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Maintaining energy homeostasis requires coordinating physiology
and behavior both on an acute timescale to adapt to rapid fluctu-
ations in caloric intake and on a chronic timescale to regulate body
composition. Hypothalamic agouti-related peptide (AgRP)-express-
ing neurons are acutely activated by caloric need, and this acute
activation promotes increased food intake and decreased energy
expenditure. On a longer timescale, AgRP neurons exhibit chronic
hyperactivity under conditions of obesity and high dietary fat con-
sumption, likely due to leptin resistance; however, the behavioral
and metabolic effects of chronic AgRP neuronal hyperactivity re-
main unexplored. Here, we use chemogenetics to manipulate Gq

signaling in AgRP neurons in mice to explore the hypothesis that
chronic activation of AgRP neurons promotes obesity. Inducing
chronic Gq signaling in AgRP neurons initially increased food intake
and caused dramatic weight gain, in agreement with published
data; however, food intake returned to baseline levels within 1
wk, and body weight returned to baseline levels within 60 d. Addi-
tionally, we found that, when mice had elevated body weight due
to chronic Gq signaling in AgRP neurons, energy expenditure was
not altered but adiposity and lipid metabolism were both increased,
even under caloric restriction. These findings reveal that the meta-
bolic and behavioral effects of chronic Gq signaling in AgRP neurons
are distinct from the previously reported effects of acute Gq signal-
ing and also of leptin insensitivity.
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Energy homeostasis neural circuitry regulates how much adipose
tissue an animal has by controlling feeding, thermogenesis, lo-

comotion, and metabolism. Understanding how homeostatic sys-
tems are altered in obesity to support excess adiposity is essential for
understanding and treating the disease.
Hypothalamic AgRP neurons are important for sensing energy

needs and regulating energy intake and expenditure accordingly.
During fasting, AgRP neurons are activated by ghrelin (1) and
disinhibited by falling leptin levels (2). Activating AgRP neurons
with chemogenetics or optogenetics increases food intake and
decreases energy expenditure (EE) (3, 4). Conversely, AgRP
neurons are rapidly inhibited following caloric intake by PYY
and amylin and slowly inhibited by leptin (2, 5, 6). Chemogenetic
inhibition of AgRP neurons suppresses food intake (3), and
ablation of AgRP neurons leads to starvation (7).
In obese mice, AgRP neurons are chronically hyperactive (8).

AgRP neurons in lean mice respond to leptin with decreases in
firing rate, neuropeptide secretion, and STAT3 signaling, whereas
AgRP neurons in obese mice are unresponsive to leptin by each of
these measures (9, 10). The roles of hyperactivity and leptin re-
sistance of AgRP neurons in obesity are unclear. Restoring leptin
signaling in the arcuate nucleus in leptin-deficient rodents only
partially corrects their obese phenotype (11, 12), but restoring
leptin receptors selectively to AgRP neurons seems to fully correct
the obese phenotype (13). Leptin receptor knockout restricted to
AgRP neurons has been shown to cause either a modest (14) or
robust (15) obese phenotype.

In the present study, we investigate the hypothesis that
chronic excitation of AgRP neurons is sufficient to induce obe-
sity. We chronically induce excitatory Gq signaling in AgRP
neurons in mice using chemogenetics and characterize the
resultant state through behavioral, electrophysiological, and
metabolic experimentation.

Results
Chronic Gq Signaling in AgRP Neurons Is Not Sufficient to Maintain
Chronic Elevation of Body Weight. Acute activation of AgRP neu-
rons with the Gq-coupled designer receptor hM3Dq increases
food intake and body weight (3, 16). We sought to determine
whether prolonged chronic Gq signaling in AgRP neurons would
support elevated body weight indefinitely. We virally transduced
AgrpCre:GFP/+ mice with Cre-dependent, Gq-coupled designer re-
ceptor (hM3Dq:mCherry or with mCherry as a control) into the
arcuate nucleus (Fig. 1 A and B) (17). We tested the efficacy of
viral transduction of AgRP neurons by injecting clozapine-N-oxide
(CNO) intraperitoneally (i.p.) and measuring subsequent food
intake (Fig. 1C). Mice that ate less than 1 g in 4 h were excluded
from experiments. To chronically activate the hM3Dq receptor in
AgRP neurons, we added to the drinking water either CNO or
clozapine (Clz, the active metabolite) (16, 18, 19). All mice had
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similar daily water intake (SI Appendix, Fig. S1A). To distinguish
effects on weight caused by altered food intake, we included a
group of hM3Dq-expressing mice that were pair-fed with controls
and a group of hM3Dq-expressing mice fed ad libitum.
Chronic chemogenetic stimulation increased food intake in ad

libitum-fed hM3Dq-expressing mice for the first 4 d, after which
food intake did not differ significantly from controls (Fig. 1D).
Surprisingly, hM3Dq-expressing mice that were pair-fed (i.e., food-
restricted to match a control mouse’s food intake) did not consis-
tently consume all of the food provided to them (SI Appendix, Fig.
S1B). Consequently, the average daily food intake of pair-fed
hM3Dq-expressing mice was lower than that of controls on
most days (Fig. 1D). Ad libitum-fed hM3Dq-expressing mice
gained weight initially, but their weight gradually declined. Pair-
fed hM3Dq-expressing mice lost weight initially while acclimating
to food restriction but recovered and weighed more than controls
but less than ad libitum-fed hM3Dq-expressing mice. By day 59, all
groups had similar body weights (Fig. 1E).

To see whether chemogenetic stimulation was still influencing
feeding behavior after 62 d of exposure, we stopped chemo-
genetic stimulation for 1 d. Removing chemogenetic stimulation
resulted in hypophagia in ad libitum-fed and pair-fed hM3Dq-
expressing mice, indicating that hM3Dq signaling was still ef-
fective (Fig. 1 D, Inset). Injecting CNO after prolonged chemo-
genetic stimulation did not increase feeding in ad libitum-fed
hM3Dq-expressing mice, suggesting the CNO/Clz was already
having a maximal effect (SI Appendix, Fig. S1C).
To further investigate how chronic stimulation of AgRP neu-

rons affects feeding behavior, we used cages equipped with food-
monitoring systems to study meal patterning. Mice expressing
hM3Dq that were given 10 d of Clz treatment exhibited increased
meal number (SI Appendix, Fig. S2A) and a small decrease in meal
size, although this was not significant (SI Appendix, Fig. S2B). The
hM3Dq-expressing mice receiving chronic Clz treatment responded
normally to ghrelin or leptin injection (SI Appendix, Fig. S3),
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Fig. 1. Chronic Gq signaling in AgRP neurons is not sufficient to maintain chronic elevation of body weight. (A) Diagram of injection. (B) Histology of
fluorescent AgRP neurons. (C) Food intake after CNO injection (two-way ANOVA; time: F(1.986,27.80) = 34.27, P < 0.0001; group: F(1,14) = 29.50, P < 0.0001;
interaction: F(3,42) = 13.67, P < 0.0001; *P < 0.05, ***P < 0.001, Sidak’s multiple comparison). (D) Daily food intake during treatment with CNO (days 0 to 46)
or Clz (days 47 to 62, and 64 and 65) in drinking water (mixed effects model; time: F(6.556,83.690) = 8.638, P < 0.0001; group: F(2,13) = 1.847, P = 0.197;
interaction: F(128,817) = 4.281, P < 0.0001; †P < 0.05, #P < 0.05, *P < 0.05, ##P < 0.01, **P < 0.01, Tukey’s multiple comparison). (Inset) Change in daily food
intake on day 63, when CNO/Clz treatment was not provided for 1 d, relative to average daily food intake across the 3 d immediately prior (one-way ANOVA:
F(2,13) = 6.432, P = 0.0114; *P < 0.05, Tukey’s multiple comparison). (E) Body weight during CNO/Clz treatment (mixed effects model; time: F(4.931,63.04) =
4.875, P = 0.0008; group: F(2,13) = 8.555, P = 0.0043; interaction: F(130,831) = 6.225, P < 0.0001; *P < 0.05, ##P < 0.01, **P < 0.01, ###P < 0.001, ***P < 0.001,
####P < 0.0001, ****P < 0.0001, Tukey’s multiple comparison).
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suggesting that these signaling pathways were unaffected by
chronic hM3Dq signaling.

AgRP Neurons Remain Sensitive to hM3Dq Receptor Activation and
Receive Altered Presynaptic Input following Chronic Chemogenetic
Stimulation. We considered the possibility that chronic activation
of the hM3Dq receptor in AgRP neurons might promote down-
regulation of chemogenetic signaling. To investigate this possi-
bility, we used slice electrophysiology to record from hM3Dq-
expressing AgRP neurons either in mice that had received 10 d
of treatment with Clz in the drinking water or mice which had not
been previously exposed to Clz. The hM3Dq-expressing AgRP
neurons in Clz-treated mice had a lower baseline firing rate than
hM3Dq-expressing AgRP neurons in untreated mice (4.4 ± 0.9 Hz
for controls and 2.7 ± 0.5 Hz for 10-d Clz; Fig. 2 A and B), but
bath perfusion of CNO elevated the firing rate to a similar fre-
quency in both groups (7.2 ± 1.4 Hz for controls and 7.9 ± 1.5 Hz
for 10-d Clz; Fig. 2C) such that the fold increase in firing rate was
higher in the Clz-treated group (2.2 ± 0.4 Hz for controls and
3.6 ± 0.5 Hz for 10-d Clz; Fig. 2D). We thus conclude that 10 d of
chronic Clz treatment did not desensitize AgRP neurons to che-
mogenetic induction of excitatory signaling by the hM3Dq re-
ceptor, in agreement with the behavioral data (Fig. 1D).
To investigate whether altered presynaptic input contributed to

the decreased baseline firing rate of AgRP neurons in Clz-treated
mice, we recorded spontaneous postsynaptic currents. We found
that hM3Dq-expressing neurons in Clz-treated mice exhibited
increased spontaneous inhibitory postsynaptic current (sIPSC)
frequency (1.3 ± 0.3 Hz for controls and 2.8 ± 0.5 Hz for 10-d Clz;
Fig. 2 E and F) but no changes in the amplitude of sIPSCs or the
frequency or amplitude of spontaneous excitatory postsynaptic
currents (sEPSCs; Fig. 2 G–J). This demonstrates that chronic
chemogenetic stimulation of AgRP neurons evokes increased in-
hibitory presynaptic input, perhaps reflecting a network-level,
negative feedback response.

Chronic Gq Signaling in AgRP Neurons Alters Nutrient Utilization but
Not EE. Acute chemogenetic activation of AgRP neurons has been
shown to alter metabolism by decreasing EE and increasing car-
bohydrate metabolism (3, 20). To study how chronic Gq signaling
in AgRP neurons affects metabolism, we measured body compo-
sition, EE, and respiratory exchange ratio (RER) in mCherry-
expressing and hM3Dq:mCherry-expressing mice (fed ad libitum
or weight-matched with controls) prior to and following 10 d of
chronic Clz treatment (Fig. 3A).
Ad libitum-fed hM3Dq-expressing mice gained body weight

with chronic Clz treatment, accompanied by increased fat mass
(Fig. 3B). Following chronic chemogenetic stimulation, hM3Dq-
expressing mice that were weight-matched with controls also had
increased fat mass and decreased lean mass (Fig. 3B).
Neither ad libitum-fed nor weight-matched hM3Dq-expressing

mice had altered locomotion or EE during chronic Clz treatment
(Fig. 3 C and D). Both ad libitum-fed and weight-matched
hM3Dq-expressing mice exhibited decreased RER during the
light cycle with chronic Clz treatment, indicating greater lipid
metabolism (Fig. 3E). Thus, AgRP neuronal activation did not
alter EE but did increase adiposity and fat oxidation, even during
caloric restriction.

Chronic Gq Signaling in AgRP Neurons Does Not Alter Gut Microbial
Ecology. Obese animals exhibit gut microbiome abnormalities that
can influence lipid metabolism and EE (21–24). To determine
whether inducing chronic Gq signaling in AgRP neurons alters the
gut microbiota, we used 16S ribosomal RNA (rRNA) sequencing
to profile the gut microbiota of mCherry- and hM3Dq:mCherry-
expressing mice (fed ad libitum or pair-fed or weight-matched with
controls) after 10 d of CNO treatment. We did not detect signif-
icant phylogenetic differences between the gut microbiota of any

groups based on principal coordinate analysis of weighted UniFrac
measures (Fig. 4 A and B) (25). All groups had similar microbial
community diversity (Fig. 4C).
The obesity-associated gut microbiome has increased energy

harvest capacity, as measured by fecal gross energy content (24).
We found that fecal gross energy content of hM3Dq-expressing
mice that had been treated with CNO for 28 d did not signifi-
cantly differ from that of controls (Fig. 4D). These results indi-
cate that chronic AgRP neuronal activation did not alter the gut
microbiota or energy content of feces.

Discussion
We applied the excitatory designer receptor hM3Dq, which has
been used extensively to investigate the behavioral and metabolic
effects of AgRP neuronal activity (3, 16), to chronically intro-
duce excitatory Gq signaling in AgRP neurons. We found that
inducing chronic Gq signaling in AgRP neurons initially increases
food intake and bodyweight, but food intake normalizes within a
week, and body weight normalizes within 60 d.
We also provide electrophysiological evidence of a putative

negative feedback response to chronic Gq signaling in AgRP neu-
rons in the form of increased inhibitory presynaptic input (Fig. 2 E
and F). It is plausible that the onset of this increased inhibitory
input, which was measured following 10 d of chronic chemogenetic
stimulation, may coincide with the decline of the initial hyperphagic
response to chemogenetic stimulation (Fig. 1D). Circuit-tracing
studies have shown that the primary sources of GABAergic mod-
ulation of AgRP neurons are presynaptic neurons in the arcuate
and dorsal medial hypothalamic nuclei; thus, the neurons respon-
sible for these sIPSCs likely reside in one of these brain regions (26).
It is possible that the GABAergic neurons producing these sIPSCs
may have increased activity or increased connectivity to AgRP
neurons as a response to altered satiety signaling due to the increase
in food intake and body weight initially produced by chemogenetic
stimulation of AgRP neurons. Indeed, leptin signaling has been
shown to increase inhibitory presynaptic input to AgRP neurons
(27). Alternatively, the GABAergic neurons producing these
sIPSCs could be downstream of AgRP neurons such that their in-
crease in activity is a consequence of the increased activity of AgRP
neurons, representing a true negative feedback neural circuit within
the highly interconnected energy homeostasis neural circuitry.
Notably, mice can adapt behaviorally not only to chronic ex-

citation of AgRP neurons but also to the loss of AgRP neurons;
in both cases, the process takes about a week (28, 29). Ablation
of AgRP neurons in adult mice leads to starvation, but various
pharmacological or genetic interventions can prevent starvation
and allow for restoration of normal feeding even after removal of
the intervention (28, 29). The mechanisms underlying adaption
to AgRP neuron ablation are unknown but presumably involve
postsynaptic neurons and/or the circuits that they regulate. It is
plausible that neurons and circuits involved in the process of
adapting to AgRP neuronal ablation may also be involved in
adaptation to the chronic stimulation of AgRP neurons de-
scribed here. Future studies should be directed toward eluci-
dating the circuits and signaling mechanisms involved in this
adaptation process.
In our metabolic investigations, we demonstrate that inducing

chronic Gq signaling in AgRP neurons for 14 d does not alter
EE, but, paradoxically, increases adiposity while also decreasing
RER. These effects occurred in both ad libitum-fed and food
restricted animals, indicating that it is not a metabolic conse-
quence of increased food intake or body weight but rather a
more direct effect of AgRP neuronal activity. Acute chemo-
genetic activation of AgRP neurons has been shown to decrease
EE and increase RER for several hours (3, 20); thus, our results
reflect some longer timescale effect of chronic stimulation of
AgRP neurons.
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The mechanism underlying these metabolic changes likely
involves altered lipid and glucose synthesis and trafficking in the
liver and adipose tissue. Chronic antagonism of melanocortin
receptors (mirroring the pharmacology of AgRP signaling) in-
creases glucose uptake and lipid synthesis in white adipose tissue
while decreasing glucose uptake and thermogenesis in brown
adipose tissue, leading to increased adiposity even with food
restriction (30). Thus, the feeding-independent increase in adi-
posity could be due to increased adipocyte lipogenesis. We found
it surprising that this increase in adiposity was accompanied by
decreased RER, as this reflects increased size of lipid depots
with a simultaneous increase in lipid utilization. A possible ex-
planation is that, while fat mass is increased by chronic stimu-
lation of AgRP neurons due to hyperphagia (in ad libitum-fed
animals) and/or stimulation of lipogenesis, lipolysis could si-
multaneously be activated as part of a broader program of

altered peripheral substrate utilization induced by chronic stim-
ulation of AgRP neurons (31, 32). With this apparent simulta-
neous activation of lipogenesis and lipolysis, it is not clear
whether mice that receive >60 d of chemogenetic stimulation of
AgRP neurons and return to their baseline body weight would
have normalized body composition or whether they would ex-
hibit adiposity even at normal body weight, due to preferential
storage of energy in adipose tissue.
Our findings have several important implications for under-

standing and treating chronic energy balance disorders. Others
have shown that blunting leptin signaling in AgRP neurons
(and thereby removing the inhibition and Janus tyrosine kinase/
signal transducers and activators of transcription [JAK/STAT]
intracellular signaling mediated by the leptin receptor) can
cause sustained obesity (13, 15). We show that chronic excit-
atory Gq signaling in AgRP neurons with intact leptin signaling
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(SI Appendix, Fig. S3 C–E) initially causes obesity, but is in-
sufficient to sustain an obese state. Stated another way, both
removal of JAK/STAT-coupled leptin signaling and chronic
enhancement of Gq signaling can cause chronic hyperactivity of
AgRP neurons; however, removal of JAK/STAT-coupled leptin
signaling causes sustained obesity, whereas increased Gq sig-
naling does not. This difference in results is likely due to dif-
ferences between the JAK/STAT and Gq signaling pathways,
and suggests that altered JAK/STAT signaling plays an im-
portant role in the obesogenic effects of suppressing leptin
signaling in AgRP neurons. Additionally, our summary of the
effects of chronic Gq signaling in AgRP neurons may be in-
formative, given the robust interest in therapeutically targeting
the melanocortin system for treating cachexia (33).

Materials and Methods
Animals. All procedures were approved by the University of Washington
Institutional Animal Care and Use Committee. C57BL/6J AgrpCre:GFP/+ mice
were bred and raised in a specific pathogen-free facility and fed standard
chow (LabDiet 5053). The AgrpCre:GFP knock-in mice (version 2) used in this
study were generated by replacing the Cre:GFP cassette of the original line
(34) with a new cassette designed to have attenuated expression of Cre:GFP.
The new cassette differs from the original by 1) removing the nuclear lo-
calization signal from Cre, 2) using a nonoptimal initiation codon, 3) re-
moving part of the N-terminal sequence of Cre, and 4) adding a 3′
untranslated region from the Myc gene that promotes a short messenger
RNA half-life. The targeting construct was electroporated into G4 ES cells
(C57BL/6 × 129/SV), and clones with correct targeting were identified by
Southern blot of DNA digested with BamH1; 6 of 48 clones analyzed were
correctly targeted. Three of these clones were injected into blastocysts from
C57BL/6 mice, and one of them gave chimeras with a high percentage of
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Fig. 3. Chronic Gq signaling in AgRP neurons alters nutrient utilization but not EE. (A) Experimental design schematic. (B) Change in lean and fat tissue mass
after Clz treatment (lean one-way ANOVA: F(2,12) = 5.120, P = 0.025; Fat one-way ANOVA: F(2,12) = 19.73, P = 0.0002; *P < 0.05, **P < 0.01, ***P < 0.001,
Tukey’s multiple comparison). (C) Locomotion (all t tests had P > 0.05). (D) EE before and during Clz treatment, shown as a line graph (Left) and plotted points
of averaged light (L) and dark (D) cycle measurements for each mouse (Right) (Student’s t tests; mCherry: L: t(8) = 0.478, P = 0.874; D: t (8) = 0.2224, P = 0.874;
hM3Dq weight-matched with controls (w.m.): L: t(8) = 0.822, P = 0.681; D: t(8) = 0.534, P = 0.681; hM3Dq ad libitum-fed (a.l.): L: t(8) = 0.286, P = 0.910; D: t(8) =
0.399, P = 0.910). (E) RER before and during Clz treatment, shown as a line graph (Left) and points (Right) (Student’s t tests; mCherry: L: t(8) = 1.604, P = 0.273;
D: t(8) = 1.241, P = 0.273; hM3Dq w.m.: L: t(8) = 10.65, P < 0.0001; D: t(8) = 10.65, P = 0.604; hM3Dq a.l.: L: t(8) = 6.283, P = 0.0005; D: t(8) = 0.7475, P = 0.476;
***P < 0.001).
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agouti color. Those chimeras were bred with Gt(ROSA)26FLPe mice to remove
the frt-flanked Neo gene. Thereafter, the mice were backcrossed to C57BL/6
mice for more than six generations before our experiments were performed.
Crossing these mice with a conditional reporter line of mice (Gt(ROSA)26Ai14,
Allen Institute) gives faithful expression of tdTomato only in AgRP neurons,
unlike the original line, which occasionally resulted in ectopic expression in
many parts of the brain.

Surgery. Mice were anesthetized with 1 to 2% isoflurane in 0.8 L/min O2 and
positioned on a stereotaxic frame (David Kopf Instruments). Virus (490 nL per
side) was bilaterally injected with a glass capillary attached to a nanoliter in-
jector (Drummond Nanoject II) at −1.30 mm posterior to bregma, ±0.30 mm
lateral to the midline, and −5.85 and −5.95 mm ventral to the surface of the
dura. AAV1-Ef1a-DIO-hM3Dq:mCherry and AAV1-Ef1a-DIO-mCherry were
produced as described (35).

Chemogenetics. For chronic chemogenetic stimulation, mice were given
drinking water containing either 25 μg/mL CNO or 2.5 μg/mL clozapine (Clz,
the active metabolite; Tocris 0444). CNO or Clz were dissolved in dimethyl
sulfoxide (DMSO) before dilution in water; the final concentration of DMSO
in water was 1.9 μL/mL or 0.27 μL/mL, respectively. Drinking water was
replenished every 1 do to 3 d. For injections, CNO was injected i.p. at
1 mg/kg, 10 μL/g body weight during the light cycle.

Food Restriction. Pair-fed mice were given the amount of food consumed in
the prior 24 h by a control mouse of a similar baseline body weight. Weight-
matched mice were given an amount of food estimated to match their daily
weight change to that of controls. Mice were fed, watered, and weighed
within 2 h of dark-cycle onset.

Meal-Patterning Analysis and Hormone Treatment. Mice were habituated to
cages fitted with a food-monitoring system (BioDAQ v.2.2) for ≥7 d before
experimental manipulation. Feeding data were analyzed with BioDAQ

Viewer v.2.2.01. A meal was defined as ≥0.06 g of food ingested with ≥300 s
between meals (17). Ghrelin (2 mg/kg; Tocris #1465) and leptin (4 mg/kg;
R&D Systems 398-LP) were dissolved in 0.9% saline and injected i.p. (10 μL/g
body weight) in the last 20 min of the light cycle.

Slice Electrophysiology.Mice that were treated with Clz in the drinking water
received treatment up until they were killed. Mice were intracardially per-
fused with 4 °C to 6 °C cutting solution containing (in millimolars)
92 N-methyl-D-glucamine, 2.5 KCl, 1.25 NaH2PO4, 30 NaHCO3, 20 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 25 D-glucose, 2
thiourea, 5 Na-ascorbate, 3 Na-pyruvate, 0.5 CaCl2, 10 MgSO4. Coronal slices
(250 μm) were cut with a vibratome (Leica VT1200) and kept in the same
cutting solution at 32 °C for 12 min. Slices were then placed in 25 °C aCSF
containing (in millimolars) 126 NaCl, 2.5 KCl, 1.2 NaH2PO4, 18 NaHCO3,
11 D-glucose, 2.4 CaCl2, 1.2 MgCl2. Recordings were made in aCSF continu-
ously perfused at 32 °C. All solutions were continuously bubbled with
95%:5% O2:CO2 (pH 7.3 to 7.4, 300 mOsm to 310 mOsm). Patch-clamp re-
cordings were obtained with a MultiClamp 700B amplifier (Molecular De-
vices) and filtered at 1 kHz. All recordings were taken with patch electrodes
(3 MΩ to 5 MΩ) with an internal solution containing (in millimolars) 117
CsMeSO3, 20 HEPES, 0.4 ethylene glycol-bis(2-aminoethylether)-N,N,N′,N′-
tetraacetic acid, 2.8 NaCl, 5 tetraethylammonium, 4.92 Mg-ATP, 0.47 Na-
GTP. Virally transduced AgRP neurons were identified by mCherry epi-
fluorescence. Cells were held at V = −70 mV for recording EPSCs and at V =
10 mV for recording IPSCs. Postsynaptic-current recordings of 90 s were
analyzed with an automated detection protocol in Mini Analysis Program
v.6.0.7 (Synaptosoft) software and manually checked for accuracy. For re-
cording CNO-evoked activity, cell-attached mode was used to record activity
before and after 5 μM CNO in aCSF was perfused onto the tissue. After a slice
was exposed to aCSF containing CNO, it was discarded. The 60-s baseline
activity recordings and 60 s during CNO perfusion were analyzed in Clampfit
v.11.0.3 (Molecular Devices).
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Gut Microbiota Profiling. Mice were killed with Beuthanasia (i.p.), and cecal
contents were isolated. Bacterial DNA was extracted from cecal extracts
(E.Z.N.A. Stool DNA Kit, Omega Biotek). V4 of the bacterial 16S rRNA gene
was PCR-amplified using 515F and 806R primers. Paired-end amplicon se-
quencing was performed with the Illumina MiSeq protocol (Beijing Geno-
mics Institute). Forward- and reverse-sequence reads were denoised and
merged with DADA2 (36). Taxonomy classification was performed with a
Naïve Bayes classifier which was pretrained with the primers on the Silva
132 99% operational taxonomic unit database (37) in Quantitative Insights
Into Microbial Ecology (QIIME) v.2.2018 (38).

Fecal Matter Bomb Calorimetry. Feces from 7 d were pooled for each mouse
and desiccated at 60 °C for 48 h. Bomb calorimetry was performed with a
plain jacket calorimeter (Parr 1341), digital calorimetric thermometer (Parr
6775), and oxygen bomb (Parr 1108). Data were analyzed in R v.3.3.1. The
calorimeter system heat capacity was measured by cyclohexane combustion.

Body Composition Analysis. Fat and lean mass measures were determined by
quantitative magnetic resonance spectroscopy (EchoMRI 3-in-1 Echo Medical
Systems). The system was calibrated by scanning a known amount of fat in a
calibration holder.

Indirect Calorimetry. Mice were placed in metabolic cages operated by the
Energy Balance Core of the University of Washington Nutrition Obesity
Research Center. EE measures were obtained with a computer-controlled
indirect calorimetry system (Promethion, Sable Systems). Consecutive adja-
cent breaks in an XYZ beam array (BXYZ-R, Sable Systems) were scored as
activity counts. Respiratory gases were measured as described (39). EE was
calculated with the Weir equation (40). Data acquisition and processing
were performed by MetaScreen v.2.3.12.4 and ExpeData v.1.9.14, respec-
tively (Sable Systems).

Statistics. Statistics were computed in GraphPad Prism v.8.2.1. All error bars
signify mean ± SEM.

Data Availability. All study data are included in the article and SI Appendix.
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