Hruby, V.J.; Cone, R.D. Role of Melanocortlnergic Neurons in Feeding and the Agouti
Obesity Syndrome. Nature 1997, 385, 165-168. [CrossRef]

Hardaway, J.A.; Halladay, L.R.; Mazzone, C.M.; Pati, D.; Bloodgood, D.W.; Kim, M.; Jensen, ].; DiBerto, ].E; Boyt, K.M.; Shiddapur,
A et al. Central Amygdala Prepronociceptin-Expressing Neurons Mediate Palatable Food Consumption and Reward. Neuron
2019, 102, 1037-1052.€7. [CrossRef] [PubMed]

Uner, A.G.; Kecik, O.; Quaresma, PG.F; de Araujo, TM.; Lee, H,; Li, W.; Kim, H.J.; Chung, M.; Bjerbeaek, C.; Kim, Y.B. Role of
POMC and AgRP Neuronal Activities on Glycaemia in Mice. Sci. Rep. 2019, 9, 13068. [CrossRef]

Aponte, Y.; Atasoy, D.; Sternson, S.M. AGRP Neurons Are Sufficient to Orchestrate Feeding Behavior Rapidly and without
Training. Nat. Neurosci. 2011, 14, 351-355. [CrossRef]

Biglari, N.; Gaziano, I.; Schumacher, J.; Radermacher, J.; Paeger, L.; Klemm, P.; Chen, W.; Corneliussen, S.; Wunderlich, C.M.;
Sue, M.; et al. Functionally Distinct POMC-Expressing Neuron Subpopulations in Hypothalamus Revealed by Intersectional
Targeting. Nat. Neurosci. 2021, 24, 913-929. [CrossRef]

Gropp, E.; Shanabrough, M.; Borok, E.; Xu, A.W,; Janoschek, R.; Buch, T.; Plum, L.; Balthasar, N.; Hampel, B.; Waisman, A.; et al.
Agouti-Related Peptide-Expressing Neurons Are Mandatory for Feeding. Nat. Neurosci. 2005, 8, 1289-1291. [CrossRef]

Koch, M.; Varela, L.; Kim, J.G.; Kim, ].D.; Hernandez-Nuno, F.; Simonds, S.E.; Castorena, C.M.; Vianna, C.R.; Elmquist, ].K,;
Morozov, Y.M.; et al. Hypothalamic POMC Neurons Promote Cannabinoid-Induced Feeding. Nature 2015, 519, 45-50. [CrossRef]
Hillebrand, J.J.G.; Kas, M.J.H.; Scheurink, A.J.W.; van Dijk, G.; Adan, R.A.H. AgRP(83-132) and SHU9119 Differently Affect
Activity-Based Anorexia. Eur. Neuropsychopharmacol. 2006, 16, 403—412. [CrossRef] [PubMed]

Daimon, C.M.; Hentges, S.T. Inhibition of POMC Neurons in Mice Undergoing Activity-Based Anorexia Selectively Blunts Food
Anticipatory Activity without Affecting Body Weight or Food Intake. Am. J. Physiology. Regul. Integr. Comp. Physiol. 2022, 322,
R219-R227. [CrossRef]

Wu, Q.; Howell, M.P,; Cowley, M.A.; Palmiter, R.D. Starvation after AgRP Neuron Ablation Is Independent of Melanocortin
Signaling. Proc. Natl. Acad. Sci. USA 2008, 105, 2687-2692. [CrossRef]

Leckstrom, A.; Kim, E.R.; Wong, D.; Mizuno, T.M. Xenin, a Gastrointestinal Peptide, Regulates Feeding Independent of the
Melanocortin Signaling Pathway. Diabetes 2009, 58, 87-94. [CrossRef] [PubMed]

Masaki, T.; Chiba, S.; Yoshimichi, G.; Yasuda, T.; Noguchi, H.; Kakuma, T.; Sakata, T.; Yoshimatsu, H. Neuronal Histamine
Regulates Food Intake, Adiposity, and Uncoupling Protein Expression in Agouti Yellow (Ay/a) Obese Mice. Endocrinology 2003,
144,2741-2748. [CrossRef]

Sinnayah, P; Jobst, E.E.; Rathner, ].A.; Caldera-Siu, A.D.; Tonelli-Lemos, L.; Eusterbrock, A J.; Enriori, P.J.; Pothos, E.N.; Grove,
K.L.; Cowley, M.A. Feeding Induced by Cannabinoids Is Mediated Independently of the Melanocortin System. PLoS ONE 2008,
3, €2202. [CrossRef] [PubMed]

Pinto, S.; Roseberry, A.G.; Liu, H.; Diano, S.; Shanabrough, M.; Cai, X.; Friedman, ].M.; Horvath, T.L. Rapid Rewiring of Arcuate
Nucleus Feeding Circuits by Leptin. Science 2004, 304, 110-115. [CrossRef]

Kooijman, S.; Boon, M.R.; Parlevliet, E.T.; Geerling, J.].; Van De Pol, V.; Romijn, J.A.; Havekes, L.M.; Meurs, I.; Rensen, P.C.N.
Inhibition of the Central Melanocortin System Decreases Brown Adipose Tissue Activity. J. Lipid Res. 2014, 55, 2022-2032.
[CrossRef]

Nogueiras, R.; Wiedmer, P; Perez-Tilve, D.; Veyrat-Durebex, C.; Keogh, ] M.; Sutton, G.M.; Pfluger, P.T.; Castaneda, T.R.; Neschen,
S.; Hofmann, S.M; et al. The Central Melanocortin System Directly Controls Peripheral Lipid Metabolism. J. Clin. Investig. 2007,
117, 3475-3488. [CrossRef] [PubMed]


http://doi.org/10.1038/mt.2014.175
http://doi.org/10.1074/jbc.M111.254268
http://doi.org/10.1016/j.celrep.2017.03.004
http://doi.org/10.1128/MCB.20.11.4106-4114.2000
http://doi.org/10.1016/S0165-5728(01)00259-4
http://doi.org/10.1002/(SICI)1098-1136(20000215)29:4&lt;305::AID-GLIA2&gt;3.0.CO;2-V
http://doi.org/10.1111/bph.12139
http://doi.org/10.3389/fncel.2014.00129
http://www.ncbi.nlm.nih.gov/pubmed/24860431
http://doi.org/10.1038/385165a0
http://doi.org/10.1016/j.neuron.2019.03.037
http://www.ncbi.nlm.nih.gov/pubmed/31029403
http://doi.org/10.1038/s41598-019-49295-7
http://doi.org/10.1038/nn.2739
http://doi.org/10.1038/s41593-021-00854-0
http://doi.org/10.1038/nn1548
http://doi.org/10.1038/nature14260
http://doi.org/10.1016/j.euroneuro.2005.11.004
http://www.ncbi.nlm.nih.gov/pubmed/16360312
http://doi.org/10.1152/ajpregu.00313.2021
http://doi.org/10.1073/pnas.0712062105
http://doi.org/10.2337/db08-0260
http://www.ncbi.nlm.nih.gov/pubmed/18984739
http://doi.org/10.1210/en.2003-0031
http://doi.org/10.1371/journal.pone.0002202
http://www.ncbi.nlm.nih.gov/pubmed/18493584
http://doi.org/10.1126/science.1089459
http://doi.org/10.1194/jlr.M045989
http://doi.org/10.1172/JCI31743
http://www.ncbi.nlm.nih.gov/pubmed/17885689

Int. J. Mol. Sci. 2022, 23, 6380 17 of 17

68.

69.

70.

Enriori, PJ.; Evans, A.E,; Sinnayah, P.; Jobst, E.E.; Tonelli-Lemos, L.; Billes, S.K.; Glavas, M.M.; Grayson, B.E.; Perello, M.; Nillni,
E.A,; et al. Diet-Induced Obesity Causes Severe but Reversible Leptin Resistance in Arcuate Melanocortin Neurons. Cell Metab.
2007, 5, 181-194. [CrossRef]

Dorfman, M.D.; Krull, J.E; Scarlett, ]. M.; Guyenet, S.J.; Sajan, M.P,; Damian, V.; Nguyen, H.T.; Leitges, M.; Morton, G.J.; Farese,
R.V,; et al. Deletion of Protein Kinase c 1 in POMC Neurons Predisposes to Diet-Induced Obesity. Diabetes 2017, 66, 920-934.
[CrossRef]

Livak, K.J.; Schmittgen, T.D. Analysis of Relative Gene Expression Data Using Real-Time Quantitative PCR and the 2~4A¢T
Method. Methods 2001, 25, 402—408. [CrossRef]


http://doi.org/10.1016/j.cmet.2007.02.004
http://doi.org/10.2337/db16-0482
http://doi.org/10.1006/meth.2001.1262

	Introduction 
	Results 
	Hypothalamic CX3CL1 Reduces Food Intake and Body Weight and Improves Leptin Sensitivity in HFD-Fed Mice 
	Inhibition of Activated Microglia Restores Intrinsic Excitability of POMC Neurons in HFD-Fed Mice 
	CX3CL1 Restores Intrinsic Excitability of POMC Neurons in HFD-Fed Mice 
	The Anti-Obesity Effect of Central CX3CL1 Requires Intact Melanocortin Signaling In Vivo 

	Discussion 
	Materials and Methods 
	Animals 
	Reagents 
	Surgical Procedures 
	CX3CL1-s Hypothalamic Overexpression 
	Acute SHU9119/CX3CL1 i.c.v. Injections 
	Chronic SHU9119 i.c.v. Infusion 

	Leptin Sensitivity 
	Brain Slice Preparation and Electrophysiology 
	Tissue Processing 
	Real-Time PCR 
	Immunohistochemical Staining 
	Statistical Analyses 

	References

