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SUMMARY

The obesity epidemic is principally driven by the consumption of more calories than the body requires. It is
therefore essential that the mechanisms underpinning feeding behavior are defined. Neurons within the
brainstem dorsal vagal complex (DVC) receive direct information from the digestive system and project to
second-order regions in the brain to regulate food intake. Although y-aminobutyric acid is expressed in
the DVC (GABAPY©), its function in this region has not been defined. In order to discover the unique gene
expression signature of GABAPYC cells, we used single-nucleus RNA sequencing (Nuc-seq), and this re-
vealed 19 separate clusters. We next probed the function of GABAPVC cells and discovered that the selective
activation of GABAPV® neurons significantly controls food intake and body weight. Optogenetic interrogation
of GABAPYC circuitry identified GABAPY® — hypothalamic arcuate nucleus (ARC) projections as appetite
suppressive without creating aversion. Electrophysiological analysis revealed that GABAPY® — ARC stimu-
lation inhibits hunger-promoting neuropeptide Y (NPY) neurons via GABA release. Adopting an intersectional
genetics strategy, we clarify that the GABAPYC — ARC circuit curbs food intake. These data identify GABAPVC
as a new modulator of feeding behavior and body weight and a controller of orexigenic NPY neuron activity,

thereby providing insight into the neural underpinnings of obesity.

INTRODUCTION

Obesity represents a key challenge to human health and is pri-
marily due to the consumption of calories in excess of the
body’s energy requirements. Eating is a complex behavior
that not only depends on the basic energy demands at a
cellular and organismal level but also the integration of internal
and environmental cues, the reward value of food, motivation,
and conditioning behavior."> The aim of the present study
was to probe neurocircuitry regulating feeding and body weight
with the objective of uncovering critical energy homeostasis
circuitry.

One of the primary nodes for the integration of energy-related
information from the periphery to the brain is the dorsal vagal
complex (DVC).® This region includes the area postrema, the nu-
cleus of the solitary tract (NTS), and the dorsal motor nucleus of
the vagus. The DVC contains a heterogeneous population of
neurons responsive to energy status.”® Subpopulations in-
fluencing energy balance include leptin receptor (LEPR),”"®
calcitonin receptor (CALCR),® glucagon-like peptide-1 rece-
ptor (GLP-1R),'%"? preproglucagon (PPG),'® tyrosine hyd-
roxylase (TH),'“~'® cholecystokinin (CCK),"”*'® prolactin-related

peptide,’®2! and proopiomelanocortin (POMC).?>2® Recent

studies using DVC single-nucleus RNA sequencing (Nuc-seq)
provide an expression map of these cellular populations, and
most were revealed to be glutamatergic.*>* However, very little
is known about the role of DVC inhibitory GABA-releasing clus-
ters (GABAPVC) in energy homeostasis. A report in rats indicated
that a subpopulation of DVC GLP-1R-expressing neurons
releasing GABA are necessary mediators for the anorectic ef-
fects of the obesity medication liraglutide."’ Therefore, DVC
GABAergic cells represent an intriguing and understudied
population of hindbrain cells and are the focus of the present
study.

In the regulation of feeding behavior, one of the most widely
studied projections from the NTS subregion of the DVC is to
the hypothalamus.'*""?°?® However, whether the hypothalam-
ic arcuate nucleus (ARC) receives direct GABAergic inhibitory
control from the NTS is not known. Within the ARC, there is a
subpopulation of potent orexigenic neurons expressing both
agouti-related peptide and neuropeptide Y (AgRP/NPY).?9%2
We hypothesized that GABAPYC neurons significantly regulate
feeding and body weight and project to and inhibit key food-
intake-stimulating AgRP/NPY cells.
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Figure 1. GABAPVYC activation reduces food intake and body weight

(A) tSNE plot of Sic32a1* neurons in the DVC colored by cluster.

(B) Dot plot showing scaled expression of marker genes for each of the 19 Sic32a71* clusters.

(C) tSNE pilot of the Slc32a1* nuclei colored by nutritional status.

(D) Schematic of the DVC with diagram showing AP, NTS, and DMV subregions.

(E) Representative photomicrograph (scale bars, 500 um) of GABAergic cell distribution in the medial brainstem (top) and in the DVC (bottom) using Vgat©ea7om
mice.

(F) Quantification of GABAergic cells expressing c-Fos following 16 h fasting and fasting + 2 h refeeding (n = 3, two-way ANOVA, bregma level: F(13 34 = 2.63;
p = 0.012; nutritional state: F(y 4 = 8.69; p = 0.042).

(G) Representative micrograph (scale bars, 200 um) of Vgat'@’°™ cells (red) expressing c-Fos (green) in mice fasted 16 h (top) and re-fed for 2 h (bottom) and
magnifications (scale bars, 100 um).

(legend continued on next page)
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RESULTS

Profile of GABAPVC cells via Nuc-seq

To provide the first detailed characterization of GABAPYC neu-
rons, we used a Nuc-seq dataset of the mouse DVC.* Neuronal
cells expressing transcripts for Sic32a1 (solute carrier family 32
member 1 or vesicular GABA transporter [Vgat]) were extracted
and re-clustered, consisting of 1,847 neurons that formed 19
clusters (Figure 1A; see Data S1 for more information). Of these
clusters, 2-Cacna2d1/Tmem163 expressed Vglut2 transcripts
and lower levels of Gad7 and Gad2. Low expression of classical
neurotransmitter-related genes was found in these GABAergic
neuronal clusters (Figure 1B). Adipocyte hormone leptin receptor
(Lepr) expression was identified in clusters 13-Onecut2/Lepr and
15-Ebf2/Acly (Figure 1B). Low-level expression of incretin recep-
tors GLP-1R and gastric inhibitory polypeptide receptor (GIPR)
was evident in several clusters (Figure S1A). Differential gene
expression analysis was performed on each cluster to identify
the effects of an overnight fast on transcript expression in DVC
GABAergic (Slc32a1+) neurons (Figures 1C and S1B; see Data
S2 for more information). Cluster 3-Dcc/Cdh8 displayed signifi-
cant upregulation in transcript expression in response to the
fast, however, 93.7% of this cluster originates from ad libitum-
fed animals. Significantly differentially regulated genes in
Slc32a1* neurons can be found in Figure S1C. These data indi-
cate minimal overlap with specific populations of DVC neurons
that have been previously described with regard to energy
balance.

GABAPVC cells are sensitive to energy status and
modulate food intake
We next examined the function of GABAPVC neurons. Visualiza-
tion of GABAPYC neurons was facilitated by crossing Vgat-ires-
Cre mice with Rosa26-tdTomato™" reporter mice (Vgat@™™,
Figures 1D and 1E). To establish whether these neurons are sen-
sitive to energy status, expression levels of the in vivo neuronal
activity marker c-Fos®® were quantified in mice that were over-
night fasted and in mice that were refed for 2 h after overnight
fasting. Refed mice showed significantly more c-Fos in the
NTS portion of the DVC (Figure S1D), and specifically within
NTS GABAergic cells, compared with fasted mice (Figures 1F
and 1G). This suggests that GABAPVC cells are responsive to
refeeding.

To determine whether GABAPYC neurons have a role in the
control of food intake, we used chemogenetic designer
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receptors exclusively activated by designer drugs (DREADD)
to manipulate GABAPYC cellular activity.>* Specifically, trans-
duction with AAVs delivering Cre-dependent expression of
stimulatory receptors using AAV8-hSyn-DIO-hM3DGq (GA-
BAPVC:hM3Dg mice), inhibitory receptors using AAV8-hSyn-
DIO-hM4DGi-mCherry (GABAPYC:hM4Di mice), or control using
AAV8-hSyn-DIO-mCherry (GABAPYC:mCherry) were bilaterally
injected into the DVC of Vgat®™ mice (Figure 1H). This allowed
modulation of GABAPYC neuron activity through administration
of the designer drug clozapine-N-oxide (CNO). Treatment with
CNO in GABAPVC:hM3Dq mice induced strong c-Fos expression
in the NTS (Figure 11). We next assessed the effect of the modu-
lation of GABAPYC on food intake in mice under different sce-
narios. In ad libitum fed mice, GABAPY®:hM3Dq chemogenetic
activation of GABAPVC cells significantly reduced overall food
intake during the dark cycle compared with control GABAPYC:
mCherry siblings (Figures 1J and S1E). Similarly, CNO cells’ acti-
vation reduced food intake in hunger-induced fasted GABAPVC:
hM3Dqg mice compared with control GABAPYC:mCherry mice
(Figures S1F and S1G). Conversely, chemogenetic inhibition of
GABAPVC cell in satiated GABAPYC:hM4Di mice during the light
cycle significantly increased food intake when compared with
satiated littermate GABAPYC:mCherry controls (Figure 1K).

Given the potent reduction of food intake produced by the
activation of GABAPYC neurons, we examined whether pro-
longed activation impacted body weight. Twice-daily adminis-
tration of CNO (Figure 1L) in GABAPYC:hM3Dq mice induced a
significant reduction in daily food intake (Figure 1M) and progres-
sive weight loss (Figures 1N and 10). Although feeding returned
to baseline levels 72 h after the final CNO administration, body
weight remained significantly lower in hM3Dg-expressing mice
compared with GABAPYC:mCherry controls (Figure 1N). In
contrast, prolonged GABAPVC neuronal inhibition did not induce
greater food intake (Figure S1H) nor changes in body weight (Fig-
ure S11) in GABAPYC:hM4Di mice compared with littermate
GABAPVYC:mCherry controls. These results indicate that selective
activation of GABAPYC neurons is sufficient to promote sustained
reductions in energy intake and body weight.

A recent report in rats indicated that inhibition of neurons ex-
pressing the GABA-producing enzyme glutamate decarboxy-
lase (GAD) in the NTS partially blunted the anorectic effect of
the GLP1-R agonist liraglutide."’ These data suggest that
GABANTS neurons contribute to the therapeutic effects of
GLP1-R agonists in rats. However, GLP-1R expression in rats
and mice differs, especially with regard to receptor density.**=’

(H) Schematic of AAV-DIO-hM3Dg/hM4Di/mCherry (see STAR Methods viral vectors) infused into NTS of Vgat©™ mice.

(I) Representative photomicrograph, right, (scale bars, 200 pm) of c-Fos (green) expression in GABAPC:hM3Dg-mCherry (red)-expressing cells in the NTS of
Vgat®™ mice treated with clozapine-n-oxide (CNO, 1 mg/kg intraperitoneally [i.p.]) and magnification, left (scale bar, 100 um). White arrows indicate double
labelled cells.

(J) 6 h cumulative (left) and 2 h and 6 h total (right) food intake (n = 6, t(11) = 2.663, and p =0.0238) in GABAPY®:hM3Dg CNO-injected mice compared with

GABAPVC:mCherry.

(K) 2 h cumulative and (J) 2 h total food intake (n = 5, #(8) = 3.205, and p = 0.0125) in GABAPYC:hM4Di CNO-injected mice compared with GABAPYC:mCherry mice.
(L-0) (L) 10-day treatment protocol schematic. Twice-daily CNO treatment significantly reduced (M) food intake (RM two-way ANOVA F(4 1) = 20.57; p = 0.0008),
(N) body weight (RM two-way ANOVA (F( 11y = 21.96; p = 0.0007), and (O) body weight change in GABADVC:hM3Dq mice compared with control

GABAPYC:mCherry mice (t(11) = 5.252, p = 0.0003).

(C and D) n = 4/group, (H-K) n = 6, (M-0) n = 6 GABAPY®:mCherry and n = 7 GABAPY®:hM3Dq. Data are represented as mean + SEM. *p < 0.05, **p < 0.01, and
***p < 0.001. AP, area postrema; CC, center canal; DMV, dorsal motor nucleus of the vagus; NTS, nucleus of the solitary tract; tSNE, t-distributed stochastic
neighbor embedding.

See also Figure S1 and Data S1 and S2 for more information.
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We therefore assessed the feeding response of liraglutide in
GABAPYC:hM4Di-expressing mice. Chemogenetic inhibition of
GABAPYC neurons partially blunted the acute anorectic effect
of liraglutide (Figures S1J and S1K). This provides support for
the notion that GABAPVC neurons contribute to the anorectic ef-
fects of liraglutide in mice.

Optogenetic stimulation of GABAPV® terminals inhibits
NPY“RC cells

To clarify the circuitry through which GABAPYC neurons influence
feeding and body weight, we used Channelrhodopsin 2 (ChR2)-
assisted circuit mapping (CRACM).*529 Specifically, transduction
with AAVs delivering Cre-dependent expression of AAV2-EF1a-
DIO-ChR2(E123T/T159C)-mCherry were bilaterally injected into
the DVC of Vgat®™® mice (Figure 2A) and projection patterns
were analyzed. GABAPVC cells project to hypothalamic subre-
gions including the ARC, paraventricular nucleus (PVH), dorso-
medial nucleus (DMH), and other extra-hypothalamic regions
(Figure S2A). Within the ARC, we observed a dense array of pro-
jections (Figure 2B). This identified the ARC as a candidate sec-
ond-order region involved in GABAPVC neuronal control of food
intake and body weight.

Fasting increases the activity of AGQRP/NPY neurons®® and
direct AgRP/NPY neuron activation induces robust feeding.*%*'
Because GABA-releasing neurons are the main inhibitory
network in the brain,*? we hypothesized that GABAPYC cells pro-
jecting to the ARC would target AQRP/NPY neurons to decrease
food intake. To interrogate this potential GABAN™S — NPYARC
circuit, Vgat®™ mice were crossed with Npy % mice (Vgat™::
Npy"©P) and bilaterally injected with AAV2-EF1a-DIO-ChR2
(E123T/T159C)-mCherry into the DVC. We observed that a
subset of NPY"SFP cell bodies were surrounded by mCherry-
containing fibers (Figure 2C). In contrast, terminals were not
found surrounding neurons expressing another neuropeptide
involved in the regulation of food intake, POMC neurons™®
(Figure 2D).

We next investigated whether this anatomical connectivity
produced functional interactions between GABAPYC terminals
and NPY and POMC neurons in the ARC. To do this, we
used Vgat©®:Npy"®F mice bilaterally infused into the DVC
with AAV2-EF1a-DIO-ChR2(E123T/T159C)-mCherry. We also
crossed Vgat®™ mice the PomcPs 9 reporter line (Vgat®™:
Pomc®FEP) and injected bilaterally into the DVC with AAV2-
EF1a-DIO-ChR2(E123T/T159C)-YFP. Photo-stimulation of
ChR2-containing axon terminals from GABAPYC neurons
produced robust synaptic responses in 14% of NPY cells in
the ARC of Vgat®::Npy"¢ mice but not in POMC cells using
Vgat®®::PomcPsFe? mice (Figure 2E). The rapid synaptic currents
triggered in NPYARC cells by the optical stimulation changed po-
larity near the equilibrium potential for chloride (Figures 2F and
2G), as expected from ionotropic GABA receptors. Light-
induced currents were unexpectedly small, and their reversal po-
tential was more positive than that expected for GABA-activated
currents (about —60 mV) (Figures 2H-2J). These effects could be
explained by voltage- and space-clamp errors* and in turn sug-
gest that perhaps GABAPYC terminals reach NPYARC cells at
dendrites distant from the soma. Although it is not possible to
directly demonstrate that this is the case, we tested whether
this reasoning was justified by simulating the optogenetic
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activation of GABA synaptic events at distal vs. proximal den-
drites in a model neuron. Using a predictive neuronal model,*®
we found that GABAergic postsynaptic currents become pro-
gressively smaller, with their reversal potential progressively
more positive the further the GABA inputs are from the soma
(Figures S2B-S2E).

Next, we tested whether activation of GABA receptors at
NPYARC cells is accompanied by release of GABA from
GABAPYC  ChR2-containing terminals. We first stimulated
ChR2-mCherry-expressing GABAPVC fibers in the ARC and per-
formed a “sniffer patch” experiment registering GABAAR single-
channel openings above the ARC NPY"SFP cells contacted by
GABAPY® fibers (Figure 2K). In this experiment, the GABAAR
response was isolated with a specific cocktail of antagonists
(see STAR Methods). This provides semi-quantitative monitoring
of extracellular levels of GABA.*® A burst of light directed to
GABAPVC ChR2-containing terminals in the ARC induced sin-
gle-channel openings in the membrane patch in control con-
ditions, and the currents had amplitudes comparable with
GABAergic inhibitory currents® (Figure 2L, left). Application of
GABAAR competitive antagonist gabazine reversibly blocked
the single-channel openings (Figure 2L, middle and right). The
same pattern of receptor opening time was observed in all as-
sessed patches (Figure 2M). This suggested that postsynaptic
NPYARC cells are sensitive to GABAPYC presynaptic release
of GABA.

To test whether NPYARC cells were inhibited by the release
of GABA from GABAPYC terminals, we designed a protocol of
additive subthreshold electrical stimuli. This method is de-
signed to evoke an action potential after 5 stimuli. In addition,
we coupled a 470-nm light burst to the same trigger (Fig-
ure S2F). We then alternated a sequence of electrical stimuli
and electrical stimuli with light burst. The electrical stimulation
evoked an action potential(s) (Figure S2G, left), followed by
low-frequency or no single-channel openings in the sniffer
patch. When we coupled the electrical stimulation with the
light burst, the occurrence of actions potentials was blocked
and accompanied by single-channel openings in a sniffer
patch (Figure S2G, right). This happened in all cells patched
(Figure S2H). These openings resembled GABAAR openings
illustrated in Figure 2L. Subsequent stimulations showed a
decrease in channel opening intensity, suggesting a depletion
of GABA stores from the presynaptic terminal, which was
eventually insufficient to prevent the action potential (Figure
S2l). These results provide strong evidence that GABAPVC
fibers inhibit NPYARC cells due to the release of the fast neuro-
transmitter GABA.

GABAPVY® — ARC optogenetic stimulation reduces
feeding and is not aversive

Given the dense fiber projection pattern of DVC GABAergic cells
to the ARC, and that its activation inhibited NPYARC neurons, we
interrogated whether this circuit is sufficient to influence
food intake. To investigate this, AAV2-EF1a-DIO-ChR2(E123T/
T159C)-mCherry was bilaterally infused into the DVC of Vgat®™®
mice and an optic fiber was placed above the ARC (Figure 3A).
Food intake was measured both without and with ARC photo-
stimulation prior to the onset of the dark cycle (Figures 3B and
3C). Light stimulation of GABAPY® — ARC terminals induced
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Figure 2. GABAPV® projections to the ARC release GABA at NPY~RC neurons

(A and B) (A) lllustration depicting DVC injection of AAV2-EF1a-DIO-ChR2(E123T/T159C)-mCherry (top) and representative photomicrograph (scale bars, 1 mm)
of injection (bottom) in Vgat™ mice and (B) ChR2-mCherry-containing fibers in the ARC (scale bars, 200 um).

(C and D) (C) Representative photomicrograph (scale bars, 100 pm) and magnifications (scale bars, 50 and 10 um) of ChR2-mCherry fibers in the ARC close to
NPY""GFP_expressing cells but not (D) POMC-expressing cells in Vgat®™® mice bilaterally injected with AAV-DIO-ChR2-mCherry.

(E-J) CRACM study in Vgat®:Npy " and Vgat®®::PomcP7*? mice injected with AAV-DIO-ChR2-mCherry into the DVC. (E) Representative membrane po-
tential response of NPY"® P and POMCP=Re¢ cells after light stimulation (blue shading) of GABAPYC — ARC mCherry-containing terminals. 4/27 NPY" P cells
and 0/19 cells POMCPsR9 cells responded. (F) Representative membrane current in NPY™ cell recorded during a voltage clamp experiment from —100 mV to
—10 mV in 10-mV steps. (vertical line, light pulse; green cross, base line; red cross, peak value.) (G) Representative light-induced postsynaptic current during
voltage clamp experiment showing peak conductance, Gs, and reversal potential, Ee,. (H) Individual values and median of (H) E,.,, (I) conductance, Gs and
(J) latency of all responsive cells.

(K) Diagram of outside-out patch technique in Vgat®®:Npy” ¢ mice bilaterally injected with AAV-DIO-ChR2-mCherry into the DVC.

(L) Representative channel opening recordings of control (left), gabazine (middle), and washout (right) recordings.

(M) Quantification of receptor opening time (n = 4, RM two-way ANOVA F(; 6 = 16.14; p = 0.0039, Bonferroni adjusted p = 0.0051 control vs. gabazine and
p = 0.0156 gabazine vs. washout. Data in (M) are expressed as mean + SEM. *p < 0.05; **p < 0.01.

See also Figure S2.

an acute inhibition of food intake, which lasted 60 min from food — assess whether GABAPYC — ARC activation produces aversion
presentation, as compared with the same mice without light or negative valence,*®“° we evaluated the existence of passive
stimulation (Figures 3D and 3E). avoidance behavior using an adapted real-time place preference

The DVC has been proposed to be a key region modulating  (RTPP) task.'”°%°" Specifically, in a two-sided open arena,
food intake reduction associated with aversive states.”” To light stimulus was coupled to one of the sides (Figure 3F).
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Figure 3. Activation of GABAPYC — ARC projections reduce food intake without inducing aversion

(A) Schematic of DVC injection of AAV2-EF1a-DIO-ChR2(E123T/T159C)-mCherry in Vgat®™ mice and optic fiber placement for in vivo stimulation of GABAN™ —
ARC terminals.

(B) Protocol of stimulation.

(C-E) (C) Representative 1 min resolution time plot of 3 h food intake measurement. GABAPYC — ARC stimulation significantly reduces (D) cumulative 3 h food
intake and (E) 60 min food intake (n = 7, day 1 [OFF] vs. day 2 [ON] t test t(6) = 3.035, p = 0.0229 and day 2 [ON] vs. day 3 [OFF] t(6) = 3.283, p = 0.0168).
(F-H) (F) Diagram illustrating real-time place preference (RTPP) task. GABAPYC — ARC does not alter (G) time spent (representative heat map of time) or
(H) distance traveled in stimulated and non-stimulated zones.

(I) Diagram illustrating an object interaction task.

(J) Interactions with novel, known nutritional, or novel palatable objects and a representative path track around each object (red circle). GABAPYC — ARC
stimulation reduced interaction with known nutritional item (n = 6, t(5) = 3.043, and p = 0.0287). Data are expressed as individual values and as mean + SEM, n=6
mice. *p < 0.05.

See also Figure S3.

GABAPYC — ARC stimulation or lack of stimulation did not pro-  the reduction in food intake that we observed could begin by
duce a place preference (Figure 3G) and mice traveled a similar  reducing the interaction with the nutritional cue at first instance.
distance in both sides of the arena (Figure 3H). These findings  To investigate this, we designed a task where mice tested in the
indicate that GABAPY® — ARC stimulation does not produce tasks above would first be allowed to explore an empty arena
negative valence or aversion. and then three items would be presented at the same time:
In addition to influencing homeostatic feeding, modulation of  an inedible object, a novel palatable food item, and a known
AgRP/NPY cells has also been reported to elicit anxiety-like be-  nutritional food item (Figure 3l). The number of interactions
haviors influencing exploration and foraging, which impacts food ~ with each item was measured with and without GABAPVC —
consumption.”>®* To test whether the activation of the ARC stimulation. GABAPY® — ARC stimulation did not induce
GABAPYC — ARC circuit produced anxiety-related behavior, changes in the interaction with the novel object (Figure 3J),
Vgat®™ mice injected into the DVC with AAV2-EF1a-DIO- further suggesting that GABAPY® — ARC does not induce anx-
ChR2(E123T/T159C)-mCherry, with an optic fiber placed above iety-like behavior. The number of interactions with the novel
the ARC, were assessed in an open-field arena (OFA) and an  palatable food item was increased under both non-stimulation
elevated zero maze (EZM) task (Figures S3A and S3D). and stimulation trials (Figures S3G and S3H). However, we
GABAPYC — ARC stimulation did not alter the time mice spent  found that under optical stimulation, mice had less interac-
in the center of the OFA (Figure S3B). Likewise, mice displayed tions with the known nutritional item (Figures S3G and
similar ambulatory patterns and traveled comparable distance  S3H), suggesting that GABAPYC — ARC activation reduces
during the OFA test with and without GABAPYC — ARC stimula-  hunger. Taken together, these findings indicate that GABAPY®
tion (Figure S3C). Consistent with the OFA data, GABAPY® —  — ARC stimulation decreases feeding without inducing aver-
ARC stimulation did not alter either the time (Figure S3E) or dis-  sion or anxiety.
tance traveled in the exposed zones of the EZM (Figure S3F).
These results provide evidence that stimulation of the GABAPY® — ARC neuron activation reduces food intake
GABAPYC — ARC circuit impacts feeding without altering other We next used a two-virus intersectional approach®>°® to
behavioral states such as anxiety-like behavior. provide a more detailed characterization of GABAPY® — ARC
We postulated that because our model involved fast neuro-  activation in energy homeostasis. Vgat“™® mice were bilaterally
transmission rather than long-term release of neuropeptides, injected with AAV-expressing flippase recombinase (FIpO)
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Figure 4. Selective chemogenetic activation of GABAPY® — ARC neurons supresses feeding

(A) Diagram illustrating the two-virus intersectional strategy to express hM3Dg only in GABAPVC neurons projecting to the ARC (GABAPYC — ARC:hM3Dq mice).
Representative photomicrograph (scale bars, 500 and 50 um) depicting mCherry-expressing cells in the caudal NTS (red), c-Fos (green), and co-labeled (yellow)
following treatment with clozapine-n-oxide (CNO, 1 mg/kg i.p.).

(B and C) (B) CNO significantly reduced cumulative food intake over 6 h (0-6 h F(4,15)=7.418, p = 0.0157), (C) 1 h (t(15) = 2.648, p = 0.0183), and 3 h (t(15) = 2.568,
p = 0.0214) compared with saline in GABAPY® — ARC:hM3Dq mice.

(D-K) (D) CNO did not alter 12 h or (E) 1, 3, 6, or 12 h quantification of ambulation; (F) 12 h RER or (G) AUC quantification; (H) 12 h or () 1, 3, 6, and 12 h heat
production per mouse compared with saline in GABAPYC — ARC:hM3Dq mice. (J and K) CNO significantly reduced 3 h food intake following overnight fasting
compared with control saline treatment (J, two-way ANOVA F 4 13 = 6.139, p = 0.0277; and K, t(13) = 2.320, p = 0.0372) in GABAPVC ARC:hM3Dg mice.
(Land M) CNO attenuated ghrelin hyperphagia over 2 h (RM ANOVAF 3 16)= 11.12, p = 0.0003, Bonferroni adjusted p = 0.0042 control vs. ghrelin, p = 0.0003 CNO
vs. ghrelin, and p = 0.002 ghrelin vs. ghrelin+CNO) in GABAPYC — ARC:hM3Dq mice.

(N-P) (N) CNO reduced meal size (t(14) = 2.256, p = 0.0406) and (O-P) decreased meal number (t(14) = 2.824, p = 0.0135) compared with control saline treatment.

Data are expressed as individual values and as mean + SEM. *p < 0.05; **p < 0.01, ***p < 0.001.

(AAV8-pEF1a-DIO-FLPo-WPRE-hGHpA) under the control of
Cre into the DVC of Vgat®"™ mice, allowing us to express a sec-
ond recombinase only in GABAPVC cells. After recovery from sur-
gery, a retrograde AAV encoding for a FIpO-dependent hM3Dg-
mCherry (AAVrg-hSyn-fDIO-hM3D(Gq)-mCherry-WPREpA) was
bilaterally injected into the ARC to retrogradely deliver
hM3Dq in a FIpO-dependent manner to GABAPVC cells. There-
fore, hM3Dq was expressed only in GABAPVC cells projecting
to the ARC in Vgat®™® mice (GABAPYC — ARC:hM3Dq mice)
(Figure 4A).

Corroborating the optogenetic data presented above, the se-
lective chemogenetic stimulation of the GABAPYC — ARC circuit
significantly reduced acute food intake (Figures 4B and 4C) inad
libitum-fed mice compared with saline. GABAPY® — ARC circuit
activation did not alter overall locomotor activity (Figures 4D
and 4E), respiratory echange ratio (RER) (Figures 4F and 4G),

or heat production compared with saline treatment (Figures 4H
and 4l). GABAPY® — ARC neuron activation also reduced food
intake in refed mice after overnight fasting (Figures 4J and 4K).
Fasting is associated with a rise in systemic levels of ghrelin,®’
which acts as a pre-prandial effector stimulating AQRP/NPY neu-
rons to initiate a feeding response.®®°° To examine whether
GABAPYC — ARC neuron activation is sufficient to dampen a
hunger cue, GABAPY® — ARC:hM3Dq mice were pretreated
with CNO prior to ghrelin. Activation of GABAPY® — ARC neu-
rons with CNO prevented the feeding induced by an orexigenic
dose of ghrelin (Figures 4L and 4M). We next performed an anal-
ysis of the microstructure of the feeding event during the
anorectic episode produced by CNO.°°? GABAPYC — ARC
neuron activation reduced meal size (Figure 4N) and significantly
reduced the number of meal events in the earliest interval
compared with saline treatment (Figures 40 and 4P). Taken
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together, these findings indicate that GABAPY® — ARC neuron

activation is sufficient to blunt fasting and ghrelin-induced hun-
ger and significantly reduces food intake.

DISCUSSION

Here, we identify a critical new brain circuit modulating food
intake and body weight. We focused on the DVC because it is
a brain region positioned to receive and integrate energy-related
information from the periphery and relay it within the CNS to pro-
mote energy homeostasis. However, the DVC is neurochemically
heterogeneous and key neurons within it that perform this func-
tion have not been fully defined. Using a multi-methodological
approach, we identify GABAPYC neurons as sufficient to control
feeding behavior and body weight in mice.

Recent efforts to decode the function of specific chemically
defined neurons within the DVC have revealed that distinct sub-
populations of glutamatergic cells play a role in energy homeo-
stasis.”** However, DVC inhibitory GABA-releasing neurons
have not been studied in detail, and this is necessary to clarify
the role of both excitatory and inhibitory DVC signals in the
regulation of energy balance.® Here, we provide a detailed
characterization of the effect of GABAPVC in the regulation of
energy homeostasis and body weight. A recent report provided
evidence that the obesity medication liraglutide engages
GABANT® neurons to reduce food intake in rats, providing a ratio-
nale that activating GABANT® cells may have translational rele-
vance for the treatment of human obesity.""

The NTS subregion of the DVC is involved in satiety and sati-
ation, and refeeding induces a strong neuronal activation in
this region.>®> We discovered that refeeding significantly acti-
vates a subset of GABANTS cells. Further, we found that chemo-
genetic activation of GABAPVC neurons reduced food intake and
body weight, whereas chemogenetic inhibition of GABAPYC neu-
rons stimulated feeding in satiated mice in the light cycle. How-
ever, when GABAPVC neurons were inhibited in mice entering the
dark cycle, food intake was not increased. The likely explanation
for this result is methodological. A stimulation of food intake is
easier to detect during the circadian phase when mice naturally
eat very little (the light cycle). In contrast, mice consume a large
bout of food at the onset of the dark cycle, and this likely ob-
scures or prevents the effect of GABAPYC neuron inhibition to
produce the same behavior. Specifically, the natural dark cycle
feeding bout produces a gut-brain feedback mechanism that ac-
tivates neurons within the DVC, including GABAPYC neurons,
thereby likely diminishing or overriding the effect of CNO treat-
ment. Further experimentation is required to characterize this ef-
fect. Taken together, we observed that the manipulation of
GABAPYC neuron activity produced consistent changes in
feeding behavior using four different approaches, illustrating
that these neurons are a controller of energy balance.

Our data illustrates that GABAPYC neurons project widely
within the brain, with particularly dense local DVC terminals
and innervation of the hypothalamus. Several studies indicate
that there is coordination between the NTS and the hypothala-
mus to orchestrate the meal event.'*272%5% Other reports reveal
an indirect inhibitory input to the ARC AgRP neurons.® However,
whether the ARC receives direct inhibitory control from the DVC
is not known and was examined here.
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Given that GABA is an inhibitory neurotransmitter, we hypoth-
esized that GABAPVC neurons either directly or indirectly inhibit
appetite-stimulating neurons. We focused on AgRP/NPYARC
neurons because of the dense GABAPYC innervation that we
found and the potent orexigenic properties of AQRP/NPY neu-
rons.*%41:5% gpecifically, AgRP/NPYARC cells are poised to
orchestrate the integration of homeostatic, reward, and sensory
cues as well as learning and conditioned behaviors, *0:#1:5%:65-72
We demonstrated that GABAPYC terminals in the ARC release
GABA and that this is synchronized with suppression of the ac-
tion potential propagation on postsynaptic NPYARC cells. The
timescale of GABAAR openings after optical stimulation in a
membrane patch placed over a GABAPVC terminal suggests
the release of GABA from this terminal rather than from ano-
ther inhibitory neuron. Postsynaptic inhibition of NPYARC cells
could potentially occur through the co-release of glycine by
GABAPYC terminals; however, the difference of more than two
orders of magnitude between the gabazine IC50 values at
GABAAR (349 nM)”® and glycine receptor (GlyR) (178.1 uM)”*
makes our working concentration of gabazine (5 uM) highly
effective at GABAARs but not at GlyRs. Therefore, the close to
100% suppression of inhibitory conductance by gabazine (Fig-
ure 2M) strongly suggests that the effects we observed are
due to release of GABA rather than glycine.

The number of NPYARC neurons responding to GABAPYC ter-
minal stimulation is in line with the 20% of ARC responders to
NTS innervation published previously.'* However, despite the
relatively small number of NPYARC neurons inhibited by
GABAPVC terminals, a detailed analysis of feeding behavior re-
vealed that activation of the GABAPY® — NPYARC pathway spe-
cifically reduces food intake and does not induce negative
valence, aversion, or anxiety. In vivo, indirect GABAPVC inputs
to NPYARC neurons may also contribute to the suppression of
NPY“RC neuron activity and feeding behavior.

Obesity is an international health concern that is primarily the
consequence of consuming more calories than the body re-
quires. Defining the mechanisms governing hunger and food
intake is therefore of paramount importance. Here, we identify
a new player that controls appetite and body weight, GABAPYC
neurons. Specifically, we show that DVC GABA-releasing neu-
rons are active following meal ingestion and reduce food intake
and body weight without causing aversion or anxiety. We
demonstrate that GABAPVC cells directly activate GABAARS on
the surface of hunger-associated NPYARC cells, which inhibits
neuron activity. These studies reveal for the first time the effect
of GABAPYC neurons on feeding and body weight and identify
a fast inhibitory circuit between the NTS and the ARC in the con-
trol of food intake. These results thereby provide significant
insight into the brain circuits governing appetite and body
weight, findings of relevance to the global obesity crisis.
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Mouse: B6.FVB-Tg(Npy-hrGFP)1Lowl!/J
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The Jackson Laboratory
The Jackson Laboratory
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Arduino IDE Arduino https://www.arduino.cc/ RRID:SCR_024884
ANYmaze Stoelting https://www.any-maze.com/ RRID:SCR_014289
Phenomaster TSE-Systems https://www.tse-systems.com/
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RNAseq data Data are available Accession GSE168737
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Pablo B
Martinez de Morentin (p.demorentin@leeds.ac.uk).

Materials availability
This study did not generate new unique reagents.

Data and code availability

e All data reported in this paper will be shared by the lead contact upon request.
® This paper des not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Vgat-ires-Cre (Slc32a1tm2(cre)Lowl; #016962, Vong et al.”®), Npy-hrGFP (B6.FVB-Tg(Npy-hrGFP)1Lowl/J; #006417, van den Pol
et al.”’) and Rosa26tdTomato-LoxP (B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J, #007909, Madisen et al.”®) mice were ob-
tained from The Jackson Laboratory (Bar Harbor, USA) and bred on a C57BI/6J background. POMC-dsRed (Tg(Pomc-DsRed)
18Low, Hentges et al.”) mice were a generous gift from Prof Malcom Low, University of Michigan. Male and female mice were
used. Mice were fed standard laboratory chow (Standard CRM (P) 801722, Special diets, UK) and provided with water ad libitum,
unless otherwise stated. Mice were housed in a 12-hr light:dark cycle (7:00 am-7.00 pm) in environmental controlled conditions
(20-22°C and 40-60% relative humidity). All experimental procedures were performed in accordance with the UK Animal (Scientific
Procedures) Act 1986 and local Ethical Review Board approval.

METHOD DETAILS

RNA-Seq

Single nucleus RNA-sequencing (Nuc-Seq) data from the mouse hindbrain in the fed and fasted state was taken from Dowsett et.al.”
Neuronal nuclei expressing at least 1 UMI count for S/Ic32a7 were identified as GABAergic neurons, subsetted and reclustered using
Seurat package version 4.3.”° Marker genes for each cluster were calculated using Wilcoxon’s rank-sum test. Each cluster was
named with 2 marker genes that were expressed in >60% of the cluster, <30% of the rest of the data and had an average log
fold change >0.5. If no genes fit these criteria, then the two genes with the lowest p-values were used. Differential gene expression
analysis between ad libitum fed and overnight fasted cells was performed using the Wilcoxon’s rank sum test. Feature plots were
drawn using the Seurat package and ggplot2.

Viral vectors

Cre-dependent viral vectors purchased from Addgene include AAV8-hSyn-DIO-hM3D(Ga)-mCherry (1.83x10'2 gc/ml) and AAVS-
hSyn-DIO-hM4D(Gi)-mCherry (1.7x10'2 gc/ml) were a gift from Prof Bryan Roth (Addgene plasmid # 44361, Krashes et al.*©),
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AAVrg-hSyn-fDIO-hM3D(Gg)-mCherry-WPREpA (1.8x10'2 gc/ml) was a gift from Prof Ulrik Gether (Addgene plasmid # 154868),
AAV8-hSyn-DIO-mCherry (3.6x10'2 gc/ml) was a gift from Prof Bryan Roth (Addgene plasmid # 50459), AAV8-pEF1a-DIO-FLPo-
WPRE-hGHpA (2x10'2 gc/ml) was a gift from Li Zhang (Addgene plasmid # 87306, Zingg et al.®°). AAV2-EF1a-DIO-ChR2(E123T/
T159C)-mCherry and AAV2-EF1a-DIO-ChR2(E123T/T159C)-YFP (7.3x10'2 vp/ml) were a gift from Prof Karl Deisseroth and were ob-
tained from University of North Carolina Vector Core (Chapel Hill, NC, USA). All viral particles were delivered into nuclei-specific re-
gions through stereotaxic injections.

Stereotaxic surgeries

For viral delivery into the DVC, stereotaxic surgery was adapted from previous studies.'” Briefly, 12-20 week-old mice were anaes-
thetized with isoflurane, the back region of the neck was shaved, and mice were placed in a stereotaxic instrument (David Kopf in-
struments, CA, USA) with a face mask (World Precision Instruments, FL, USA). The head was inclined ~70 degrees forward and a
longitudinal incision was made at the level of the C1 and neck muscles were retracted to expose the atlanto-occipital membrane.
This was carefully dissected allowing access to the dorsal brainstem and visualization of the obex. Using a pulled glass capillary
(40um tip diameter) (G1, Narishige, UK) and a pneumatic microinjector (IM-11-2, Narishige, UK), 200-300 nl of viral preparation
was bilaterally injected into the NTS component of the DVC (obex: AP:0.25 mm AP, L:+ 0.25 mm and DV:-0.25mm) at a flow of
50nl/minute. The capillary was left in the injection place for 5 minutes to allow diffusion and it was removed slowly to avoid dispersion
to neighbor brainstem regions. Viral delivery into the ARC was performed as previously described®’ at coordinates bregma:
AP:1.58 mm AP, L:+0.2mm and DV:5.90 mm. For optical fiber cannula placement, mice were allowed 4 weeks recovery form the
DVC surgery and a 200 um core diameter, 0.39NA (CFMLC, Thorlabs, UK) optical fiber implant was placed in the third ventricle above
the ARC. Mice were left 3 weeks to allow surgical recovery and maximal viral expression. Postmortem analysis of injection site, viral
expression and cannula placement were used as inclusion criteria for data analysis.

In vivo photo-stimulation protocol

Optical fiber implants were attached to optogenetics patch cables (M83L1, Thorlabs, UK) connected to a rotary joint (Doric lenses)
coupled to a 473-nm laser (Laserglow, Toronto, Canada) controlled via TTL-USB interface with Arduino board. For feeding experi-
ments, the stimulation protocol was 1s followed by 4s break with 10ms light pulses with a frequency of 30Hz. For behavioral exper-
iments, the stimulation protocol was 1s followed by 0.5s break with 10ms light pulses with a frequency of 30Hz. We used 15mW of
laser power to achieve an irradiance of 5-10mW/mm? (PM100D, Thorlabs) in the target area following https://web.stanford.edu/
group/dlab/cgi-bin/graph/chart.php above ChR2 threshold activation.®”

Food intake and body weight studies

For food intake, body weight and metabolic parameters measurements, mice were single housed and habituated in indirect calorim-
etry system cages for one week (Phenomaster, TSE Systems, Germany). For acute ad libitum studies, access to food was removed in
fed mice 2 hours before entering the dark cycle and CNO 1 mg/kg was i.p. administered 30 minutes before the dark cycle onset, at
which time food was provided. For re-feeding studies, 12 hour dark cycle-food deprived mice were i.p. injected with CNO at the
beginning of the light cycle and 30 minutes after food was provided. For daily CNO treatment studies, mice were i.p. injected twice
aday (am and pm) for 5 days with CNO following 5 days with saline. For studies with liraglutide (0.004mg/kg; Tocris, UK) and ghrelin
(0.5mg/kg; Tocris, UK), drugs were administered i.p at the same time as CNO or saline.

Behavioral tests

For valence studies, mice were assessed in an adapted real-time place preference task consisting in an open field arena with two
connected identical chambers (30x25cm),"”°%°" one of them paired with optogenetic stimulation where mice were allowed free
movement for 20 minutes. For food interaction studies, mice were placed in an open arena (50x50cm) for 10 minutes and an object
(novel, nutritional known (chow), and a novel palatable) was randomly allocated in previously defined regions. For anxiety tests, mice
were placed in an open arena (50x50cm) with virtual delimited central and peripheral regions and allowed free movement for 10 mi-
nutes with and without stimulation in different days. For anxiety and fear assessment, mice were placed in an elevated zero maze
(diameter 50cm, elevation 70 cm) with 2 hidden and 2 exposed zones and allowed free movement between zones for 10 minutes.
Tests were performed for each animal with and without stimulation in different days. Time and locomotor parameters for each
task and zone were recorded using Any-Maze software (Stoelting, IL, USA).

Immunohistochemistry and imaging

All mice were injected with a terminal dose of anesthesia and transcardially perfused with phosphate-buffered saline (PBS) followed
by 10% neutral buffered formalin. Brains were dissected, post-fixed 12 hours in formalin at 4°C, cryoprotected 48 hours with 30%
sucrose 4°C and coronally sectioned in 5 series at 25 um using a freezing microtome (8000, Bright Instruments, UK). Sections were
kept in protective anti-freeze solution at 4°C until they were processed for immunohistochemistry as previously described.®® Briefly,
NTS sections were washed with PBS-0.2% Tween20 30 minutes and then PBS (3x10 minutes), blocked with 1%BSA/5%DS/0.25%
Triton X-100 1 hour at room temperature and incubated with primary antibody in blocking solution for 16 hours at room temperature
for fluorescence detection. Primary antibodies used include anti-c-Fos (1:2500, 2250, CST, USA), anti-mCherry (1:2000, AB0O040-
200, Scigen, PT), anti-RFP (1:1000, 600-401-379, Rockland Immunochemicals, USA), anti-POMC (1:3000, H-029-30, Phoenix
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Pharmaceuticals, USA), anti-hrGFP (1:2000, 240141, Agilent, USA). The next day, sections were washed with PBS-Tween and PBS
and incubated 1 hour with appropriate secondary antibodies in blocking solution (1:500, AlexaFluor594, AlexaFluor488, Invitrogen,
UK) at room temperature. For c-Fos expression quantification in fast vs refed study, chromogenic staining with 3,3'-diaminobenzi-
dine (DAB) reagent was performed. Briefly, endogenous peroxidase was blocked for 20 minutes using 1% hydroxide peroxide prior
to overnight incubation with anti-c-Fos (1:5000, ABE457, Merck, UK). The next day, tissue was incubated with biotin-SP donkey anti-
rabbit (1:500, 711-065-125, Jackson Immunoresearch, USA) for 1 hour at room temperature. Avidin/Biotin peroxidase system (PK-
6100, VectorLabs, USA) and DAB developing kits were used following the manufacturer instructions to generate the chromogenic
signal.

Images were acquired using Axioskope2 microscope and Axiovision software (Zeiss, Germany). For analysis, images were con-
verted to 8-bit, pseudo-recolored and counted manually using Imaged (Fiji) software.

Electrophysiology

CRACM study

CRACM experiments were performed as previously described.* Six Vgat®::Npy ¢ mice and four Vgat©"::Pomc®"¢? mice were
bilaterally injected with AAV2-EF1a-DIO-ChR2(E123T/T159C)-mCherry or AAV2-EF1a-DIO-ChR2(E123T/T159C)-YFP, respectively,
into the DVC aimed at the NTS. Male and female mice were aged between 5 and 7 months at the time of the electrophysiology ex-
periments. Coronal hypothalamic brain sections 180-um thick were prepared from these mice at least 8 days after virus injections and
were placed in a bath solution consisting of (in mM) 125 NaCl, 2.5 KCI, 1.2 NaH,PQ,4, 21 NaHCOg3, 1 glucose, 2 MgCl,, 2 CaCl,. hrGFP
or DsRed expressing cells in the ARC were identified using an upright microscope (Scientifica S-Scope-Il) equipped with the appro-
priate fluorescence filters. Whole-cell recordings from these cells were obtained with glass pipettes (World Precision Instruments
1B150F-4) filled with a solution containing (in mM) 120 K-gluconate, 10 HEPES, 10 KCI, 1 EGTA, 2 MgCI2, 4K2ATP, and 1
Na2ATP, tip resistance 3-7 MOhm. Data was acquired using Axon Instruments hardware (MultiClamp 700B, Digidata 1550).
To test for GABA inputs to NPYARC cells, the membrane potential in these cells was clamped at increasing levels of voltage
(from —100 to —10 mV in 10-mV increments), while ChR2-expressing terminals were stimulated by a single light pulse (CoolLED
pE-4000) to induce post-synaptic currents. Liquid junction potential, estimated to be 10 mV, was subtracted from the measurements.
Chloride equilibrium potential was calculated to be —60.3 mV.

Sniffer-patch recordings

Transverse hypothalamic slices from Vgat©™::Npy ¢ mice bilaterally injected with AAV2-EF1a-DIO-ChR2(E123T/T159C)-mCherry
into the DVC were cut at 200-250 using a Leica VT1200S vibratome. Slices were incubated for one hour in a solution containing (in
mM): 124 NaCl, 3 KCl, 1 CaCl,, 3 MgCl,, 26 NaHCO3, 1.25 NaH,PO,, 10 D-glucose, and bubbled with 95/5% O,/CO,, pH 7.4. After
incubation, slices were transferred to a recording chamber continuously superfused with an external solution. The external solution
composition differed from incubation solution in containing 2 mM CaCl, and 2 mM MgCl,.

In all experiments the intracellular pipette solution for voltage-clamp recordings contained (mM): 117.5 Cs-gluconate, 17.5 CsCl,
10 KOH-HEPES, 10 BAPTA, 8 NaCl, 5 QX-314, 2 Mg-ATP, 0.3 GTP; for current-clamp recordings: 126 K-gluconate, 4 NaCl, 5 HEPES,
15 glucose, 1 MgSO,-7H,0, 2 BAPTA, 3 Mg-ATP (pH 7.2, 295-310 mOsm in both cases); pipette resistance was 7-9 MOhm; record-
ings were performed at 33-35°C using Multiclamp-700B amplifier with -60 or -70 mV holding current (for voltage-clamp recordings);
signals were pre-filtered and digitized at 10 kHz. In experiments where transmembrane currents were recorded in outside-out
patches only (sniffer-patch recordings), the GABAA receptors response was isolated with a ligands cocktail containing 50 uM
APV, 20 uM NBQX, 50 nM CGP-55845, 200 uM S-MCPG, 10 uM MDL-72222, and 1 uM strychnine.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using GraphPad Prism 9 software. Statistical tests and values are provided in the figure legends.
Two-tailed paired or unpaired Student t-test were used when comparing 2 groups and repeated measures (RM) and/or two-way
ANOVA with Bonferroni post-hoc correction was used when comparing 4 groups. Nuc-Seq data were analyzed as described above.
Randomization and blinding was performed for histological quantifications and where possible for in vivo studies. Statistical signif-
icance was defined as p< 0.05. Raw data are stored in Excel spreadsheets and figures have been assembled with CorelVector and
Affinity Designer software.
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