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SUMMARY

Understanding the neural framework behind appe-
tite control is fundamental to developing effective
therapies to combat the obesity epidemic. The para-
ventricular hypothalamus (PVH) is critical for appetite
regulation, yet, the real-time, physiological response
properties of PVH neurons to nutrients are un-
known.Usingacombinationoffiberphotometry,elec-
trophysiology, immunohistochemistry, and neural
manipulation strategies, we determined the popula-
tiondynamicsof fourmolecularlydelineatedPVHsub-
sets implicated in feeding behavior: glucagon-like
peptide 1 receptor (PVHGlp1r), melanocortin-4 recep-
tor (PVHMc4r), oxytocin (PVHOxt), and corticotropin-
releasing hormone (PVHCrh). We identified both calo-
rie- and state-dependent sustained activity increases
and decreases in PVHGlp1r and PVHCrh populations,
respectively, while observing transient bulk changes
of PVHMc4r, but no response in PVHOxt, neurons to
food. Furthermore, we highlight the role of PVHGlp1r

neurons in orchestrating acute feeding behavior, in-
dependent of the anti-obesity drug liraglutide, and
demonstrate the indispensability of PVHGlp1r and
PVHMc4r, but not PVHOxt or PVHCrh neurons, in body
weight maintenance.

INTRODUCTION

The paraventricular hypothalamus (PVH) helps coordinate the

neuroendocrine, autonomic, stress, and behavioral responses

underlying energy balance (Sawchenko, 1998). Targeted

destruction of the medial hypothalamus, particularly discrete

lesions of the PVH, cause massive obesity, driven primarily
by hyperphagia (Anand et al., 1955; Brobeck et al., 1943;

Gold, 1970; Gold et al., 1972, 1977; Leibowitz et al., 1981). Sin-

gle-minded 1 (SIM1) is a transcription factor that controls PVH

development; humans and mice heterozygous for a null allele of

this gene display obesity (Holder et al., 2000; Michaud et al.,

1998). Acute chemogenetic silencing of PVHSIM1 neurons pro-

motes food consumption (Atasoy et al., 2012; Vardy et al.,

2015) and post-natal ablation causes overeating and marked

weight gain (Xi et al., 2012). Inversely, activation of PVHSIM1

neurons suppresses food intake (Sutton et al., 2014). However,

since the PVH contains many types of neurons and the major-

ity, if not all, express SIM1 (Michaud et al., 1998), further work

is required to define the neuronal subsets responsible for regu-

lating appetite. In particular, four PVH populations have been

linked to satiety signaling, neurons expressing (1) glucagon-

like peptide 1 receptors (Glp1r), (2) melanocortin-4 receptors

(Mc4r), (3) oxytocin (Oxt), and (4) corticotropin-releasing hor-

mone (Crh).

The incretin glucagon-like peptide 1 (Glp1) is produced pri-

marily in intestinal L cells and a population of hindbrain neurons

and is released post-prandially to facilitate glucose-dependent

insulin secretion via Glp1r activation (Drucker et al., 2017).

Glp1r agonists, such as liraglutide, are used clinically to treat

type 2 diabetes mellitus (Meier, 2012) and obesity (Pi-Sunyer

et al., 2015; van Bloemendaal et al., 2014; van Can et al.,

2014). In rodents, Glp1r agonists durably suppress feeding

behavior (Alhadeff et al., 2014, 2017; Burmeister et al., 2017;

Hayes et al., 2011; Schick et al., 2003). While conditional knock-

down of hypothalamic Glp1r had no overall effects on energy

balance (Burmeister et al., 2017), acute knockdown in the PVH

led to extensive weight gain (Liu et al., 2017). However, the pre-

cise function and cellular physiological responses of PVHGlp1r

neurons to feeding and their function in energy balance remain

unknown.

Central administration of Mc4r agonists promote satiety,

energy expenditure, and weight loss, while antagonists increase

food intake, energy conservation, and weight gain (Cone, 2005).
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PVHMc4r neurons are essential to body weight homeostasis

across species, with effects on energy intake ascribed to gluta-

matergic PVHSIM1 cells (Balthasar et al., 2005; Huszar et al.,

1997; Krashes et al., 2016; Shah et al., 2014; Vaisse et al.,

1998; Yeo et al., 1998). Deletion of Mc4r in SIM1-, but not Oxt-

and/or Crh-expressing neurons produces weight gain, while

reactivation in SIM1 cells causes weight loss (Balthasar et al.,

2005; Shah et al., 2014). PVHMc4R neurons are positioned

downstream of orexigenic Agouti-related peptide (AgRP)- and

anorectic pro-opiomelanocortin (POMC)-expressing neurons of

the arcuate nucleus (ARCAgRP and ARCPOMC, respectively),

and bidirectionally influence food intake via descending projec-

tions to the hindbrain (Garfield et al., 2015).

The hypothalamic peptide Oxt is produced in the PVH and

supraoptic nucleus and binds to the widely distributed oxytocin

receptor (Oxtr) to regulate a range of physiological processes,

including eating behavior and metabolism (Blevins and Baskin,

2015). Both Oxt and Oxtr knockout mice develop late-onset

obesity (Camerino, 2009; Takayanagi et al., 2008), and Oxt

administration reduces food consumption (Blevins et al., 2015;

Morton et al., 2012; Zhang et al., 2013). Despite the evidence

supporting a role for Oxt in appetite control, direct manipulations

of PVHOxt neurons suggest otherwise, as neither acute activa-

tion, inhibition, nor ablation of PVHOxt neurons affects feeding

behavior or body weight (Atasoy et al., 2012; Garfield et al.,

2015; Ryan et al., 2017; Sutton et al., 2014; Wu et al., 2012).

Stress disrupts homeostatic mechanisms, producing physio-

logical, neurological, and behavioral changes. The Crh system

is the principal initiator of endocrine and behavioral responses

to stress. Central injection of Crh produces an immediate, tran-

sient, inhibition of food intake (Krahn et al., 1990). Interestingly,

while chemogenetic PVHCrh stimulation diminishes feeding (Liu

et al., 2017), acute silencing does not affect food consumption

(Garfield et al., 2015; Liu et al., 2017).

Importantly, the extent of coexpression shared between these

genetically segregated PVH populations and their neural dy-

namic signature to food consumption has not been reported.

Here we demonstrate the significance of the PVH in mediating

the physiological adaptations to caloric restoration and identify

differential response properties of four molecularly labeled PVH

populations. These analyses revealed PVHGlp1r neurons as an

enriched subset of cells activated by caloric equilibrium, and

functional manipulations demonstrated their capacity to influ-

ence both acute and chronic feeding behavior.

RESULTS

State-Dependent Fos Induction across the PVH
Previouswork has demonstrated that refeeding rats subjected to

a prolonged fast significantly elevated Fos expression in demar-

cated regions of the PVH (Singru et al., 2007, 2012; Timofeeva

et al., 2005). Here, we performed a comprehensive, structural

Fos analysis across the entire PVH of singly housed mice sub-

jected to an overnight fast that either remained without food

(Fasted condition) or were refed for 2 hr (Refed condition). To

limit Fos induction independent of feeding, we acclimated adult

male mice to social isolation and experimental handling while

providing bedding material and water ad libitum to minimize

social, experimenter, thermogenic, and thirst-related stress.
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We detected state-dependent regional changes in Fos levels

with significantly higher induction in rostral regions (PaLM,

PaMM, and PaV) of Fasted mice versus medial to caudal regions

(PaMM, PaV, PaMP, PaLM, and PaPo) of Refed mice (Figures

1A, 1B, and S1A). Importantly, all subjects in the Refed condition

exhibited strong Fos induction in a pattern indicative of ARCAgRP

expression (Figure S1B) and ate during this 2-hr refeeding period

(Figure S2G). This reinforces selective activation of distinct sub-

sets of PVH neurons contingent on caloric need.

Quantifying Overlap between Molecularly Defined PVH
Subpopulations
Among the numerous cell types situated in the PVH, we investi-

gated four populations tied to feeding modulation: PVHGlp1r,

PVHMc4R, PVHOxt, and PVHCRH (Figure 2A). Although each of

these subsets is uniquely marked by a receptor or neuropeptide,

overlap has not been extensively examined. We first sought to

quantitatively determine the colocalization of each cell type

with one another using a combination of antibody staining, in

situ hybridization and previously verified Cre knockin lines

crossed to reporters (Figures 2B and S2). We found that small

fractions of PVHGlp1r coexpress either Crh (10.4% ± 1.3%),

Mc4r (11.0% ± 0.5%), or Oxt (13.1% ± 0.8%). PVHMc4r neuron

counts exhibited a high amount of colabeling with Glp1r

(38.2% ± 0.8%) or Crh (22.5% ± 2.6%) but minimal overlap

with Oxt (2.0% ± 0.4%). PVHOxt neurons showed little overlap

with Crh (4.5% ± 0.6%) or Mc4r (2.4% ± 0.4%), but more than

a quarter were marked by Glp1r (28.3% ± 2.0%). Only small per-

centages of PVHCRH neurons colocalized with Glp1r (15.0% ±

1.4%), Mc4r (12.1% ± 2.6%), or Oxt (5.9% ± 0.8%). Notably,

while this quantitative dissection of PVH neurons revealed

differing levels of overlap, it also demonstrated that each cell

type exhibited unique expression independent of one another.

State-Dependent Fos Induction in Molecularly Defined
PVH Subpopulations
We examined the levels of Fos activation in each cell type under

Fasted and 2 hr Refed conditions (Figure S3). Importantly, all an-

imals in the Refed cohort ate comparable amounts of food over

the 2-hr feeding period (Figure S2G). Strikingly, we found that the

number of PVHGlp1r neurons coexpressing PVHFos+ nearly

doubled in the Refed cohort compared with the Fasted group

(Figure 2C). Accordingly, both the percentages of total PVHGlp1r

neurons marked by PVHFos+ (PVHGlp1r/PVHFos+) and total

PVHFos+ cells expressed in PVHGlp1r neurons (PVHFos+/PVHGlp1r)

increased more than 2-fold between these two conditions

(13.8% ± 0.8% to 28.1% ± 3.5% and 22.3% ± 1.8% to

49.6% ± 2.0%, respectively). Similarly, the number of PVHMc4r

neurons colabeled with PVHFos+ more than doubled in Refed

mice measured against Fasted animals (Figure 2D). Although

we found that the percentages of total PVHMc4r/PVHFos+ and

PVHFos+/PVHMc4r increased between the two groups (5.6% ±

0.6% to 13.6% ± 1.6% and 2.1% ± 0.21% to 5.3% ± 0.4%,

respectively), this state-dependent increase accounted for a sur-

prisingly small fraction of total Fos induction. To further distin-

guish PVHGlp1r and PVHMc4r subtypes we performed additional

Fos analyses comparing Fasted, 8-hr Refed (Figure S2H), and

ad libitum food access (non-fasted) groups. While the number

of PVHGlp1r neurons coexpressing PVHFos+ was highest in the



Figure 1. Fos Induction across Demarcated Regions of the PVH in Fasted versus Refed Animals

(A) Quantitative heatmap of Fos induction in designated regions of the PVH. Fasted condition on the left; Refed condition on the right. PaAP, anterior parvicellualr;

PaMM, medial magnocellular; PaV ventral; PaLM, lateral magnocellular; PaDC, dorsal cap; PaMP, medial parvicellular; PaPo, post.

(B) Total number of PVHFos cells in each defined region of the PVH in Fasted versus Refed conditions. n = 3 per group; values are means ± SEM. *p < 0.05,

**p < 0.01, ***p < 0.001.

See also Figure S1.
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8-hr Refed condition (Figure S2I), the number of PVHMc4r neu-

rons colabeled with PVHFos+ was maximal in the ad libitum state

(Figure S2J).

We found no differences between the total number of PVHOxt

neurons coexpressing PVHFos+ or percentages of total PVHOxt/

PVHFos+ and PVHFos+/PVHOxt between Fasted and 2-hr Refed

cohorts (22.8% ± 0.7% to 22.8% ± 2.1% and 8.3% ± 0.6% to

10.1% ± 0.9%, respectively) (Figure 2E). The total number of

PVHCrh neurons was more than halved in the Refed state

compared with the Fasted condition (Figure 2F). This downregu-

lation was reflected in both the percentages of PVHCrh/PVHFos+

and PVHFos+/PVHCrh between cohorts (16.2% ± 2.4% to

8.1% ± 1.7% and 12.3% ± 1.8% to 5.4% ± 1.3%, respectively).

State-Dependent Electrical Properties of PVHGlp1

Neurons
Given the high levels of Fos activation observed in PVHGlp1r neu-

rons following a refeeding period compared with food-deprived

mice, we conducted brain slice physiology to interrogate the
putative changes in electrical activity between Fasted and Refed

cohorts. Furthermore, we attempted to decipher any emerging

topography patterns by denoting the anatomical position of

each PVHGlp1r cell recorded (Figures 3A and S4A). We failed to

detect any differences in membrane capacitance, membrane

resistance, holding current, or resting membrane potential

between groups of mice (Figure S4). However, we found a signif-

icant increase in the firing rate of PVHGlp1r neurons recorded in

the Refed compared with the Fasted state (Figures 3B and

3C), although we could not uncover any regional specificity in

regard to firing activity. Overall, this finding supports our Fos

analysis and suggests that PVHGlp1r neurons are more active

upon caloric replenishment following food deprivation.

Sensory Detection of Food Rapidly Regulates PVH
Subpopulations
To further probe this question we performed optical fiber

photometry in each designated PVH cell type to record real-

time activity dynamics (Figure S5A) (Cui et al., 2013; Gunaydin
Cell Metabolism 29, 1–14, March 5, 2019 3



Figure 2. Fos Induction across Molecularly Defined Subpopulations of the PVH in Fasted versus Refed Animals

(A) Schematic of the PVH representing putative expression of Glp1r, Mc4r, Oxt, and Crh populations.

(B) Percentage of overlap of each PVH population (left to right: Glp1r, Mc4r, Oxt, and Crh).

(legend continued on next page)
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Figure 3. State-Dependent Electrical Proper-

ties of PVHGlp1 Neurons

(A) Representative anatomical position of each re-

corded cell by firing rate (circles = Fasted, n = 27;

squares = Refed, n = 27) across the PVH.

(B) PVHGlp1 neurons exhibited a significantly

increased action potential firing rate in the Refed

versus Fasted state; values are means ± SEM.

(C) Representative example traces from Refed (top)

and Fasted (bottom) conditions.

**p < 0.01. See also Figure S4.
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et al., 2014). The genetically encoded calcium indicator

GCaMP6s was selectively targeted to PVHGlp1r, PVHMc4r,

PVHOxt, or PVHCRH neurons (employing Glp1r-ires-Cre, Mc4r-

t2a-Cre, Oxt-ires-Cre, or Crh-ires-Cre mice, respectively) using

a Cre-dependent viral strategy (Figures 4A, 4E, 4G, and 4I) (Ata-

soy et al., 2008). Changes in GCaMP6s fluorescence served as a

proxy of neural activity in freely behaving animals. After implant-

ing an optical fiber over the PVH, we examined the acute effects

of food presentation compared with a non-salient object. Criti-

cally, a calcium-independent fluorescence in the UV spectra

was used in all recordings to control for movement and bleach-

ing artifacts (Figures S5B–S5D) (Lerner et al., 2015).

To test the regulation of PVH neurons to the sensory detec-

tion of food, we introduced a chow pellet or a non-edible object

to mice following an overnight fast (Fasted) or provided with ad

libitum food access (Fed). Food presentation to Fasted animals

vastly enhanced PVHGlp1r activity (DF/F = +19.5% ± 2.2% at

5 min, p < 0.0001 compared with object) without any prior

training (Figure 4B). To determine the extent to which these

changes necessitated food consumption, we analyzed video

data to pinpoint the onset of feeding in each trial and aligned

calcium traces to this event. This revealed that PVHGlp1r neuron

activity began to change before feeding commenced and

steadily increased following the initial consummatory bout

(Figure S5E). Introduction of a non-food object had no effect

on PVHGlp1r activity, indicating food-specific regulation. Impor-
(C–F) Representative images of Fos induction and quantification of total number of defined PVH cells exp

expressing cells in defined PVH population (yellow cells/red cells; middle panel) and percent of defined PVH

panel) in Fasted versus Refed mice, Glp1r (C), Mc4r (D), Oxt (E), and Crh (F), respectively.

Scale bar represents 25 mm. n = 3 per group; values are means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001
tantly the sensitivity of these cells to food

presentation also was dependent on nutri-

tional state, as PVHGlp1r neurons from

Fed mice presented no response to food

introduction (DF/F = �2.9% ± 2.6% at

5 min, p = 0.9894 compared with object).

Therefore, conditions of energy deficit

induced via food deprivation potentiate

the response of PVHGlp1r neurons to food

detection.

As PVHGlp1r activity appeared to in-

crease prior to ingestion of food, we asked

whether food accessibility modulates the

response to food discovery. To achieve

this, Fasted mice were presented with a
chow pellet confined to an enclosed tea ball. This device allows

mice to visualize, smell, and ‘‘interact’’ with the food directly

without being able to consume it (Figure 4C). Introduction of

‘‘caged’’ food resulted in rapid stimulation of PVHGlp1r neurons

(DF/F = 6.4% ± 1.5% from baseline at 5 min, p = 0.0098). How-

ever, this activation returned to baseline levels within 20 min

despite the continued presence of caged food (DF/F = 1.0% ±

0.6% from baseline at 20 min, p = 0.5374). Opening the tea

ball and enabling food access significantly enhanced PVHGlp1r

population activity (DF/F = 19.8% ± 3.4% from baseline at

25 min, p = 0.0013), and this increase in network dynamics

was sustained for the duration of the experiment (DF/F =

12.6% ± 2.0% from baseline at 40 min, p = 0.0006). Thus,

although sensory cues can transiently modulate PVHGlp1r activ-

ity, subsequent food consumption is required for persistent

stimulation.

To investigate the response of these neurons to energy-dense

substrates, we presented animals with a calorically rich standard

60% high-fat diet (HFD) pellet and found that this rapidly

elevated PVHGlp1r activity (DF/F = +22.5% ± 4.5% at 5 min,

p < 0.0001 compared with object) in Fasted mice (Figure 4D).

Again, alignment of network dynamics to first bite of HFD

demonstrated an increase in PVHGlp1r activity preceding con-

sumption that continued to increase throughout the first eating

episode (Figure S5F). Interestingly, although we did not observe

a statistically significant change in PVHGlp1r activity when this
ressing Fos (yellow cells; left panel), percent of Fos-

cells expressing Fos (yellow cells/green cells; right

. See also Figures S2 and S3.
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Figure 4. Sensory Detection of Food Rapidly Regulates PVH Subpopulations

(A, E, G, and I) Brain schematic of viral injection/fiber implantation and coronal section showing path of optical fiber and injection site inGlp1r-ires-Cre,Mc4r-t2a-

Cre, Oxt-ires-Cre, and Crh-ires-Cre mice, respectively. Scale bar represents 1 mm.

(B, F, H, and J) Plot of calcium signals from PVHGlp1r, PVHMc4r, PVHOxt, and PVHCrh neurons, respectively, aligned to the time of presentation of a chow pellet

(colored) or inedible object (black). Mice were either subjected to an overnight fast (left panel) or fed ad libitum (middle panel) prior to the experiment. Light color

tones indicate SEM. Quantification of fluorescence changes 5 min after event, as indicated (right panel).

(C) Left panel: calcium signals of PVHGlp1r neurons in Fasted mice presented first with caged chow (inaccessible period 0–20 min) and then available chow

(accessible period 20–40 min). Right panel: quantification of fluorescence changes. Times shown are 5-min windows before, immediately after, and 15–20 min

after inaccessible food presentation, and immediately after and 15–20 min after accessible food access.

(D) Plot of calcium signals of PVHGlp1r neurons aligned to the time of presentation of an HFD pellet (colored) or inedible object (black). Mice were either subjected

to an overnight fast (left panel) or fed ad libitum (middle panel) prior to the experiment. Light color tones indicate SEM. Quantification of fluorescence changes

5 min after event, as indicated (right panel).

Values are means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. See also Figure S5.
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experiment was performed in Fed animals (DF/F = +3.7%± 4.5%

at 5min, p < 0.0001 comparedwith object), comparing these two

conditions (HFD versus object) during the first 2 min of presenta-

tion unveiled a statistical difference that was due to the initial but

not continued consumption of HFD (Figure S5G) by sated mice.

ARCAgRP neurons are a major source of input to the PVH and

have been shown to mediate the feeding effects of PVH-

expressing neurons (Atasoy et al., 2012; Garfield et al., 2015).

Food presentation rapidly inhibits, while peripheral injection of

the orexigenic hormone ghrelin activates, ARCAgRP neurons

(Betley et al., 2015; Chen et al., 2015; Mandelblat-Cerf et al.,

2015). Although the effects of ghrelin are thought to act directly

via growth hormone secretagogue receptors expressed on

ARCAgRP neurons (Cowley et al., 2003; Nakazato et al., 2001),

we tested whether peripheral administration of ghrelin could

influence PVHGlp1r activity. Ghrelin injection failed to significantly

influence PVHGlp1r population activity in ad libitum fed mice

comparedwith saline injections, although results showed a trend

toward inhibition (Figures S5I and S5J). Importantly, despite no

obvious changes on bulk PVHGlp1r activity, ghrelin injection

significantly enhanced acute food intake compared with saline

injections (Figure S5K).

Although food presentation to Fasted mice appeared to tran-

siently increase PVHMc4r activity compared with object, this in-

crease failed to reach significance (Figure 4F) (DF/F = �1.0% ±

1.3% at 5 min, p = 0.6812 compared with object). Alignment of

calcium signals to food consumption did not demonstrate any

obvious change in activity either immediately before or after

the first bite of food (Figure S5L). PVHMc4r dynamics were unaf-

fected by either acute injection of saline or ghrelin, the latter of

which significantly increased food intake (Figures S5M–S5O).

In contrast to the observed response in PVHGlp1r dynamics,

presentation of caged food dampened PVHMc4r activity (DF/F =

�6.5% ± 4.5% from baseline at 20 min, p = 0.0333), and re-

mained inhibited throughout food access (DF/F = �10.0% ±

1.5% from baseline at 40 min, p = 0.0188) (Figures S5P and

S5Q). PVHOxt neurons displayed no changes to the introduction

of food versus object (Figure 4H) (DF/F = +0.3% ± 0.06% at

5 min, p = 0.9829 compared with object). In accordance with

this observation, calcium signals remained constant when

aligned to food consumption (Figure S5R).

In contrast to the integrative activation of PVHGlp1r neurons to

food detection, we found that network PVHCrh activity sharply

declined to chow presentation compared with object in Fasted

animals (Figure 4J) (DF/F = �18.4% ± 3% at 5 min, p < 0.0001

compared with object). Furthermore, the majority of this activity

drop proceeded food intake as revealed by aligning photometry

signals to the first bite of food (Figure S5S). As food deprivation

is a known interoceptive stressor, we tested whether this same

inhibition of PVHCrh neurons was observed in the Fed condition.

Given the fundamental role for Crh inmediating stress responses

(Bains et al., 2015), and supported by our Fos data, PVHCrh activ-

itywas not significantly altered in the fed statewhen animalswere

unencumbered by the stress-related effects of food deprivation.

Chemogenetic Activation of PVHGlp1r Neurons Acutely
Suppresses Appetite
These in vivo recordings of PVH population dynamics identified

cells marked by Glp1r as a highly enriched subset of neurons
activated by both the sensory detection and subsequent con-

sumption of food, suggesting PVHGlp1r activity may encode the

transition from hunger to satiety. To test this functionally, we

utilized a suite of chemogenetic tools to investigate the capacity

of PVHGlp1r neurons in modulating acute food intake under a

number of feeding paradigms.

As PVHGlp1r population dynamics were elevated upon food

presentation in hungry animals, we hypothesized that artificial

stimulation of these neurons would signal food detection and

simulate satiety resulting in reduced food intake in states of

caloric need. To assess this, we directed expression of the

stimulatory Gq-coupled hM3Dq-DREADD to PVHGlp1r neurons

(Figures 5A and 5B), which led to clozapine-N-oxide (CNO)-

mediated decreases in membrane potential and increased firing

rate in acute brain slices (Figure 5C), andmeasured food intake in

two paradigms of hunger, the onset of the dark cycle, and near

the beginning of the light cycle following an overnight fast. In

both tests mice quickly consume significant amounts of food

when injected with saline vehicle prior to food presentation,

whereas these same mice with PVHGlp1r activation durably

reduced food consumption when administered CNO (Figures

5D and 5E). Critically, littermate controls not expressing Cre-

recombinase treated in an identical manner (bilaterally injected

with hM3Dq virus) showed no differences in feeding behavior

when administered saline or CNO (Figures S6A–S6C). Given

the role of the PVH in regulating energy output (Sutton et al.,

2014; Xi et al., 2012), we usedmetabolic chambers to assess pu-

tative changes in energy expenditure following acute PVHGlp1r

stimulation during the light cycle. We found no significant differ-

ence in oxygen consumption or respiratory exchange ratio in the

absence of food after either saline or CNO injection (Figures 5F

and 5G), demonstrating that PVHGlp1r neural function is specific

for the input arm of energy balance.

While PVHGlp1r activation markedly diminished food intake

in hungry animals, it is possible that these effects were indi-

rect, stemming from alternative physiological and/or behavioral

modifications. To begin to investigate these possibilities, we

measured ambulatory activity without food during the first hour

of the dark cycle when baseline activity is high. While this manip-

ulation robustly curtailed food consumption during this hour

when food was freely available, it had no effect on locomotor

activity when food was absent as mice exhibited comparable

distances traveled and total velocity (Figures 5H and 5I).

Although we detected a modest overlap between PVHGlp1r-

and PVHCrh-bearing neurons (Figure S2B), it has been posited

that Glp1rs are highly expressed on PVHCrh neurons (Liu et al.,

2017). This raises the possibility that PVHGlp1r stimulationmay in-

fluence PVHCrh activity leading to elevated corticosterone levels

and coinciding stress behavior, which could account for a reduc-

tion in food intake. However, we determined that acute PVHGlp1r

stimulation had no effect on serum corticosterone levels (Fig-

ure 5J), implying a satiety-specificmechanism. In further support

of this notion, we found that PVHGlp1r activation did not modify

anxiety-like behavior using an open field assay (Figure 5K).

Chemogenetic Inhibition of PVHGlp1r Neurons Acutely
Evokes Hunger
These gain-of-function studies strongly implicate a role for

PVHGlp1r neurons in inducing satiety as assessed by quantitative
Cell Metabolism 29, 1–14, March 5, 2019 7



Figure 5. Chemogenetic Activation of PVHGlp1r Neurons Acutely Suppresses Appetite

(A) Brain schematic of viral injection.

(B) Transduction of PVHGlp1r neurons with hM3Dq-mCherry.

(C) CNO application lowered the resting membrane potential and elevated the firing rate of PVHGlp1r neurons, n = 5.

(D–K) Chemogenetic activation of PVHGlp1r neurons reduced food intake (D) during the dark cycle and (E) refeeding following an overnight fast but did not

influence (F) oxygen consumption, (G) respiratory exchange ratio in the absence of food, (H and I) dark cycle ambulatory activity in the absence of food, (J) serum

corticosterone levels, or (K) anxiety-like behavior in an open field assay.

Scale bar represents 25 mm. n = 7; values are means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. See also Figure S6.
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food intake measurements. To convincingly demonstrate that

PVHGlp1r neurons regulate food consumption, we asked if

silencing this population could drive motivated feeding in calori-

cally replete animals. To achieve this, we targeted expression of

the inhibitory Gi/o-coupled hM4Di-DREADD to PVHGlp1r neurons

(Figures 6A and 6B), which led to CNO-mediated increases in

membrane potential and decreased firing rate in acute brain sli-

ces (Figure 6C), and measured food intake in a paradigm of sati-

ation, near the beginning of the light cycle, a time when mice are

normally inactive and eat very little. Mice with CNO-enabled

PVHGlp1r inhibition exhibited significantly enhanced feeding in

comparison with their response following saline (Figure 6D). Of

note, administration of CNO in non-Cre-expressing littermate

controls (injected with the same hM4Di AAV) failed to display

any increase in food intake (Figures S6A and S6B). Furthermore,

in an instrumental nosepoke assay, whereby animals need to

work for reward, chemogenetic silencing of PVHGlp1r neurons

in sated mice significantly increased the motivation to attain

food, as measured by the highest number of consecutive nose-

pokes an animal performed to procure a single food pellet
8 Cell Metabolism 29, 1–14, March 5, 2019
(breakpoint); however, this did not reach the maximal values

observed following an overnight fast (Figure 6E).

To gain further insight into the feeding patterns elicited via

PVHGlp1r inactivation versus physiological or pharmacological

satiety and hunger, we directed Gi/o-coupled KOR-DREADDs

to PVHGlp1r neurons to rapidly and durably suppress activity

(Vardy et al., 2015) and performed a microanalysis of feeding

behavior (Figures 6F and 6G). We ran a within-subject design

whereby each mouse was evaluated under five conditions: (1)

ad libitum fed administered the vehicle DMSO, (2) ad libitum

fed administered the KORD ligand SALB, (3) ad libitum fed

administered SALB pre-treated with liraglutide, (4) fasted admin-

istered DMSO, and (5) fasted administered DMSO pre-treated

with liraglutide. Each animal was housed in a specialized cham-

ber equipped with a feeding experimental device (FED) for accu-

rate, real-time measurements of food intake (Nguyen et al.,

2016), an infrared light-penetrable shelter, a water bottle, and a

ceiling-mounted camera to allow for animal tracking throughout

the arena including designated FED and Home Zones (Fig-

ure 6H). All experiments were performed near the beginning of



Figure 6. Chemogenetic Inhibition of PVHGlp1r Neurons Acutely Evokes Hunger

(A) Brain schematic of viral injection.

(B) Transduction of PVHGlp1r neurons with hM4Di-mCherry.

(C) CNO application increased the resting membrane potential and reduced the firing rate of PVHGlp1r neurons, n = 5.

(D and E) Chemogenetic silencing of PVHGlp1r neurons elicited (D) ad libitum food intake during the light cycle and (E) and increased the motivation to work for a

food reward in a progressive ratio nosepoke assay in calorically replete mice, but not to the magnitude of Fasted mice, n = 8.

(F) Brain schematic of viral injection.

(G) Transduction of PVHGlp1r neurons with KORD-ires-mCitrine.

(H) Photograph of specialized homecage with designated zones.

(I–K) Chemogenetic silencing of PVHGlp1r neurons (I) stimulated food intake, (J) diminished latency to eat, and (K) enhanced time spent in the FED Zone in

calorically replete mice, but not to the magnitude of Fasted mice, effects that were reversed upon liraglutide pre-treatment.

Scale bar represents 25 mm. n = 10; values are means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. See also Figure S6.
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the light cycle as indicated by the low baseline feeding behavior

and duration spent in the Home Zone in the fed, DMSO condi-

tion. We demonstrated that acute silencing of PVHGlp1r neurons

(fed, SALB condition) in calorically replete mice significantly

amplified food intake as well as time spent in and entries into

the FED Zone, and reduced the latency to eat compared with

the fed, DMSO condition (Figures 6I–6K). Consistent with what

we observed in the nosepoke assay, we found that natural hun-

ger induced via food deprivation (fasted, DMSO condition)

further enhanced these parameters as well as ambulatory activ-

ity (Figures 6I–6K, S6D, and S6E). However, these effects were

reversed upon pre-treatment with the anorectic drug liraglutide
in both artificial (fed, SALB, Lira) and physiological (fasted,

DMSO, Lira) hunger states, suggesting that liraglutide can act

redundantly at multiple sites and/or its action in the PVH is not

critical in modulating food intake.

Chronic Perturbation of Select PVH Populations Induces
Obesity
These loss-of-function experiments established a role for

PVHGlp1r neurons in mediating acute food consumption, but

does not demonstrate their importance to long-term bodyweight

maintenance. Interestingly, genetic knockdown of Glp1r in the

PVH throughout development had no effect on body weight or
Cell Metabolism 29, 1–14, March 5, 2019 9



Figure 7. Chronic Perturbation of Select PVH Populations Induces Obesity

(A, C, E, and G) Brain schematic of viral injection and representative image of (A) PVHGlp1r, (C) PVHMc4r, (E) PVHOxt, or (G) PVHCrh neural transduction with eGFP-

2a-TeNT.

(B, D, F, and H) Permanent silencing of (B) PVHGlp1r or (D) PVHMc4r, but not (F) PVHOxt or (H) PVHCrh, neurons significantly enhanced body weight, fat mass, lean

mass, and food intake compared with mice transduced with GFP and these changes were significantly correlated to number of neurons expressing eGFP-

2a-TeNT.

Scale bar represents 25 mm. n = 6 or >6 per group; values are means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. See also Figure S7.
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composition (Burmeister et al., 2017), while post-natal knock-

down in this region led to massive weight gain attributed to

hyperphagia (Liu et al., 2017). To add clarity to these findings

and ascertain whether PVHGlp1r, as well as PVHMc4r, PVHOxt, or

PVHCrh neurons are essential for long-term body weight regula-

tion we expressed tetanus toxin (TeNT), which irreversibly

silences synaptic release by cleaving the vesicle protein synap-

tobrevin (Sweeney et al., 1995), in each population using a Cre-

dependent viral strategy (Figures 7A, 7C, 7E, and 7G). Control

animals of identical genotypes underwent similar cranial sur-

geries and were injected with a Cre-dependent GFP reporter.

As an additional control, we injected these viral constructs into

non-Cre-expressing animals (Figure S7E). Total body weight,

fat mass, leanmass, and food intake weremeasured on aweekly

basis for 4 months following viral injections. We found that per-

manent perturbation of either PVHGlp1r (Figures 7B and S7A) or

PVHMc4r (Figures 7D and S7B) neurons quickly led to weight

gain, accompanied by accumulation of fat and lean mass due

to hyperphagia. Furthermore, the number of PVHGlp1r or PVHMc4r

neurons transduced with TeNT correlated with these increases.

These parameters were unaffected following synaptic silencing

of PVHOxt (Figures 7F and S7C) or PVHCrh (Figures 7H and
10 Cell Metabolism 29, 1–14, March 5, 2019
S7D) neurons, or in non-Cre-expressing animals (Figure S7E).

This substantiates the critical role of both PVHGlp1r and PVHMc4r

but not PVHOxt or PVHCrh neurons in long-term weight control.

DISCUSSION

The PVH is a highly complex area of the hypothalamus contrib-

uting to wide range of neuroendocrine, autonomic, stress, inges-

tive, sexual, and maternal behaviors that assure species survival

(Sawchenko, 1998). To better understand the functional hetero-

geneity of the PVH, we took a biased approach and converged

on four PVH subsets previously ascribed to satiety signaling:

Glp1r-, Mc4r-, Oxt-, and Crh-bearing neurons. Although Cre-

expressing mouse lines are often utilized to gain entry into

diverse cell types, the likelihood that genetic markers can be

used to permit unadulterated access to a unique population of

neurons is low. Therefore, before investigating the network dy-

namics of explicitly labeled PVH neurons we determined the

range of overlap between these molecularly circumscribed pop-

ulations and found discrete grades of colocalization, an impor-

tant determinant in attributing and contrasting functional

behavior and physiology using genetically engineered mice.
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Sensory Feedback and Caloric Restoration Cause Rapid
Activity Changes in PVHGlp1r and PVHCrh Neurons
Recent work has demonstrated that canonical first-order intero-

ceptive ARCAgRP and ARCPOMC neural activity is reduced upon

food detection prior to consumption (Betley et al., 2015; Chen

et al., 2015; Mandelblat-Cerf et al., 2015). Importantly, this sus-

tained change in activity requires subsequent food intake (Betley

et al., 2015; Beutler et al., 2017; Chen et al., 2015; Su et al., 2017).

Similarly, we found that food discovery modulates PVHGlp1r neu-

rons in an anticipatory manner, which accounts for the likelihood

that the animal will engage in feeding determined by its nutri-

tional state and the perception of food availability or palatability.

Anticipatory regulation by PVHGlp1r activity changes might

communicate an end to foraging and other exploratory behav-

iors upon the detection of food. In support of this notion, we

found that silencing this population drives motivated feeding

behavior in sated animals, as demonstrated by an enhancedwill-

ingness to work for food and depart an enclosed, shelter to

obtain food.

The PVH is a major target of ARCAgRP and ARCPOMC neurons.

Since ghrelin, rapidly modifies these cell types, we used this to

modulate their activity while recording PVHGlp1r activity. The

variability observed after ghrelin challenge suggests that

perhaps only a subset of PVHGlp1r respond to this hormone

with discrete directionality and magnitude. Alternatively, this

proxy of ARCAgRP stimulation may not accurately mimic endog-

enous activity as it is sure to effect additional central networks.

Future studies using novel reagents to acutely stimulate

ARCAgRP neurons, while simultaneously monitoring PVHGlp1r

dynamics, will clarify how these circuits are functionally con-

nected. Furthermore, it will be important to deduce whether

the sustained escalation in PVHGlp1r activity requires sensory

processes or responds directly to caloric load, independent of

sensory perception, via intragastric infusions of nutrients as

was shown in ARCAgRP neurons (Beutler et al., 2017; Su

et al., 2017).

While PVHGlp1r dynamics increase in response to chow,

PVHCrh activity is rapidly diminished. This inhibition was state

dependent and specific for food. Given the role of PVHCrh neu-

rons in mediating the neuroendocrine responses to stress, this

rapid reaction to food may represent a form of interoceptive

stress relief, rather than a direct response to caloric replenish-

ment. Concordantly, aligning the calcium signals to the first

bite of food revealed that the vastmajority of activity suppression

preceded ingestive behavior. Although it has been proposed that

Glp1r expression is enriched in PVHCrh neurons (Liu et al., 2017),

our data would suggest against this. Along with opposing popu-

lation activity responses to food presentation with discrete tem-

poral dynamics, Fos activation due to refeeding in Fasted ani-

mals led to differential regulation. Furthermore, while acute

silencing of PVHGlp1r neurons orchestrated motivated food con-

sumption in satedmice, PVHCrh inhibition failed to do so (Garfield

et al., 2015; Liu et al., 2017). Accordingly, chronic perturbation of

PVHGlp1r, but not PVHCrh, neurons produced obesity due to

overeating.

Limitations of Study
Fiber photometry allows for in vivo optical access to deep brain

regions to assess activity dynamics of genetically marked cell
types in freely moving animals as they engage in behavior. A ma-

jor caveat to this method is that it relies on the integrative change

in fluorescence across an entire population of neurons without

individual cellular resolution. Although these bulk activity record-

ings provide valuable information at the network level as demon-

strated here, alternative imaging techniques are necessary to

examine the likely heterogeneity in a specific population. More-

over, detecting calcium changes is typically limited to a fixed

focal plane that is highly dependent on the position of the im-

planted fiber or lens (Figure S5T). Therefore, spatial heterogene-

ity may vary in each structure as well.

These methodology constraints may be best exemplified in

our PVHMc4r recordings. Given the bounty of evidence placing

PVHMc4r as key contributors for body weight control, we were

surprised to discover variable responses to food detection

among this population. This could be a result of the heteroge-

neous composition and/or anatomical position of recorded

PVHMc4r neurons. As almost a quarter of PVHMc4r cells overlap

with PVHCrh neurons it is possible that the strong inhibition to

food from the latter population may offset any observed eleva-

tion in the former. While it is possible that the expected increase

in PVHMc4r activity occurs over a prolonged period of time after

caloric equilibrium, which cannot be captured via optical tech-

niques that are sensitive to rapidly decaying fluorescent signals,

additional Fos analyses suggest otherwise. The number of

PVHMc4r cells expressing Fos were statistically indistinguishable

between Fasted and 8 hr Refed conditions. Interestingly, the

highest colocalization was observed in the ad libitum state, sug-

gesting that PVHMc4r activity may track with circadian regulation

of hunger divorced from prolonged starvation states. Further

work is necessary to deconvolute this apparent paradox.

The PVH Is an Unlikely Target of Liraglutide’s Actions
The effectiveness of liraglutide to promote weight loss has been

reported in rodents and humans, although the precise mecha-

nisms by which it suppresses feeding and weight gain are

unclear. We hypothesized that PVHGlp1r neurons posed a likely

site of action for this drug. However, we found the strong appe-

tite-suppressing consequences of liraglutide remained during

acute PVHGlp1r silencing, indicating that these neurons are

either dispensable or act redundantly for the anorectic actions

of this drug. Supporting this finding is recent work showing

that liraglutide failed to elicit Fos activity in the PVH, while the

large majority of induction occurs in Glp1r-bearing hindbrain

neurons (Adams et al., 2018). Future studies focusing on

discrete Glp1r-expressing groups of the area postrema, lateral

parabrachial nucleus, and nucleus of the solitary tract will

be necessary in pinpointing a mechanistic framework for the

anorectic effects of liraglutide.

A Holistic View of the PVH in Governing Appetite
Feeding is an innate yet intricate set of physiological, chemosen-

sory, andmotor actions ultimately culminating in caloric balance.

The PVH serves as a vital integration node for modulating food

intake as it receives multiple streams of information from

ascending and descending pathways while projecting to

numerous downstream targets. The cellular heterogeneity of

this nucleus has complicated our ability to decipher its functional

processes. Using a suite of molecular techniques, we surveyed
Cell Metabolism 29, 1–14, March 5, 2019 11
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in vivo cellular dynamics to demonstrate clear differences

between PVH subsets across the fasting-feeding transition.

Despite our identification of genetically marked cell populations

that respond acutely to food in a state-dependent fashion, much

remains to be learned about the functional organization and pre-

cise contexts in which the diverse neurons residing here operate.

It is possible that explicit cells encode disparate phases of con-

sumption including meal initiation, planning, satiation, and meal

termination. Appetite suppression can take many forms, either

directly in meeting caloric equilibrium via cephalic and/or satiety

feedback loops or indirectly due to a multitude of responses

including stress, anxiety, sickness, or arousal. Determining the

physiological role of individual PVH neurons to a battery of inter-

nal and external stimuli, as well as identifying unique markers

designating these specific response properties, will be impera-

tive in our understanding of this complex nucleus and targeting

it for physiologic benefit.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-c-Fos rabbit Millipore-Sigma ABE457; RRID: AB_2631318

Anti-c-Fos rabbit Cell Signaling 2250; RRID: AB_2247211

Anti-GFP chicken Life Technologies A10262; RRID: AB_2534023

Anti-tdTomato Kerafast EST203; RRID: AB_2732803

Anti-Oxytocin Peninsula Laboratories T4084; RRID: AB_518524

Bacterial and Virus Strains

AAV1-CAG-FLEX-GCaMP6s-WPRE-SV40; AAV-DJ-CMV-

DIO-eGFP-2A-TeNT Stanford Viral Core GVVCAAV-71

Chen et al., 2015 Penn Vector Core AV-1-PV2818

pAAV8-hSyn-DIO-hM3D(Gq)-mCherry Krashes et al., 2011 Addgene Viral Core 44361

pAAV8-hSyn-DIO-hM4D(Gi)-mCherry Krashes et al., 2011 Addgene Viral Core 44362

pAAV8-hSyn-dF-HA-KORD-IRES-mCitrine Vardy et al., 2015 Addgene Viral Core 65417

AAV5-EF1a-DIO-EYFP-WPRE-pA Tye et al., 2013 UNC Vector Core

AAV-DJ-CMV-DIO-eGFP-2A-TeNT Similar to Campos et al., 2018 Stanford Viral Core GVVCAAV-71

Chemicals, Peptides, and Recombinant Proteins

Clozapine-N-Oxide Gift from Bryan Roth N/A

Saline Medline DYND1000

Liraglutide Gift from Randy Seeley N/A

Ghrelin Abcam ab120231

SALB Gift from Bryan Roth N/A

DMSO Sigma-Aldrich 472301

Critical Commercial Assays

RNAscope Probes N/A N/A

Mm-GLP1R Advanced Cell Diagnostics 418851

Mm-GLP1R-C2 Advanced Cell Diagnostics 418851-C2

Mm-CRH-C2 Advanced Cell Diagnostics 31609-C2

Mm-MC4R Advanced Cell Diagnostics 402741

Mm_MC4R-C2 Advanced Cell Diagnostics 319181-C2

Experimental Models: Organisms/Strains

Glp1r-ires-Cre Gift from Steve Liberles JAX_029283

Mc4r-T2a-Cre Gift from Brad Lowell JAX_030759

Oxt-ires-Cre Gift from Brad Lowell JAX_024234

Crh-ires-Cre Gift from Brad Lowell N/A

Cg-Gt(ROSA)26Sortm3(CAG-EYFP) The Jackson Laboratory JAX_007903

Cg-Gt(ROSA)26Sort63(CAG-ZsGreen) The Jackson Laboratory JAX_007906

Software and Algorithms

Prism 7.0 GraphPad https://www.graphpad.com/scientific-

software/prism/

Synapse/Browser Tucker-Davis Technologies https://www.tdt.com/fiber-photometry-

rz5p.html

Image Processing and Analysis in Java Image J https://imagej.nih.gov/ij/

pClamp10.3 (Clampfit/Clamp Ex) Molecular Devices https://www.moleculardevices.com/

products/axon-patch-clamp-system/

acquisition-and-analysis-software/

pclamp-software-suite#gref

Ethovision XT 10 Noldus Technology https://www.noldus.com/animal-behavior-

research/products/ethovision-xt
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to andwill be fulfilled byMichael J. Krashes (michael.

krashes@nih.gov).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
Glp1r-ires-Cre (Williams et al., 2016),Mc4r-T2a-Cre (Garfield et al., 2015),Oxt-ires-Cre (Wu et al., 2012),Crh-ires-Cre (Krashes et al.,

2014), B6.Cg-Gt(ROSA)26Sortm6(CAG-ZsGreen1)Hze/J (Ai6-ZsGreen) (Madisen et al., 2010), B6.Cg-Gt(ROSA)26Sortm3(CAG-EYFP)Hze/J

(Ai3-EYFP) (Madisen et al., 2010) micewere generated andmaintained as previously described. All mice are on aC57B6 background.

To generate reporter mice Glp1r-ires-Cre, Mc4r-T2a-Cre, Oxt-ires-Cre or Crh-ires-Cre animals were crossed with Ai6-ZsGreen or

Ai3-EYFP animals. All animal care and experimental procedures were approved by the National Institute of Health Institutional Animal

Care and Use Committee. Mice were housed at 22–24�C with a 12 h light:12 h dark cycle with standard mouse chow (Teklad F6

Rodent Diet 8664; 4.05 kcal g�1, 3.3 kcal g�1 metabolizable energy, 12.5% kcal from fat; Harlan Teklad) and water provided ad

libitum. All diets were provided as pellets. For all behavioral studies male and female mice between 6–20 weeks were used. For

electrophysiological studies male and female mice between 4–10 weeks were used.

METHOD DETAILS

Brain Tissue Preparation
Mice were terminally anesthetized with chloral hydrate (Sigma Aldrich) and transcardially perfused with phosphate-buffered saline

(PBS) followed by 10% neutral buffered formalin (Fisher Scientific). Brains were extracted, cryoprotected in 20% sucrose, and

sectioned coronally on a freezing sliding microtome (Leica Biosystems) at 30, 40 or 50 mm and collected in four equal series.

Immunohistochemistry
Brain sections were washed in 0.1 M phosphate-buffered saline with Tween-20, pH 7.4 (PBST), blocked in 3% normal goat serum/

0.25% Triton X-100 in PBS for 1 hour at room temperature and then incubated overnight at room temperature in blocking solution

containing primary antiserum rabbit anti-c-Fos, Millipore-Sigma, 1:1000; rat anti-tdTomato, Kerafast, 1:1000; chicken anti-GFP,

Life Technologies, 1:1,000; rabbit anti-oxytocin, Peninsula Laboratories, 1:1000. The nextmorning sectionswere extensively washed

in PBS and then incubated in Alexa fluorophore secondary antibody (Molecular Probes, 1:1000) for 2 h at room temperature. After

several washes in PBS, sections were mounted onto gelatin-coated slides and fluorescent images were captured with an Olympus

VS120 slide scanner microscope and/or Zeiss Observer Z1 confocal microscope.

DAB Staining

Floating sections were incubated with 1% H2O2 in PBS to remove endogenous peroxidase activity. The sections were then washed

with PBS and the pre-incubated in a blocking buffer consisting of PBSwith 0.3% triton and 3% normal donkey serum. Sections were

then incubated with rabbit monoclonal anti-c-fos primary antibody at 1:2000 dilution (Cell Signaling, Cat. 2250,) overnight at room

temperature. Sections were washed extensively in PBS and then incubated with biotinylated donkey anti-rabbit antibody (1:4000;

Jackson Laboratories, 711-065-152) for 2 hours. c-foswas visualized by a chromogenic reaction using the DAB kit from Thermofisher

(Cat. 34065). Slides were then dried and mounted in DPX Mounting medium (Electron Microscopy Science) and images were

captured with a Keyence BZ-X710 microscope.

RNAScope In Situ Hybridization (ISH)
Micewere deeply anesthetized with isoflurane and brains were harvested and flash frozen in 2-methylbutane. Brains were then cut as

16 mm sections onto glass slides and then stored at -80�C until processed for in situ hybridization using RNAscope technology. The

probes were purchased from Advanced Cell Diagnostics, and the assays were performed according to the manufacturer’s protocol.

The sections were fixed in cold 10% formalin for 1 hour, followed by dehydration in 50% and 75% ethanol for 5 minutes each, and

100% ethanol twice. Sections were dried at 40C for 30 min before proceeding with hybridization.

For fluorescent staining, the RNAscope Fluorescent Multiplex Reagent Kit (320850) was used. The sections were pretreated in pro-

tease IV for 30minutes, washed 2 times in PBS, and incubated with the desired probes for 2 hours at 40C in the EZ Hybridization oven

(ACD, 310010). Theslideswerewashed2 times in1xwashbuffer (ACD, 310091) for 2minuteseach.Sectionswere incubatedwithAmp1

for 30 min, Amp2 for 15 min, Amp 3 for 30 min, and Amp4 for 15 min. There were 2 washes between each amplification, and all ampli-

fications were performed at 40�C in the EZ Hybridization oven. Slides were mounted in Prolong Gold Anti-fade reagent (Invitrogen).

For chromogen staining, the RNAscope 2.5 HD Duplex Reagent Kit (ACD 320701) was used. The sections were treated with H2O2

for 10 min and then incubated with the protease K IV for 30 min. After hybridization with probes, the sections were washed 2 times,

followed with amplification from Amp1 to Amp6 with 2 washes in between. To detect the red signal component, Red-B was diluted

1:60 in component Red-A and incubated on the tissue for 10 minutes at room temperature. Slides were rinsed two times in water to

stop the chromogen reaction. Amplification continued with Amp7 through Amp10, followed by detection of the green signal, which

was achieved by diluting component Green-B 1:50 in component Green-A and incubating for 10 minutes at room temperature.
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Counterstaining was performed by immersing the slides in 50% hematoxylin for 30 seconds. The slides were then dried andmounted

in VectaMount mounting medium (Vector Laboratories).

Fos Studies and Colocalization Counts
Glp1r-ires-Cre; Ai3-EYFP, Glp1r-ires-Cre; Ai6-EYFP, Mc4r-T2a-Cre; Ai3-EYFP, Mc4r-T2a-Cre; Ai6-EYFP, Oxt-ires-Cre; Ai3-EYFP,

Oxt-ires-Cre; Ai6-EYFP, Crh-ires-Cre; Ai3-EYFP and Crh-ires-Cre; Ai6-EYFP and wildtype animals were used for these analyses.

Brainswere sectioned at 40 um into 4 series. Each group (genotype and condition) had tissue from 3 independent animals. Two series

from each animal spanning the entire PVH were used for quantification analyses (�8 sections per series from -0.58 to -1.22 mm to

Bregma). GFP andOxytocin or GFP and Fos colocalization counts were performed using the Cell Counter feature on ImageJ (v. 1.48).

DAB images were aligned to PVH regional boundaries from ‘‘The Mouse Brain in Stereotaxic Coordinates’’ by Franklin and Paxinos

(2008). Detailed experimental procedures for Fos studies are provided below.

Fasted versus Refed Condition

All animals used for these analyses were males to exclude any Fos induction due to cycling. Mice were socially isolated for at least

1 week to acclimate for social stress. Mice were handled daily and euthanized in their homecages to assuage experimenter-related

stress responses. Additionally, all mice had ad libitumwater access and nesting material for the duration of the experiment to control

for Fos induction due to thirst or thermogenesis. All animals were food-deprived for 24 hours. Fasted mice were then euthanized in

this state near the beginning of the light cycle. Refedmice were given access to chow pellets for 2 or 8 hours near the beginning of the

light cycle and were euthanized immediately following this refeeding period. Ad libitum food access mice were euthanized near the

beginning of the light cycle.

Slice Whole-Cell Electrophysiology
Male mice of age 5-9 weeks were either fasted overnight, or fasted overnight and allowed to feed for 2 hours prior to decapitation

under isoflurane anesthesia. Brains were rapidly removed and placed in ice-cold sucrose artificial cerebrospinal fluid (ACSF): (in

mM) 194 sucrose, 20 NaCl, 4.4 KCl, 2 CaCl2, 1 MgCl2, 1.2 NaH2PO4, 10.0 glucose, and 26.0 NaHCO3 saturated with 95%

O2/5% CO2. Three hundred micron slices were prepared using a Leica VT1000 vibratome (Wetzlar, Germany).

Brain slices containing the PVHwere obtained and stored at approximately 30�C for an hour in a heated, oxygenated holding cham-

ber containing artificial cerebrospinal fluid (ACSF) (in mmol/L) 124NaCl, 4.4 KCl, 2 CaCl2, 1.2MgSO4, 1 NaH2PO4, 10.0 glucose, and

26.0 sodium bicarbonate. They were then transferred to a submerged recording chamber maintained at approximately 30�C (Warner

Instruments, Hamden, Connecticut) for around 30 min before recording. Recording electrodes (3–5 MU) were pulled with a Flaming-

BrownMicropipettePuller (Sutter Instruments,Novato,CA), using thin-walledborosilicate glasscapillaries. During inhibitory transmis-

sion experiments, recording electrodes were filled with (in mmol/L) 135 K+-gluconate, 5 NaCl, 2 MgCl2, 10 HEPES, 0.6 EGTA, 4 ATP,

0.4 GTP, pH 7.4, 290 to 295 mOsmol. All experiments were conducted under the current clamp configuration. For recording basal

properties of PVHGlp1r neurons,Glp1r-ire-Cremice received bilateral viral injection of AAV5-EF1a-DIO-eYFP in the PVHallowing iden-

tification of PVHGlp1r neurons for electrophysiological recordings. Signals were acquired via a Multiclamp 700B amplifier (Molecular

Devices, Sunnyvale, California), digitized at 20 kHz, filtered at 3 kHz, and analyzed using Clampfit 10.2 software (Molecular Devices).

The position of each cell was mapped to brain schematics from the ‘‘Paxinos and Franklin’s the Mouse in Stereotaxic Coordinates’’

atlas. Experiments inwhichchanges in access resistanceweregreater than20%before andafter theexperimentswerenot included in

the data analysis. For recording CNO-mediated effects of PVHGlp1r neurons, Glp1r-ire-Cre mice received bilateral viral injection of

either pAAV8-hSyn-DIO-hM3D(Gq)-mCherry or pAAV8-hSyn-DIO-hM4D(Gi)-mCherry in the PVH allowing identification of PVHGlp1r

neurons for electrophysiological recordings. CNO was washed on at 10mM to demonstrate the functionality of DREADD.

Viral Injections
Stereotaxic injections were performed as previously described (Krashes et al., 2011) Mice were anaesthetized with isoflurane and

placed into a stereotaxic apparatus (Stoelting Just for Mice). For postoperative care, mice were injected intraperitoneally with

meloxicam (0.5 mg per kg). After exposing the skull via small incision, a small hole was drilled for injection. A pulled-glass pipette

with 20–40 mm tip diameter was inserted into the brain and virus was injected by an air pressure system. A micromanipulator (Grass

Technologies, Model S58 Stimulator) was used to control injection speed at 25 nl min�1 and the pipette was withdrawn 5 min

after injection. For electrophysiology experiments, AAV5-EF1a-DIO-EYFP-WPRE-pA, pAAV8-hSyn-DIO-hM3D(Gq)-mCherry or

pAAV8-hSyn-DIO-hM4D(Gi)-mCherry was bilaterally injected into the PVH (25-50 nl, bregma: AP: �0.70 mm, DV: �4.70 mm,

L: +/�0.20 mm). For fiber photometry experiments, AAV1-CAG-FLEX-GCaMP6s-WPRE-SV40 was unilaterally injected into the

PVH (25-50 nl, bregma: AP: �0.70 mm, DV: �4.70 mm, L: +/�0.20 mm). For chemogenetic experiments, pAAV8-hSyn-DIO-

hM3D(Gq)-mCherry, pAAV8-hSyn-DIO-hM4D(Gi)-mCherry or pAAV8-hSyn-dF-HA-KORD-IRES-mCitrine was bilaterally injected

into the PVH (25-50 nl, bregma: AP: �0.70 mm, DV: �4.70 mm, L: +/�0.20 mm). For chronic neural perturbation experiments

AAV-DJ-CMV-DIO-eGFP-2A-TeNT or AAV5-EF1a-DIO-EYFP-WPRE-pA was bilaterally injected into the PVH (25-50 nl, bregma:

AP: �0.70 mm, DV: �4.70 mm, L: +/�0.20 mm).

Optic Fiber Implantation
For fiber photometry experiments, optical fibers (fiber: core = 400 mm; 0.48 NA; M3 thread titanium receptacle; Doric Lenses) were

implanted unilaterally over the PVH (25-50 nl, bregma: AP:�0.80mm, DV:�4.60/-4.65 mm, L: +/�0.20 mm). Fibers were fixed to the
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skull using C&B Metabond Quick Cement and dental acrylic and mice were allowed 2 weeks for recovery before acclimatization

investigator handling (12 h light/dark cycle starting at 6am) for 1 week before experiments.

In Vivo Fiber Photometry
Recordings started 4-6 weeks after cranial surgeries to allow for adequate recovery and viral expression. All recordings were done in

the home cage of the individually-housed experimental animal near the beginning of the light cycle. Mice were allowed to adapt to the

tethered patchcord for 2 days prior to experiments (core = 400 mm; 0.48 NA; M3 connector; Doric Lenses) and given 10 minutes to

acclimate to the tethered patchcord prior to any recording. Continuous <20 mWblue LED at 470 nm and UV LED at 405nm served as

excitation light sources, driven by a multichannel hub (Thorlabs), modulated at 211hz and 511hz respectively, and delivered to a

filtered minicube (FMC5, Doric Lenses) before connecting through optic fibers to a rotary joint (FRJ 1 3 1, Doric Lenses) to allow

for movement GCaMP6s calcium GFP signals and UV autofluorescent signals were collected through the same fibers back to the

dichroic ports of the minicube into a femtowatt silicon photoreceiver (2151, Newport). Digital signals were then demodulated, ampli-

fied, and collected through a lock-in amplifier (RZ5P, Tucker-Davis Technologies). Data was collected through the software Synapse

(TDT), exported via Browser (TDT), and analyzed in Microsoft Excel. Synchronized multi-angled high definition videos were recorded

for time-locked data analysis in Synapse.

Of note, we did not anesthetize the mice before connecting them to the photometry rig. To minimize contamination of the signal by

dust in the light path, we cleaned the fiberoptic on the mouse with connector cleaning sticks (MCC25) and precision fiber cleaning

fluid (Thorlabs FCS4) or 70%ethanol before each recording. A syringe needle was used to pick out debris which occasionally became

stuck in the sleeve. For comparison of data across different days, we let the mouse express virus for at least 4-6 weeks prior to

experiments, which allows GCaMP6s expression to stabilize.

Chow/Object/HFD Presentation

A 10-minute baseline recordingwas performed in fasted (overnight food-deprived; 16 hr) or fed (ad libitum food access) mice before a

1) chow pellet, 2) non-salient, non-edible object (cap of 15 mL Falcon tube) or 3) pellet (60 kcal% fat HFD; Research Diets D12492i)

was introduced into the animal’s cage and the response was recorded for a minimum of 5 minutes after presentation. Importantly, all

animals were acclimated to chow pellets, the non-salient, non-edible object and HFD pellets prior to the recordings to eliminate

novelty responses. Each animal was tested for the response to food or object in both the fasted and fed conditions.

Inaccessible Food

A 10-minute baseline recording was performed in fasted (overnight food-deprived; 16 hr) mice before a caged chow pellet enclosed

in a Teaball (Yinggesi Premium Stainless-Steel Tea Filter) was introduced into the cage. This specific presentation allows for the

sensory detection of food through visual and olfactory cues but restricts consumption. After 20minutes, the chowpellet was uncaged

from the Teaball and the animals were given access to the food inside for another 20 minutes. Importantly, all animals were

acclimated to chow pellets and the Teaball prior to the recordings to eliminate novelty responses.

Ghrelin/Saline Injections

A 10-minute baseline recording was performed in fed (ad libitum food access) mice before an intraperitoneal injection of saline (200

uL) or ghrelin (60 ug/mouse using PBS as vehicle at a total volume of 200 uL) was administered. Neural activity was recorded for

another 10 minutes and food intake was assessed at the conclusion of the experiment to ensure the orexigenic properties of ghrelin

were intact.

Photometry Analysis

Data were down sampled to 8Hz and signals were normalized against the mean of 5 min baseline (F0) before stimulus presentation

(time = 0) to calculate Fn = F(t)/F0. Quantified data were compared using DF = (F(t)-F0)/F0 of 5 min window means before and after

time 0. Additional analyses were performed for 1) the Glp1r HFD fed condition experiment (Figure S5G) and 2) the Mc4r chow fasted

condition experiment (Figure S5M) whereby quantification comparison was made using 2 min windows immediately before and after

time 0, HFD vs object and chow vs object, respectively.

Body Composition Analysis
Measures of fat and lean body mass were determined in live mice using quantitative magnetic resonance (QMR) spectroscopy

(EchoMRI 3-in-1, EchoMRI) (Taicher et al., 2003).Weeklymeasurements from each experimental groupwere taken across 16weeks.

Indirect Calorimetry
Energy expenditure was assessed by measuring oxygen consumption as previously described (Garfield et al., 2015; Krashes et al.,

2011) using a comprehensive lab animal monitoring system (CLAMS; Columbus Instruments). Briefly, food was removed near the

beginning of the light cycle and animals were injected with saline or CNO (1 mg/kg) in a crossover design and data was collected

over the entire light cycle. Food was returned at the onset of the dark cycle.

Chemogenetic Food Intake Studies
Food intake studies on chow were performed as previously described (Garfield et al., 2015; Krashes et al., 2011) All animals were

singly housed for at least 2.5 weeks following surgery and handled for 10 consecutive days before the assay to reduce stress

response. Studies were conducted in a homecage environment with ad libitum food access. A full trial consisted of assessing

food intake from the study subjects after they received injections of saline or CNO (0.3mg/kg) in a crossover design across the course
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of 3 days to ensure the effects of CNO-mediated stimulation had dissipated. Mice with ‘missed’ injections or expression outside the

area of interest were excluded from analysis after post hoc examination of mCherry expression. In this way, all food intake measure-

ments were randomized and blind to the experimenter.

Dark-cycle hM3Dq feeding studies were conducted between 6:00pm to 9:00pm and food intake was monitored 0.5 h, 1 h, 2 h and

3 h after i.p. injection. For post-fast refeed hM3Dq studies, animals were fasted overnight at 5:00pm and food returned the following

morning at 9:00am. Food intake was monitored 0.5 h, 1 h, 2 h and 3 h after i.p. injection. Light-cycle hM4Di feeding studies were

conducted in calorically replete ad libitum fed mice between 9:00am to 12:00pm and food intake was monitored 0.5 h, 1 h, 2 h

and 3 h after i.p. injection.

Mice injected with KORDwere housed in custom-built cages equipped with a feeding experimental device (FED) for accurate, real-

time measurements of food intake (Nguyen et al., 2016), an infrared light-penetrable shelter, a water bottle and a ceiling mounted

camera to allow for animal tracking throughout the arena. Designated FED and Home Zones were drawn around the FED and shel-

ters, respectively using Noldus Tracking Software. All experiments were conducted during the light cycle between 9:00am and

10:00am. Each individual animal was tested under 5 independent conditions in a crossover design: 1) ad lib fed administered the

vehicle DMSO, 2) ad lib fed administered the KORD ligand SALB, 3) ad lib fed administered SALB pre-treated with liraglutide, 4)

fasted administered DMSO and 5) fasted administered DMSO pre-treated with liraglutide. SALB (10 mg/kg) or DMSO were admin-

istered subcutaneously. Lira (200 ug/kg BW) was delivered subcutaneously 1 hour before the initiation of the experiment. Peripheral

doses were chosen based on previously demonstrated anorectic efficacy (Burmeister et al., 2017; Sisley et al., 2014). Food intake

was automatically registered by the FED and confirmed via recorded video. All behavior was recorded and scored using EthoVision

XT 10 Software (Noldus).

Progressive Ratio Task
Fully acclimated and handledmice weremaintained at 85%of their respective body weights during the training protocol in the testing

chamber (Noldus Phenotyper) where familiarity of the pellet delivery (active versus non-active nosepoke) and food retrieval systems

(pellet dispenser into dish) were obtained. Training sessions took place over 5 consecutive days on a fixed ratio 1 (FR1) schedule.

To continue training, each animal had to consume at least 5 pellets (20 mg grain pellets; TestDiet) during each two-hour session.

After 5 training sessions, animals that were not nosepoking sufficiently to earn at least 5 pellets were eliminated from the study.

For PVHGlp1r neuron silencing experiments, breakpoint testing was performed on a progressive ratio 2 (PR2) schedule, such that

each successive food pellet increased the nosepoke schedule by two additional responses. Breakpoint was defined as themaximum

number of consecutive nosepokes an animal performed to procure a single food pellet. Mice received either an intraperitoneal saline

or CNO (0.3 mg/kg) injection immediately before being placed in the test chamber.

Corticosterone Assay
All experiments were performed in ad libitum fed animals near the beginning of the light cycle. Food was removed 2 hours prior to

intraperitoneal injection with CNO or saline in a crossover design across the course of 3 days to ensure the effects of CNO-mediated

stimulation had dissipated. One hour after injection, micewere restrained, and tail vein blood collected. Serumwas analyzed for corti-

costerone content using a solid-phase ELISA according to the manufacturer’s protocol (IBL-America).

Open Field Assay
Experiments were performed as previously described (Burnett et al., 2016). Briefly, mice received injections of saline or CNO

(0.3 mg/kg) in a crossover design, 10 minutes before being placed in the open field apparatus during a 10-min trial. This experiment

was repeatedwith the opposite treatment 1 week later to limit sensitization to the chamber. The open field arena (Stoelting) measured

40x40x35cm. A square sector designated as the center zone was measured at 20x20x35cm in the center of the chamber. All trials

were recorded on video using EthoVision XT 10 (Noldus).

TeNT Cell Counts
Glp1r-ires-Cre, Mc4r-T2a-Cre, Oxt-ires-Cre and Crh-ires-Cre animals bilaterally injected with AAV-DJ-CMV-DIO-eGFP-2A-TeNT

were used for these analyses. Brains were sectioned at 50 um into 4 series. Two series from each animal spanning the entire

PVH were used for quantification analyses (�6-7 sections per series from -0.58 to -1.22 mm to Bregma). GFP cell counts were

performed using the Cell Counter feature on ImageJ (v. 1.48).

QUANTIFICATION AND STATISTICAL ANALYSIS

An online power and sample size calculator was used to determine an effective sample size for statistical comparison http://

powerandsamplesize.com). Statistical parameters and n values are indicated in figure legends and below. Briefly, we usedGraphPad

Prism 7.0 software for data quantification and the generation of graphs. We used t-test to compare data within two groups (paired vs

unpaired based on same vs different mice/cells) or One-way ANOVA followed by Turkey’smultiple comparisons test for comparisons

between 3 or more groups. Error bars represent ± SEM.
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Figure	S1.	Related	to	Figure	1.	Fos	Induction	Across	Demarcated	Regions	of	the	PVH	in	Fasted	
Versus	Refed	Animals.	
A.	Representative	images	of	Fos	induction	in	defined	regions	of	the	PVH	aligned	to	The	Mouse	
Brain	in	Steroetaxic	Coordinates	by	Franklin	and	Paxinos;	PaAP	anterior	parvicellualr,	PaMM	
medial	magnocellular,	PaV	ventral,	PaLM	lateral	magnocellular,	PaDC	dorsal	cap,	PaMP	medial	
parvicellular,	PaPo	post.	
B.	Representative	images	of	Fos	induction	in	the	ARC.	
 





Figure	S2.	Related	to	Figure	2.	Quantitative	Coexpression	of	Molecularly-Defined	
Subpopulations	of	the	PVH.	
A.	Representative	images	and	percentage	of	overlap	between	PVHGlp1r	and	PVHOxt	cells.	
B.	Representative	images	(right	panel;	magnified	view)	and	percentage	of	overlap	between	
PVHGlp1r	and	PVHCrh	cells.	
C.	Representative	images	(right	panel;	magnified	view)	and	percentage	of	overlap	between	
PVHGlp1r	and	PVHMc4r	cells.	
D.	Representative	images	and	percentage	of	overlap	between	PVHMc4r	and	PVHOxt	cells.	
E.	Representative	images	(right	panel;	magnified	view)	and	percentage	of	overlap	between	
PVHMc4r	and	PVHCrh	cells.	
F.	Representative	images	and	percentage	of	overlap	between	PVHCrh	and	PVHOxt	cells.	
Scale	bars	represent	25mm.	
G.	2	hour	food	intake	in	Refed	mice	across	genotypes.	
H.	8	hour	food	intake	in	Refed	mice	across	genotypes.	
I-J.	Quantification	of	total	number	of	(I)	PVHGlp1r	or	(J)	PVHMc4r	cells	expressing	Fos	in	Fasted,	8	
hr	Refed	or	Ad	libitum	food	access	conditions.	n=3	per	group,	values	are	means	±	SEM.	*p<0.05,	
**p<0.01,	***p<0.001.	
 





Figure	S3.	Related	to	Figure	2.	Anatomical	map	of	PVHGlp1r,	PVHMc4r,	PVHOxt	and	PVHCrh	
expression	and	state-dependent	Fos	induction.	
A-D.	Caudal	(top)	to	rostral	(bottom)	representative	images	of	(A)	PVHGlp1r,	(B)	PVHMc4r,	(C)	
PVHOxt	and	(D)	PVHCrh	neurons	(Left	panels).	Schematic	representing	relative	anatomical	
positions	throughout	the	PVH	of	Fos	induction	in	each	subtype	in	Fasted	(left)	versus	2	hr	Refed	
(right)	conditions.	Each	yellow	dot	represents	approximately	10	colocalized	cells	(Right	panels).	
Scale	bars	represent	25mm.	
 





Figure	S4.	Related	to	Figure	3.	State-Dependent	Electrical	Properties	of	PVHGlp1	Neurons.	
A.	Representative	anatomical	position	of	each	recorded	cell	(circles=Fasted,	n=27;	
squares=Refed,	n=27)	across	the	PVH.	
B-D.	PVHGlp1	neurons	exhibited	comparable	measurements	of	(B)	membrane	capacitance,	(C)	
membrane	resistance,	(D)	holding	current	and	(E)	resting	membrane	potential	between	Fasted	
and	Refed	states,	values	are	means	±	SEM.	
 





Figure	S5.	Related	to	Figure	4.	Sensory	Detection	of	Food	Rapidly	Regulates	PVH	
Subpopulations.	
A.	Schematic	of	fiber	photometry	setup.	
B-D.	Plot	of	calcium	(green)	and	UV	(violet)	signals	from	PVHGlp1r	neurons	of	fasted	animals	
aligned	to	the	time	of	presentation	of	a	(B)	chow	pellet	or	(C)	inedible	object,	demonstrating	
little	to	no	movement	artifacts	or	signal	decay.	(D)	Overlay	of	UV	channels	from	independent	
chow	versus	object	presentation	experiments.	Light	color	tones	indicate	SEM.		
E-F.	Calcium	signals	of	PVHGlp1r	neurons	aligned	to	the	initiation	of	feeding	in	fasted	animals	
exposed	to	a	(E)	chow	(F)	HFD	pellet.	
G.	Quantification	of	PVHGlp1r	fluorescence	changes	in	fed	animals	2	min	after	presentation	of	an	
inedible	object	versus	HFD	pellet.	
H.	Calcium	signals	of	PVHGlp1r	neurons	aligned	to	the	initiation	of	feeding	in	fed	animals	exposed	
to	a	HFD	pellet.	
I.	Calcium	signals	of	PVHGlp1r	neurons	aligned	to	the	time	of	saline	or	ghrelin	injection.	
J.	Quantification	of	PVHGlp1r	fluorescence	changes	10	min	after	saline	or	ghrelin	injection.	
K.	10	min	food	intake	following	saline	or	ghrelin	injection	in	Glp1r-ires-Cre	mice.	
L.	Calcium	signals	of	PVHMc4r	neurons	aligned	to	the	initiation	of	feeding	in	fasted	animals	
exposed	to	a	chow.	
M.	Calcium	signals	of	PVHMc4r	neurons	aligned	to	the	time	of	saline	or	ghrelin	injection.	
N.	Quantification	of	PVHMc4r	fluorescence	changes	10	min	after	saline	or	ghrelin	injection.	
O.	10	min	food	intake	following	saline	or	ghrelin	injection	in	Mc4r-t2a-Cre	mice.	
P.	Calcium	signals	of	PVHMc4r	neurons	in	fasted	mice	presented	first	with	caged	chow	
(inaccessible	period	0-20	min)	and	then	available	chow	(accessible	period	20-40	min).	
Q.	Quantification	of	fluorescence	changes.	Times	shown	are	5	min	windows	before,	
immediately	after	and	15-20	min	after	inaccessible	food	presentation,	immediately	after	and	
15-20	min	after	accessible	food	access.	
R.	Calcium	signals	of	PVHOxt	neurons	aligned	to	the	initiation	of	feeding	in	fasted	animals	
exposed	to	a	chow.	
S.	Calcium	signals	of	PVHCrh	neurons	aligned	to	the	initiation	of	feeding	in	fasted	animals	
exposed	to	a	chow.	
T.	Optical	fiber	position	across	all	mice	used	for	photometry	experiments. 





Figure	S6.	Related	to	Figures	5	and	6.	CNO	Administration	Did	Not	Alter	Food	Intake	in	
Calorically-Deprived	or	Sated	Animals	While	Physiological	Hunger	Induced	Appetite-Related	
Behavioral	Changes.	
A.	Brain	schematic	of	viral	injection.	
B-C.	Non-Cre-expressing	mice	exhibit	comparable	(B)	dark	cycle	food	intake	and	(C)	re-feeding	
following	an	overnight	fast	after	injection	with	either	saline	or	CNO.	
D.	Brain	schematic	of	viral	injection.	
E.	Non-Cre-expressing	mice	exhibit	light	cycle	food	intake	and	after	injection	with	either	saline	
or	CNO.	
F-J.	Food-deprivation	but	not	chemogenetic	silencing	of	PVHGlp1r	neurons	significantly	(F)	
increased	FED	zone	entries,	(G)	total	distance	traveled	and	(H)	velocity,	decreased	(I)	duration	
spent	in	the	home	zone	and	had	no	effect	(J)	home	zone	entries,	effects	that	were	reversed	
upon	liraglutide	pretreatment,	n=10,	values	are	means	±	SEM.	*p<0.05,	**p<0.01,	***p<0.001. 





Figure	S7.	Related	to	Figure	7.	Tetanus	Toxin	Virus	Alone	Failed	to	Induce	Obesity	
A-D.	Permanent	silencing	of	(A)	PVHGlp1r	or	(B)	PVHMc4r	but	not	(C)	PVHOxt	or	(D)	PVHCrh	neurons	
significantly	enhanced	fat	mass	and	lean	mass	compared	to	mice	transduced	with	GFP		
E.	(Left	panel)	Brain	schematic	of	viral	injection.	(Right	panels)	Injection	of	either	eGFP-2a-TeNT	
or	GFP	in	wildtype	animals	resulted	in	comparable	levels	of	body	weight,	fat	mass,	lean	mass	
and	food	intake.	n=or>6	per	group,	values	are	means	±	SEM.	*p<0.05,	**p<0.01,	***p<0.001,	
****p<0.0001. 
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