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SUMMARY
Hunger is evolutionarily hardwired to ensure that an animal has sufficient energy to survive and reproduce.
Just as important as knowing when to start eating is knowing when to stop eating. Here, using spatially
resolved single-cell phenotyping, we characterize a population of neuropeptidergic neurons in the brain-
stem’s dorsal raphe nucleus (DRN) and describe how they regulate satiation. These neurons track food
from sensory presentation through ingestion, integrate these signals with slower-acting humoral cues, and
express cholecystokinin (CCK). These CCK neurons bidirectionally regulate meal size, driving a sustained
meal termination signal with a built-in delay. They are also well positioned to sense and respond to ingestion:
they express a host of metabolic signaling factors and are integrated into an extended network known to
regulate feeding. Together, this work demonstrates how DRN CCK neurons regulate satiation and identifies
a likely conserved cellular mechanism that transforms diverse neurohumoral signals into a key behavioral
output.
INTRODUCTION

Hunger and satiety are evolutionarily conserved functions that

ensure survival. These two opponent states enable animals to

maintain proper energy stores by tightly balancing food intake

with ongoing energy requirements. To initiate—and ultimately

terminate—feeding, the brain needs to register a physiologic

need, current or anticipated, and then convert that need into ac-

tion. This requires processing of both internal (interoception) and

external cues (exteroception), integrating these signals, and then

transmitting instructions to carry out the complex and non-ste-

reotyped appetitive sequences necessary to obtain food. Only

at this point can feeding commence. Throughout this time, the

animal must calculate what it will derive from a meal and plan

when to stop eating. This process, which lies at the interface of

hunger and satiety, is satiation.

Satiation, a negative feedback process that ultimately leads to

meal termination, arises from monitoring many metabolic and

ingestive parameters, most notably ongoing signaling from the

oropharynx and gut.1,2 Satiation is also dissociable from hunger

and satiety signaling and is thus controlled by a distinct set of
All rights are reserved, including those
neural circuits. While hunger and satiety circuits are thought to

originate in the hypothalamus,3–6 classical studies utilizing

decerebrate rats localized the regulation of satiation to the brain-

stem.7–10 These studies demonstrated that the brainstem, inde-

pendent of the forebrain, is sufficient to detect gastric loads and

their associated ‘‘satiety signals’’ and appropriately respond by

reducing food intake.8,11,12 This work left a broad swath of the

brainstem as a set of potential sites and cell types regulating sati-

ation, leaving a longstanding, unresolved question: how does the

brainstem appropriately terminate an ongoing meal?

Building on the pioneering work in decerebrate animals, more

recent studies have delineated specific hindbrain cell types that

terminate meals. These populations are largely confined to the

nucleus of the solitary tract (NTS) and parabrachial nucleus

(PBN)9,13–15 and together detect the interoceptive signals of

ingestion: they receive both vagal and spinal mechano- and che-

mosensory signals and consequently suppress appetite.9 Many

of these cell types also appear to play intertwined yet distinct

roles from satiation, relaying various ingestive signals from

the gastrointestinal (GI) tract, and in some cases serving as a

more general alarm signal.16,17 More recent work has also
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demonstrated a key role for the hindbrain in detecting orosen-

sory and visceral ingestive signals to mediate the non-aversive

suppression of appetite.15,18,19 Critically, through poorly under-

stood mechanisms, these sensory lines of information are inte-

grated with other physiologic, cognitive, and behavioral vari-

ables at unknown downstream loci to drive meal termination.20

So while known hindbrain circuits integrate distinct lines of vis-

cerosensory/interoceptive information to regulate feeding, they

do not appear to be the sole mediators of satiation.15 These

studies, in aggregate, suggest the existence of higher-order pro-

cessing within the brainstem to terminate feeding.

Evidence for higher-order processing of feeding-related func-

tions within the brainstem arises, in part, from detailed and cell-

type-specific neuroanatomical studies. Projection mapping from

ascending structures such as the NTS and PBN has identified,

among other targets, the midbrain’s dorsal raphe nucleus

(DRN) and nearby ventrolateral periaqueductal gray (vlPAG) as

key output structures.21–25 Supporting an integrative role for

the dorsal midbrain in regulating feeding are neuroanatomical

and functional studies that identify these neurons as conver-

gence points for descending modulatory projections from

forebrain feeding centers.26–29 Indeed, early lesion and pharma-

cological manipulation studies,30–33 as well as more recent ge-

netic manipulations,34–37 have demonstrated that distinct cell

types in the DRN/vlPAG can bidirectionally regulate feeding.

While recent work has questioned a specific role for hypothalam-

ic modulation of appetite via the dorsal midbrain,28,38 the above

work suggests that this area may play an outsized, yet underap-

preciated role in regulating distinct aspects of feeding.28

Here, we describe how physiologic and behavioral variables

are integrated with oro- and viscerosensory information in the

brainstem to regulate meal size. Using single-cell, spatially

resolved molecular profiling, we find that DRN neurons express-

ing cholecystokinin (CCK) comprise a unique neuropeptidergic

subpopulation, with a molecular composition enabling them to

sense and respond to diverse metabolic cues. These CCK neu-

rons integrate longer-term neurohormonal signals with acute

food-related sensory variables to terminate meals. These neu-

rons are activated by food intake, as well as cues signaling or

predictive of consumption. We also find that these neurons

sense gut-borne signals via mechano- and chemosensory re-

lays, as well as their elicited neurohormonal cues. Conse-

quently, through a phasic, yet sustained negative feedback

mechanism, CCK neurons suppress food intake through meal

termination. Contextualizing these findings, we demonstrate

that CCK neurons are integrated into the extended network
Figure 1. Single-cell spatially resolved transcriptomic and translatomi

(A) Schema for STARmap and RIBOmap in situ sequencing.

(B) Representative images for STARmap measurements across five sequencing

(C) Uniform manifold approximation and projection (UMAP) of DRN neurons.

(D) Clusters identified in (C) projected onto their respective spatial positions in D

(E) Heatmap of expression for top differentially expressed transcripts for each ne

(F) UMAP displaying expression patterns for cluster-specific transcripts.

(G) UMAP for three TH+ neuronal subclusters.

(H) Differentially expressed transcripts among TH+ subclusters.

(I) TH+ subclusters identified in (G) are projected onto their spatial positions.

Scale bar, 20 mm. Color scales indicate Z scored expression values.

See also Figures S1 and S2 and Table S1.
known to regulate feeding, receiving convergent inputs from

diverse sensory structures and funneling them into selective

outputs in the forebrain and hindbrain. Together, this work pre-

sents a framework to understand the central regulation of sati-

ation and introduces CCK neurons as a key entry point for

studying this essential process.

RESULTS

A spatially resolved molecular map of the DRN at single-
cell resolution
The DRN is molecularly heterogeneous, hindering prior attempts

to understand its role in diverse behavioral and physiological

processes. To better characterize this region, we turned to

spatially resolved transcriptomic and translatomic profiling ap-

proaches with single-cell resolution39,40 (Figures 1A and 1B).

This class of in situ profiling approaches offers several key

advantages, including spatial resolution, freedom from gene

expression changes induced by cellular isolation, and conse-

quently, greatly reduced bias in cell selection. We curated a

list of 256 genes (Table S1), representing highly variable

genes from previously published RNA sequencing (RNA-seq)

studies.36,41,42 Using this gene panel, we performed transcrip-

tional and translational profiling, respectively, using STARmap

and RIBOmap,39,40 integrated these datasets using Harmony,43

and annotated clusters, as previously described.40,44 We addi-

tionally integrated these data with a previously published sin-

gle-cell atlas of the DRN,45 which was particularly useful for

non-neuronal cell-type assignment. With this approach, we

characterized over 85,000 high-quality cells and successfully de-

coded their cell-type identities (Figures 1C and S1A–S1E). All cell

types were easily differentiable with single (or, in rare cases, two)

marker genes (Figures S1F and S1G).

We next subsetted all neurons, which comprised �40% of all

DRN cells sequenced in our study (Figure 1C). As expected, we

enriched for all principal cell types within the DRN (Figures 1D–

1F). Most of these cell types had distinct spatial patterning along

the anterior-posterior axis, which accorded well with their prin-

cipal marker gene expression, as observed in the Allen Brain

Atlas46 (Figures 1D and S2A). Most of the molecular heterogene-

ity stemmed from the GABAergic and glutamatergic neurons

(Figures 1E and S2A). We also noted a small population of puta-

tively dual glutamatergic/GABAergic neurons, consistent with

prior a report.45 DRN serotonergic neurons have well-character-

ized subpopulations41,42,45,47; thus, we did not make further at-

tempts to subcluster these neurons.
c profiling of the DRN

rounds.

RN.

uronal cluster.
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We next focused on themolecular composition of the dopami-

nergic cluster, which has not been well characterized. This clus-

ter comprised�3% of DRN neurons and appeared to be hetero-

geneous, with three distinct cell subtypes (Figure 1G). All three

subtypes expressed Th mRNA at high levels but variably ex-

pressed other marker genes typically representative of dopa-

mine-releasing neurons (Figures 1H and S1H). All three subpop-

ulations appeared to be devoid of fast neurotransmitter marker

gene expression. Comprising around a quarter of TH+ cells,

the TH1 subcluster exhibited a gene expression profile charac-

teristic of dopaminergic neurons. These neurons expressed

high levels of classical dopaminergic marker genes, including

the dopamine transporter Slc6a3, vesicular monoamine trans-

porter Slc18a2, dopamine neuron developmental marker

Nr4a2, and key monoamine synthetic enzymes Ddc and Gch1

(Figure S1H). By contrast, thesemarkers were expressed at sub-

stantially lower (or undetectable) levels in the other subclusters,

TH2 and TH3 (Figures 1H and S1H).

These latter two subclusters were molecularly differentiated by

the presence (TH2) or absence (TH3) of Vip expression, and both

were defined by high levels of Cck expression (Figure 1H). We

confirmed these findings using hybridization chain reaction fluo-

rescence in situ hybridization (HCR-FISH; Figures S2B–S2E).

Cck expression thus marks a well-defined, but previously unex-

plored, subpopulation of TH+ DRN neurons that are predomi-

nantly non-dopaminergic and appear to be obligate peptidergic

(Figure 1I). Given that CCK peptide, itself, and CCK-expressing

neurons elsewhere in the brain are known to control feeding,48–50

we sought tomore comprehensively characterize this uniquepop-

ulation by molecularly profiling CCK neurons at scale.

CCK delineates a small population of neuropeptidergic
DRN neurons
We performed ensemble-level molecular profiling of CCK

neurons using viral-based translating ribosome affinity purifica-

tion (vTRAP).51–53 The vTRAP technique confers specificity to

actively translated mRNAs by tagging the large ribosomal sub-

unit.54,55 Using vTRAP in tandem with RNA-seq, we profiled

CCK-expressing neurons (Figures 2A and 2B), significantly en-

riching for key control mRNAs Rpl10a andCckwhile significantly

depleting for non-neuronal marker genes (Table S2). This

demonstrated that high-quality RNA was precipitated specif-

ically from Cck-expressing neurons in DRN.

We next examined the neuropeptide composition of these

neurons. Consistent with our single-cell studies, we significantly

enriched for Vip and Npw, as well as many other neuropeptides,

including Cartpt (Figure 2C; Table S2). We also significantly en-

riched for Th and Ddc but notably not Slc6a3 or Slc18a2 (Fig-

ure 2D; Table S2). We found no significant enrichment for any

marker genes representing fast neurotransmitters (Figures 2C

and 2D). However, this does not preclude the possibility that

CCK neurons express low levels of these transcripts or non-

canonically scavenge for and release glutamate and/or GABA,

similar to other neurons expressing markers for dopamine syn-

thesis.56–58 However, we did not enrich for any markers of extra-

cellular GABA transport, non-canonical GABA synthesis, or

glycine synthesis/transport, and we significantly depleted for

key serotonergic neuron marker genes (Figure 2D). These
1566 Cell 188, 1563–1579, March 20, 2025
ensemble-level results are consistent with our STARmap/

RIBOmap studies and point to an obligate peptidergic DRN

cell type that partially overlaps with TH+ neurons.

We next performed Gene Ontology (GO) analysis59 of the

top 100 immunoprecipitation (IP)-enriched genes. This demon-

strated significant pathway enrichment for neuropeptide

signaling and pathways relevant to energy homeostasis (Fig-

ure 2E; Table S3). These neurons accordingly expressed a

diverse array of signaling molecules, enzymes, and receptors

key for metabolism, including those regulating the generation

of energy and metabolites, nucleotide and peptide biosynthesis,

and nutrient sensing (Table S4).While it is not possible to exclude

the possibility of rapid neurotransmission without electrophysio-

logic studies, the above results are consistent with an obligate

neuropeptidergic cell type with a molecular composition that is

well positioned to regulate energy balance.

DRN neuropeptide neurons suppress appetite
Given our prior results finding a role for the DRN in regulating en-

ergy homeostasis,34–36 we next investigated whether CCK neu-

rons could influence appetite. We first performed Fos labeling

and found significant Fos expression in CCK neurons in the refed

state, but not in mice fed ad libitum or fasted overnight

(Figures S3A and S3B). These histological studies, in tandem

with our molecular profiling data, further suggested a potential

role for CCK neurons in regulating energy balance.

To address this hypothesis, we optogenetically activated CCK

neurons using ChR260 (Figure 2F). We found that stimulation of

CCK neurons rapidly and reversibly suppressed food intake on

the order of minutes (Figure 2G). This effect was scalable, with

almost no food consumed during optogenetic activation at the

highest frequency tested (Figures S3C–S3E). These data sug-

gest that CCK neurons are dynamically regulated by metabolic

and/or behavioral state and that they leverage this information

to scalably suppress feeding. Critically, these neurons did not in-

fluence drinking (Figure 2H), and activating these neurons

increased locomotor activity but was not anxiogenic and trended

toward but had no significant effect on aversion (Figures S3F and

S3G). Together, our results demonstrate that CCK neurons are

activated by re-feeding and consequently suppress food intake

in a rapid fashion.

Meal-time dynamics are encoded by phasic neural
activity
We next explored what types of information CCK neurons use in

real time to suppress feeding. We sought to answer this question

by monitoring the natural activity patterns of these neurons dur-

ing freely moving behavior. Given that these neurons were

grossly activated by re-feeding, we hypothesized that they could

bemodulated in one of two ways: either on a bite-to-bite basis or

frommeal to meal (Figure 3A). On a bite-to-bite basis, these neu-

rons could either signal in a tonic mode (and thus integrate each

bite over the course of a meal) or a phasic mode (signaling bite-

to-bite with no integrated neural activity). On a meal-to-meal

basis, these neurons could fire in one of two phasic modes, en-

coding either the onset or offset of a meal. We set out to system-

atically test these hypotheses using in vivo calcium imaging with

fiber photometry61 (Figure 3B).



Figure 2. CCK delineates a likely obligate peptidergic appetite-suppressing population of DRN neurons

(A) Schema for vTRAP experiment with IHC inset (Aq, cerebral aqueduct).

(B) IPs are highly replicable (one outlier removed � expression > 573 SD than the second highest-expressed gene). Inset, histogram of log2 fold-enrichments

(IP/input; n = 2 biological replicates).

(C) Volcano plot with log2 fold-enrichments. Control gene is Rpl10a.

(D) Enrichments for DRN-specific and glycinergic marker genes.

(E) GO analysis of the top 100 most enriched genes. Redundant categories were removed from the plot (see Table S3 for a full list).

(F) Schema for optogenetic activation of CCK neurons.

(G) Activation of CCK neurons acutely suppresses food intake (n = 12–14 mice per group).

(H) CCK neurons do not affect water intake (n = 9 mice per group).

Scalebar, 200mm. ****p<0.0001.Sequencingdataarepresentedasmean± lfcSE (standarderror for log2 foldchange).Behavioraldataarepresentedasmean±SEM.

See also Figure S3 and Tables S2, S3, and S4.
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First, we took overnight-fasted mice and allowed them to re-

feed using the FED3.0 automated feeding system,62 enabling

us to precisely time-lock neural events to bouts of consumption.

We found that CCK neuron activity robustly responded to pellet

retrieval, but not other motor activity, such as nose poking in the

immediate vicinity of the trough (Figures 3C and 3E). In response

to feeding, neural activity initially peaked after the first bite of

food, corresponding to the onset of chewing (Figures 3E and

S4A), and remained at an elevated baseline over the course of

a meal (Figure 3D). After the last pellet was retrieved, there

was a �10 s delay (while the animal was completing consump-

tion), after which activity slowly decayed toward baseline (Fig-

ure 3F). These effects occurred regardless of meal size, suggest-

ing that these cells may tonically encode a meal. Consistent with

this hypothesis, we also found that integrated CCK neuron activ-

ity during a meal scaled with meal size (Figure 3G). However,

upon closer inspection of individual traces, we also noticed a

clear phasic signal from pellet to pellet (Figures 3C and S4B).

These findings suggest that, while CCK neurons may passively

encode meal size through persistently elevated activity, they

appear to be able to resolve out individual bites of food.

The neural dynamics we observed for CCK neurons during re-

feeding are somewhat analogous to a leaky integrator, where the

full signal from individual pellets may be masked by decaying

neural activity from prior pellets retrieved. To test whether CCK

neurons are capable of tracking bite-to-bite dynamics, we

trained animals on a delayed-access feeding schedule. From

the above studies, it appeared that CCK activity returned to

baseline within �30 s of pellet consumption. We thus repeated

these studies but retrained the animals for access to food only

after 30 s had elapsed since consumption of a prior pellet (Fig-

ure 3H). This would allow us to confirm whether persistently

elevated activity during a meal was a key property of these neu-

rons or a simple consequence of their leaky integrator-like prop-

erties. During this spaced-out feeding paradigm, single bites of

food elicited robust activation of CCK neurons. Intriguingly, this

signal returned to baseline within �20 s after retrieval of a pellet,

whether the animal consumed a single pellet in isolation or during

the course of a protracted meal (Figures 3H and 3I). Together,

these studies demonstrate that CCK neurons can resolve out in-

dividual bites of food, using phasic, bite-to-bite signaling. And

due to their intrinsic cellular and/or network properties, the inte-

grated activity of these neurons also appears to passively and

reliably track meal size (Figure 3G).
Figure 3. Phasic encoding of mealtime dynamics with bite-to-bite reso

(A) Schema for possible encoding mechanisms used by CCK neurons (x axis i

consumed).

(B) Immunohistochemistry (IHC) showing labeling of CCK neurons with genetica

(C) Sample trace of CCK neuronal activity during fast-refeeding. Inset, magnified

(D) CCK neuronal activity during the first meal, normalized (n = 4 mice).

(E and F) CCK neuronal activity time-locked to the first (E) or last (F) bite of the fi

(G) Integrated neural activity linearly scales with meal size.

(H) Schema for delayed-access feeding regimen (left) with sample trace of neuro

(I) CCK activity is time-locked to bites of food: (left) first bite and (right) all bites (

(J) Schema for ghrelin injection study (left) and sample trace of neuronal activity

(K) Averaged activity traces for CCK neurons after ghrelin injection (left) and cons

Scale bar, 200 mm. Data are presented as mean ± SEM (except for G, which is ±

See also Figure S4.
We next asked whether these neurons could integrate other

lines of information, such as slower-acting humoral signals. To

answer this question, we took mice fed ad libitum and recorded

from CCK neurons before and after injection of the orexigenic

hormone ghrelin (Figure 3J). We found that ghrelin induced rapid

and sustained silencing of CCK neurons, lasting up to tens of

minutes (Figures 3J, 3K, and S4D). This finding, alongwith our re-

sults above, suggests that CCK neurons are capable of inte-

grating diverse signals across broad timescales to regulate

feeding. In further support of this notion, we also found that

this sustained inhibition could be rapidly released by access to

and consumption of chow (Figures 3J and 3K). This rapid behav-

ioral release from ghrelin-induced inhibition, together with the

lack of significant enrichment for ghrelin’s receptor (growth

hormone secretagogue receptor, Ghsr) in our vTRAP dataset

(Table S2), suggests that these neurons are likely not directly

modulated by ghrelin but are tonically inhibited by an upstream

population that directly senses circulating ghrelin.

Feeding can be inhibited by stimuli unrelated to energy bal-

ance, such as those resulting in threat, aversion, or fear.17 We

next asked whether CCK neurons could be activated by these

non-feeding-related, yet appetite-suppressing, cues. Consistent

with a role for these neurons in specifically regulating adaptive

feeding responses, exposure to tail pinch or fox odor (trime-

thylthiazoline [TMT]) was both unable to elicit changes in CCK

neuronal activity (Figure S4C). Together, these studies demon-

strate that CCK neurons can detect diverse non-aversive neuro-

hormonal signals over broad timescales to adaptively regulate

feeding.

DRN neuropeptide neurons regulate meal termination
Brobeck initially pointed out that in animals eating periodically,

total food intake is the product of averagemeal size andmeal fre-

quency.63 The phasic natural activity patterns of CCK neurons

and their rapid suppression of food intake would appear to sup-

port a role for these neurons in the shorter-term control of ameal.

To test this hypothesis, we optogenetically activated these neu-

rons while performing a re-feeding task, again using the FED3.0

system62 to track the microstructure of food consumption. As

demonstrated previously, optogenetic activation of CCK neu-

rons led to a significant suppression of food intake over the

course of an hour (Figures 4A, left, and S5A). Further analysis

of meal-time dynamics demonstrated a substantial shift in the

distribution of pellet consumption (Figure 4A, right), which was
lution

s time, y axis is neural activity, and dots below each trace represent pellets

lly-encoded calcium indicator GCaMP6s.

trace.

rst meal (n = 4 mice).

nal activity (right). Inset, magnified portion of one bout.

n = 4 mice).

during a full recording session (right).

umption of the first pellet after food access was granted (right) (n = 5–6 mice).

95% CI).
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Figure 4. CCK neurons regulate meal termination via a short-lived yet hysteretic signal with a built-in delay

(A) Cumulative food intake is significantly altered (left) and affects feeding dynamics (inter-pellet intervals, right) (n = 7 mice per group).

(B and C) Average meal size is significantly suppressed in CCK::ChR2 mice (B), and the total number of meals is unaltered (C).

(D) Schema for experimental manipulations. (Top) Pre-stimulation: fasted animals receive 1 hr of pre-stimulation, followed by re-feeding. (Bottom) Closed-loop

stimulation: mice receive brief optogenetic stimulation after each pellet retrieval.

(E) Pre-stimulation of CCK neurons reduces food intake over the course of an hour (left), and this effect is fully attributable to a reduction in feeding within the first

30 min of re-feeding (right; n = 9–10 mice per group).

(F) Closed-loop stimulation of CCK neurons reduces meal size with a built-in delay (n = 5–6 mice per group).

(G) Cumulative food intake is unaffected (left), whereas feeding dynamics (inter-pellet intervals, right) are altered in animals with chronic inhibition of CCK neurons

using Kir2.1 (n = 6–9 mice per group).

(H and I) Average meal size is significantly increased in CCK::Kir2.1 mice (H), and meal frequency is decreased (I).

Scale bar, 200 mm. *p < 0.05, **p < 0.01, ****p < 0.0001. Data are presented asmean ± SEM. Inter-pellet intervals in (A) and (G) are shown as kernel density estimates.

See also Figures S5 and S6.
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Figure 5. CCK neurons track food from sensory presentation through ingestion

(A) Schema for the sensory presentation of food.

(B) Sensory presentation of food (but not an arbitrary object) rapidly activates CCK neurons (left, averaged photometry traces; right, mean Z scores; n = 5 mice).

(C) Schema for olfactory exposure to food.

(D) Covered chow potently activates CCK neurons (left, averaged photometry traces; right, mean Z scores; n = 5 mice).

(legend continued on next page)
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fully attributable to a reduction in meal size (Figure 4B). Impor-

tantly, this occurred without altering meal number (Figure 4C)

or the inter-meal interval (Figure S5B), consistent with a role for

these neurons in regulating satiation-related functions and not

hunger or satiety.64 These data suggest that CCK neurons track

shorter- and longer-acting neurohumoral signals to specifically

terminate a meal.

Meals play out over the course ofmuch longer time scales than

those observed for CCK phasic neuronal activity. One question

that thus remained from these studies was how the moment-

to-moment activity of CCK neurons during feeding could later

lead to the termination of a meal. One mechanism consistent

with our observations would be that these neurons broadcast

a short-lived signal, with effects outlasting the stimulus (hystere-

sis), to induce delayed termination of food intake on a meal-to-

meal basis. To test this hypothesis, we designed two separate

assays with distinct stimulation paradigms (Figure 4D). We first

performed another re-feeding assay where CCK neurons were

optogenetically activated prior to access to food (pre-stimula-

tion; Figure 4D, top). In this assay, we found that pre-stimulation

of CCK neurons was able to significantly suppress food intake

over the duration of an hour-long session, demonstrating that

this signal is sustained (Figure 4E, left). We then asked how

long this signal lasts. When we binned consumption into shorter

time windows, we found that the reduction in feeding was

completely accounted for within the first 30 min of the session

(Figure 4E, right), and �89% of the suppression effect was

observed within the first 20 min of access to food (Figure S5C).

These findings support a role for CCK neurons in broadcasting

a sustained satiation signal.

In a separate study, we then performed optogenetic stimula-

tion that was time-locked to bites of food, meant to mimic the

exaggerated natural activity patterns of these neurons during

feeding. In this closed-loop stimulation paradigm, we delivered

5 s pulses of light after each pellet retrieval (Figure 4D, bottom).

Using this approach, we found that meal size was significantly

reduced compared with controls (Figure 4F). Critically, meal

termination was not immediately time-locked to the onset of

laser stimulation, as the average meal size was greater than

one pellet (i.e., mice do not stop consuming immediately after

their first bite of food). This was also true of the first meal post-

starvation (where meal sizes ranged from 2 to 13 pellets; Fig-

ure S5D). These results suggest that this anorexigenic signal

has a built-in delay meant to restrain feeding through the termi-

nation of meals, and not individual bites per se. In further support

of this hypothesis, we found that varying pre-stimulation times

suppressed total food intake in a time-dependent manner;

however, these differences were not observed at the earliest
(E) Schema for intragastric infusion studies.

(F) Averaged traces (left) andmean Z score analyses (right) before (baseline) and du

15 min of infusion) (n = 5–6 mice).

(G) Schema for intraperitoneal (i.p.) injection studies.

(H) Averaged traces (left) and mean Z score analyses (right) demonstrate significa

and Ex-4, but not PYY3–36.MeanZ scores: baseline (5min prior to injection), injecti

per group). y p < 0.05, yy p < 0.01 for late signal (compared with baseline).

B, baseline; I, injection; In, infusion; L, late signal; P, presentation.

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Data are presented as mean ±
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post-simulation time points (Figures S5E and S5F). Together,

these results indicate that CCK neurons track food intake on a

bite-to-bite basis and use this information to terminate meals

through a delayed and sustained anorexigenic signal operating

on the order of tens of minutes.

Our in vivo recordings and optical manipulations together sug-

gested a negative feedback mechanism through which CCK

neurons regulate meal termination. One key prediction of this

model is that loss of negative feedback would lead to an increase

in meal size. To test this hypothesis, we inhibited CCK neurons

using Kir2.165 and performed a 1 hr fast-refeed study. Notably,

this manipulation did not impact overall food intake (Figure 4G,

left). However, there was a marked shift in the distribution of in-

ter-pellet intervals (Figure 4G, right). Upon closer inspection, we

found that meal size was significantly increased, as predicted by

our negative feedback model (Figure 4H). This increase in meal

size was compensated for by a decrease in meal frequency (Fig-

ure 4I) and a borderline increase in inter-meal interval (Fig-

ure S6A), consistent with effects seen in other populations exclu-

sively controlling meal termination.14 Importantly, we observed

these same effects using constant optogenetic inhibition with

ACR266 (Figures S6B–S6G). Inhibition had no impact on any

other behaviors tested (Figures S6H–S6J). Our studies thus sup-

port a key role for CCK neurons in the regulation ofmeal size and,

consequently, satiation.

Sensory detection of food via olfactory cues
Satiation-related signals arise from multiple levels of the GI tract

and likely synergize with internal state and exteroceptive cues,

such as the sensory presentation and taste of food.1,18,20,67

We thus set out to investigatewhether sensory variables regulate

CCK neuron activity. CCK neurons are rapidly activated by

feeding, and this activity precedes the first bite of food, suggest-

ing that these neurons are capable of detecting distal cues, such

as the mere presence of food. To test this, we performed fiber

photometry recordings of these neurons while presenting inac-

cessible (caged) food to the animal (Figure 5A). Strikingly, within

seconds of exposure to a familiar food source, CCK neuronal ac-

tivity ramped up and remained elevated for tens of seconds (Fig-

ure 5B). These neurons did not respond to sensory presentation

of an arbitrary, non-food object, demonstrating that they

respond specifically to the sensory detection of food in the local

environment, and not, say, surprise, unfamiliarity, or salience

(Figure 5B). Given that this sensory signal is specific to food,

we next asked what about food could elicit CCK neuron activity.

Mice rely heavily on smell to detect food in the environment,68

and hunger state can in turn influence sensitivity to olfactory

cues.69,70 We thus hypothesized that CCK neurons may use
ring infusion. MeanZ scores: baseline (5min prior to infusion) and infusion (first

nt activation of CCK neurons in response to peripheral CCK, OXT, 5-HT, AMY,

on (first 5min after injection), late signal (10–15min post-injection) (n = 4–8mice

SEM.
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this same sensory modality to track nutrients. To address this

question, we presented mice with a pellet of food that was

covered in aluminum foil (but with perforations to allow for detec-

tion of the food’s scent; Figure 5C). This covered pellet was thus

not directly visible to the mice and was inaccessible for con-

sumption but could still be physically investigated. We found

that immediately upon presentation of the covered food source,

there was a significant elevation in CCK neuron activity (Fig-

ure 5D). Importantly, presentation of the same foil but without

food enclosed had no impact on neuronal activity (Figure 5D).

Together, these studies demonstrate that CCK neurons are

capable of sensory detection of local food sources and that

this is accomplished, at least in part, through olfactory cues.

Moment-to-moment neuronal monitoring of ingestion
But how do distal, pre-ingestive signals arise? One hypothesis is

that animals learn to associate the unconditioned stimulus of nu-

trients in the gut with the sensory detection of food.67,71 Given

that satiation arises from a confluence of factors, including

both sensory and ingestive variables, this raised the intriguing

possibility that CCK neurons could integrate multiple layers of

signals, including those originating from the GI tract. We thus

set out to address this question by performing intragastric infu-

sions while simultaneously monitoring CCK neuronal activity

(Figure 5E).

We first took overnight-fasted mice and performed intragastric

infusions of liquid nutrient (Ensure). Using this preparation, we

found that direct infusion of nutrient significantly activated CCK

neurons (Figure 5F). These effects were slow in onset, taking

about 1–2 min prior to a ramp-up in activity, followed by a peak

in activity around 10 min into the infusion. These results also

held for a less concentrated infusion of Ensure, albeit with a

smaller magnitude of effect (Figure 5F). We next asked whether

this signal could be attributed to gutmechano- and/or chemosen-

sation. We tested a variety of non-nutritive stimuli, including solu-

tions of different viscosity and/or osmolarity that are absorbed

(water and saline) or not absorbed (methylcellulose). All non-nutri-

tive stimuli tested significantly activated CCK neurons with

approximately the samemagnitude of effect, though the response

was markedly weaker compared with that elicited by Ensure (Fig-

ure 5F). Together, these results suggest that these neurons syner-

gistically respond to gut mechano- and chemosensory cues.

We next asked whether these neurons are also responsive to

gut-derived signals naturally released in response to ingestion.

We addressed this question by recording from CCK neurons

while manipulating key signaling pathways that act across

the upper GI tract (Figure 5G). We thus intraperitoneally injected

CCK, exendin-4 (Ex4, an agonist of the glucagon-like peptide-1

receptor), peptide YY3–36 (PYY3–36, an agonist of the neuropep-

tide Y receptor Y2), serotonin (5-HT), oxytocin (OXT), or amylin

(AMY). We found that each of these compounds, with the excep-

tion of PYY3–36, significantly activated CCK neurons with distinct

kinetics (Figure 5H). Both CCK and OXT elicited rapid and sus-

tained signals that persisted for �10 min; 5-HT had a biphasic

signal, comprised of an initial rapid activation, followed by a

lower-amplitude signal persisting for minutes; and AMY and

Ex4 injections both led to slow but significant rises in activity

that persisted for most of the recording session.
Together, our data demonstrate that CCK neurons track

ingestion and monitor its consequences through the detection

of key neurohumoral cues, possibly through vagal-mediated sig-

nals.13 Notably, many of these effects are likely to be mediated

by polysynaptic neuronal relays, as opposed to humoral

signaling, given their rapidity and our inability to significantly

enrich for these peptides’ key receptors in CCK neurons

(Table S2). We next set out to determine the input-output archi-

tecture of CCK neurons.

Wiring features of a satiation center
To identify the loci that provide direct input onto CCK neurons,

we performed monosynaptic tracing72–74 (Figures 6A and 6B).

Despite being a relatively small population of cells, CCK neurons

received substantial inputs from structures across the brain.

Consistent with their responses to diverse cognitive, sensory,

and neurohumoral signals, these neurons received inputs

covering loci from forebrain to midbrain and hindbrain

(Figures 6C and 6D). Across the forebrain, many labeled struc-

tures are known to regulate feeding. Prominent inputs, for

example, were observed from the central amygdala (CeA) and

the bed nucleus of the stria terminalis (BNST). The hypothalamus

also provided substantial inputs and accounted for �20% of

cells innervating CCK neurons, with major contributions from

the lateral hypothalamus (LH) and zona incerta.

The primary contribution to CCK neurons came from the brain-

stem, accounting for�57% of total inputs. Several midbrain and

hindbrain structures, including those that are integrated into the

basal ganglia and important for goal-directed behaviors, inner-

vated CCK neurons. These included the ventral tegmental

area, substantia nigra, laterodorsal tegmental nucleus, and pe-

dunculopontine tegmental nucleus. CCK neurons also received

ascending inputs from across the hindbrain (Figures 6C and

6D). A number of these loci, including the PBN and NTS, are

known to play key roles in visceral sensation/interoception and

consequently impact multiple aspects of feeding.

To better understand how these neurons function at the circuit

level, we next asked where they project. We mapped CCK

neuronal projection targets by simultaneously labeling axons and

nerve terminals (Figures 6E and 6F). Somewhat surprisingly, these

neurons projected to very few targets (Figures 6G and 6H). In the

forebrain, this included the BNST, CeA, and LH, as well as dorsal

tenia tecta, striatum, lateral septum, and the posterior segment

of thebasolateral amygdala. In the hindbrain, these neurons selec-

tively targeted theperi-locuscoeruleus.Wenext confirmeda func-

tional connection between CCK neurons and these targets, per-

forming whole-brain Fos mapping after activating CCK neurons

(Figures S7A and S7B). This showed broad activation across the

forebrain,midbrain, andhindbrain, includingmostof thestructures

monosynaptically downstream of CCK neurons. Together, these

results propose a circuit logic (Figure 7A) and negative feedback

mechanism (Figure 7B) through which CCK neurons sense and

respond to diverse signals to regulate meal size.

DISCUSSION

Satiation drives meal termination and is thus a key determinant of

energy balance. Since the work of Grill and Norgren in the 1970s,
Cell 188, 1563–1579, March 20, 2025 1573



Figure 6. CCK neurons receive monosynaptic inputs from across the brain and project to limited targets

(A) Schema for rabies tracing.

(B) Starter cells in DRN.

(C) Representative images of inputs along the brain’s anterior-posterior axis.

(D) Quantification of inputs to CCK neurons (n = 3 mice).

(E) Schema for anterograde projection mapping using a dual-reporter construct.

(F) CCK cells are labeled with GFP and mRuby but do not overlap with Tph2 expression.

(G) Representative images demonstrate a restricted set of projections to the forebrain and hindbrain.

(H) Quantification of CCK neuron projections (n = 4 mice).

Anatomic abbreviations can be found in STAR Methods. Scale bars, 200 mm. a.u., arbitrary units. Data are presented as mean ± SEM.

See also Figure S7.
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neurons regulating satiation have been localized to the brainstem,

yet the specific location and identity of these neurons have re-

mained unknown.7 Here, we used spatially resolved molecular
1574 Cell 188, 1563–1579, March 20, 2025
profiling39,40 (Figure 1) to identify CCK-expressing neurons of

the DRN as key regulators of satiation (Figures 2 and 4). These

CCK neurons monitor consumption on a bite-to-bite basis and



Figure 7. Structural and functional features

of CCK neurons

(A) CCK neurons are integrated into the extended

circuitry known to regulate feeding.

(B) CCK neurons regulate satiation through multi-

ple negative feedback loops. These neurons

broadcast a sustained signal with a built-in delay

(d) and are regulated by both homeostatic and

afferent cues.
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can use this information to passively encode a meal (Figure 3).

They are also able to track food from its sensory presentation

through its ingestion (Figure 5) and consequently suppress

feeding through a short-lived yet hysteretic signal that ultimately

results in meal termination (Figure 4). Consistent with their key

role in satiation, CCK neurons are also molecularly (Figure 2)

and anatomically (Figure 6) well positioned to receive diverse lines

of cognitive and sensory information. Together, these studies

reveal important principles through which the brainstem regulates

satiation and begin to shed light on the neural determinants of

meal size (Figure 7).

We believe that the present work, in aggregate, makes three

important advances. We find that (1) CCK neurons track diverse

neurohormonal cues to signal food intake on a bite-to-bite basis

and that this allows for the passive encoding of meal size, (2)

these neurons transform this information into a sustained signal

with a built-in delay to ultimately terminate a meal, and (3) CCK

neurons are positioned at the intersection of multiple negative

feedback loops critical for the integrative control of satiation.

This work raises fundamental questions about how the brain is

wired to terminate ameal and, beyond that, how innate, recurring

behaviors are regulated.

Ingestive variables encoded by brainstem satiation
neurons
One open question in neuroscience is how parameters for sur-

vival-related functions, such as energy homeostasis, are set (if

at all) and tuned. Since all living organisms need to acquire en-

ergy to survive, food intake offers a unique lens through which

we can understand defended variables and, consequently,

evolutionarily conserved neural functioning. Under the umbrella

of food intake, meal size is a discrete parameter that is well

defined but with biological underpinnings that are poorly under-

stood. In this work, we leverage a previously uncharacterized

brainstem peptidergic cell type to better understand the neural

regulation of meal size and use this to gain further insight into

how satiation works.

Meal size and timing arise from a confluence of factors,

including internal state, external environmental conditions, and

their interplay. Meal termination is a decision, one where the ev-

idence is comprised of many sensory variables (taste, texture, GI

chemo- and mechanosensation) that play out on a background

of internal states (e.g., hunger and arousal), as well as ambient

(e.g., food availability and proximity) and internal conditions

(e.g., volume status, core temperature, and available energy

stores). We find that CCK neurons represent the cellular imple-
mentation of a sense-and-respond system where food intake

is tracked and transformed into the decision to terminate a meal.

With the initial discovery of satiation factors,50 Gibbs and

Smith proposed five criteria through which a humoral factor

could be considered a negative regulator of meal size. These

criteria, which also hold well for cell types proposed to regulate

satiation (placed in parentheses), require that this factor (neuron)

(1) is released (activated) naturalistically during feeding, (2) can

suppress feeding in a scalable manner after external administra-

tion (stimulation), (3) has a short onset and duration of action, (4)

does not cause illness, and (5) exerts its effects when adminis-

tered (stimulated) at physiological doses.1,50 We believe that

CCK neurons satisfy many, if not all, of these criteria, positioning

them as key regulators of satiation. While a number of other cell

types have recently been shown to play a similar role in the short-

term regulation of meal size,15,18 these same cell types do not

appear to integrate such diverse (yet feeding-relevant) signals

as CCK neurons. Our neuroanatomic studies begin to shed light

on how these neurons are so well attuned to key sensory and

neurohumoral variables relevant to meal size and timing.

Given decades of work on the input/output architecture of the

DRN,26,75 it is somewhat surprising that a role for the DRN in

meal size had not been appreciated earlier. The DRN is known

to receive convergent inputs from across the brain, including

many of the key loci involved in acute and chronic regulation of

food intake and body weight.28,34,76 However, the DRN is also

molecularly heterogeneous, with intermingled cell types often

playing opposing roles in feeding,36 and this likely stymied earlier

efforts to uncover specific roles for the area’s component cell

types. With the recent application of single-cell-resolved

sequencing methods to the DRN,45 this problem has become

more tractable.77 In our spatially resolved, single-cell profiling

studies, we found a high degree of agreement with published

work,45 while also uncovering a previously underappreciated

peptidergic population that exists outside of the nearby

Edinger-Westphal nucleus. Our results thus propose an obligate

peptidergic cell type residing within the DRN and further under-

score the power of using spatially resolved methods for molecu-

lar profiling.

A latent role for neuropeptide signaling in acute
behavioral control
How might this peptidergic character begin to explain the inte-

grative function of CCK neurons? Our studies present a working

model in which acute changes in somatic neuronal activity are

‘‘built up’’ (integrated) at a downstream site, and this results in
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brief yet significant changes in feeding microstructure. These

changes are brought about through a signal that is relatively

short-lived, operating on the order of tens of minutes, and has

a built-in delay. Neuromodulatory signaling is ideally suited to

these computational functions, which link short-term neuronal

activity with longer-term behavioral consequences.78

Evidence for mechanisms of this kind has been identified

across species in neural systems using neuropeptide/neuromo-

dulator signaling79–81 but has only recently become more appre-

ciated within the acute context of mammalian feeding.82,83 The

fact that CCK neurons co-express many different neuropeptides

suggests that there is a significant level of redundancy in this

system. Given that many of the same peptides (or peptide sys-

tems) seen in CCK neurons are also found across the evolu-

tionary spectrum in cell types with similar functions (including

Drosophila84,85), one intriguing hypothesis is that these neurons

use conserved molecular, cellular, and/or circuit mechanisms to

drive acute changes in behavior. By studying satiation through

the lens of CCK neurons, the present work thus opens up ave-

nues for understanding the central regulation of feeding and pro-

poses a key entry point for studying neuromodulatory function.

Limitations of the study
Two important questions remain from this work: (1) how do these

neurons receive and integrate diverse streams of neurohormonal

signaling? And (2) how do CCK neurons induce their character-

istic, sustained satiation signals? Additional structural and func-

tional studies will be required to parse out the long-range inputs

converging on these neurons, which convey both sensory and

cognitive lines of information. Analysis of population and subcel-

lular molecular signaling will also likely be critical in revealing the

nature of the leaky integrator-like properties exhibited by CCK

neurons. Furthermore, functional studies probing the molecular

composition of CCK neurons will begin to uncover the mecha-

nisms governing sustained satiation signaling.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Chicken polyclonal anti-GFP Abcam Cat# ab13970; RRID: AB_300798

Rabbit monoclonal anti-cFos Cell Signaling Technology Cat# 2250, RRID: RRID:AB_2247211

Rat monoclonal anti-mCherry Thermo Fisher Scientific Cat# M11217, RRID:AB_2536611

Rabbit polyclonal anti-DsRed Takara Bio Cat# 632496, RRID:AB_10013483

Goat Polyclonal TurboRFP MyBioSource Cat#: MBS448252

Mouse monoclonal anti-GFP (Heintz Lab TRAP anti-GFP 19F7) MSKCC Antibody & Bioresource

Core Facility

Cat# Htz-GFP-19F7, RRID:AB_2716736

Mouse monoclonal anti-GFP (Heintz Lab TRAP anti-GFP 19C8) MSKCC Antibody & Bioresource

Core Facility

Cat# Htz-GFP-19C8, RRID:AB_2716737

Bacterial and virus strains

AAV5-IV-EGFPL10a PNI viral core N/A

AAV5-EF1a-double floxed-hChR2(H134R)-EYFP-WPRE-HGHpA Addgene Addgene AAV5; 20298-AAV5

AAV5-CAG-Flex-GCaMP6s-WPRE-SV40 Addgene Addgene AAV5; 100842-AAV5

AAV1-hSyn-FLEx-mGFP-2A-Synaptophysin-mRuby Addgene Addgene AAV1; 71760-AAV1

AAV5-CMV-FLEX-TVAmCherry-2A-oG PNI viral core N/A

AAV5-hSyn-FLEx-Kir2.1-2A-GFP PNI viral core N/A

AAV5-hSyn1-SIO-stGtACR2-FusionRed PNI viral core N/A

Rabies Virus: CVS-N2c-dG-GFP/EnvA Jefferson vector core N/A

Chemicals, peptides, and recombinant proteins

DHPC: 1,2-diheptanoylsn-glycero-3-phosphocholine Avanti Polar Lipids Cat# 850306

BSA: Bovine Serum Albumin Jackson ImmunoResearch Labs Cat# 001-000-162, RRID: AB_2336946

RNasin� Ribonuclease Inhibitor Promega Cat# N2515

SUPERaseIn� RNase Inhibitor Thermo Fisher Scientific Cat# AM2696

Pierce� Recombinant Protein L, Biotinylated Thermo Fisher Scientific Cat# 29997

Dynabeads� MyOne� Streptavidin T1 Thermo Fisher Scientific Cat# 65602

PBS: Phosphate-Buffered Saline Thermo Fisher Scientific Cat# AM9625

HEPES Thermo Fisher Scientific Cat# J16924.K2

HBSS Thermo Fisher Scientific Cat# 14065056

MgCl2 Thermo Fisher Scientific Cat# AM9530G

KCl Thermo Fisher Scientific Cat# AM9640G

CCK: Cholecystokinin Octapeptide (sulfated) Bachem Cat# 4033010; CAS: 25126-32-3

Ex-4: Exendin-4 Tocris Cat# 1933; CAS: 141758-74-9

PYY: Peptide YY (3-36) Bachem Cat# 4044052; CAS: 126339-09-1

5-HT: Serotonin hydrochloride Millipore Sigma Cat# H9523; CAS: 153-98-0

Amylin Bachem Cat# 4030201; CAS: 124447-81-0

Oxytocin Tocris Cat# 1910; CAS: 50-56-6

Methyl Cellulose Fujifilm Wako Cat# 133-17815; CAS: 9004-67-5

Ghrelin Tocris Cat# 1465; CAS: 258338-12-4

Saline Ricca Cat# 7210-16; CAS: 7647-14-5

Deposited data

vTRAP RNA-seq data This paper GEO: GSE252409

STARmap/RIBOmap RNA-seq data This paper Zenodo: 10.5281/zenodo.14447775

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Organisms/strains

Mouse: CCK-IRES-Cre: Ccktm1.1(cre)Zjh/J The Jackson Laboratory 012706; RRID: IMSR_JAX:012706

Mouse: Rosa26-LSL-EGFPL10a:

B6.129S4-Gt(ROSA)26Sortm1(CAG-EGFP/Rpl10a,-birA)Wtp/J

The Jackson Laboratory 022367; RRID: IMSR_JAX:022367

Mouse: C57BL/6J The Jackson Laboratory 000664; RRID: IMSR_JAX:000664

Software and algorithms

GraphPad Prism 10.0 GraphPad Software RRID:SCR_002798

MATLAB version R2023b MathWorks RRID:SCR_001622

R version 4.3.1 R Project for Statistical Computing RRID:SCR_001905

Python version 3.10 Python Programming Language RRID:SCR_008394

Fiji http://fiji.sc RRID:SCR_002285

Other

Absolutely Total RNA Purification Kits Agilent 400753
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice
All experiments were approved by Columbia University’s and Broad Institute of MIT and Harvard’s Institutional Animal Care and Use

Committee andwere in accordancewith National Institutes of Health guidelines. Bothmale and femalemicewere used for all studies.

All mice were at least 6 weeks old at the time of surgery. Mice were housed at a constant temperature of �22.5�C, with humidity of

�45%, and a 12 hr light-dark cycle (with light on at 7am). Mice were initially group housed, followed by single housing prior to ex-

periments, unless otherwise stated. Mice were given ad libitum access to chow (PicoLab Rodent Diet 5053) and water, unless other-

wise stated. All mice used in these studies are on a C57BL/6J background. Sources and genotypes of mice can be found in the key

resources table.

METHOD DETAILS

STARmap/RIBOmap protocol
Eight week old, male C57BL/6 mice were used for STARmap and RIBOmap sequencing. Mice were anesthetized under isoflurane

and transcardially perfused with 1x PBS (Gibco). Brains were collected, placed in OCT (Fisher), and frozen in 2-methyl-2-butanol

(Sigma) on dry ice.

Sample preparation
12-well glass bottom plates (MatTek) were plasma treated (100W, 2% O2) for 45 seconds. Immediately following plasma activation,

plates were treated with 1%methacryloxypropyltrimethoxysilane (Bind-Silane, GE Healthcare) for 1 hour, as previously described.40

Plates were washed at least 3 times with 95% ethanol and allowed to dry. Plates were then coated in 0.1mg/mL poly-D-lysine (PDL,

Sigma) overnight. Plates were washed extensively with RNase-free water and allowed to dry before use.

Coronal brain slices fromDRNwere collected at 20mmona cryostat (LeicaCM1950) into pretreatedplates. Tissue sectionswere fixed

with 4% PFA (Electron Microscopy Sciences) in 1x PBS for 10 minutes at room temperature (RT) and permeabilized with pre-chilled

100% methanol (Sigma) overnight at -20�C. Samples were allowed to dry completely before rehydrating with PBSTR (1x PBS with

0.1U/mL SUPERase-IN; ThermoFisher) containing 1% yeast tRNA (ThermoFisher) and 100mM Glycine (VWR) at RT for 15 minutes.

Library construction
SNAIL probeswere purchased from IDT as oPools (separate oPools were purchased for STARmap padlock probes, RIBOmap padlock

probes, and shared primer probes; see Table S1 for sequence information. Stock SNAIL probes were dissolved to 50nM per probe in

water. Brain slices were incubated in 300mL of hybridization buffer (2x SSC (Sigma-Aldrich), 10% formamide (Calbiochem), 1%Tween-

20, 20mM ribonucleoside vanadyl complex (NewEngland Biolabs), 0.1 mg/mL yeast tRNA, 0.1 U/mL SUPERaseIn) at 40�C for 36 hours

with gentle shaking. STARmap sections were incubated with 5nM STARmap padlock probes and 5nM primer probes. RIBOmap sec-

tions were incubated with 5nM RIBOmap padlock probes, 5nM primer probes, and 100nM splint probes.

Samples were then washed at 37�C for 20 minutes with 600mL PBSTR twice, followed by one wash with high salt buffer (PBSTR in

4x SSC). After a brief rinse with PBSTR at RT, samples were incubated in ligation mixture (0.25 U/mL T4 DNA ligase (Thermo Scien-

tific), 1x T4 ligase buffer, 0.2 mg/mL BSA (New England Biolabs), 0.2 U/mL SUPERase-In) for 2 hours at RT with gentle shaking.
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Samples were washed 2x with 600mL PBSTR, before incubating with 300mL rolling-circle amplification mixture (0.5 U/mL Phi29 DNA

polymerase (Thermo Scientific), 1x Phi29 reaction buffer, 250 mM dNTP mixture (New England Biolabs), 0.2 mg/mL BSA, 0.2 U/mL

SUPERase-In and 20 mM 5-(3-aminoallyl)-dUTP; Invitrogen) at 4�C for 30 minutes to equilibrate the samples, followed by 30�C for

2 hours for amplification.

The samples were next washed twice in 600 mL PBST (1x PBS, 0.1% Tween-20) and treated with 400mL 20mM acrylic acid NHS

ester (Sigma) in 1x PBS overnight. Samples were washed briefly with 600mL PBST once, then incubated with 400mL monomer buffer

(4% acrylamide; Bio-Rad), 0.2% bis-acrylamide (Bio-Rad), in 2x SSC) for 30 min at RT. After removing the monomer buffer, 25 mL of

polymerization buffer (0.2% ammonium persulfate (Sigma-Aldrich), 0.2% tetramethylethylenediamine (Sigma-Aldrich) in monomer

buffer) was added to the center of the sample and was immediately covered with a Gel Slick 12 mm coverslip and incubated for

1 hour at RT under nitrogen gas. Following gelation, the tissue-gel hybrids were washed with PBST briefly, and digested with Pro-

teinase K buffer (0.2 mg/mL proteinase K; Invitrogen) in 50 mM Tris-HCl 8.0, 100 mM NaCl, 1% SDS (Calbiochem) at RT for 1 hour.

Samples were then washed with 600mL of PBST at RT three times for 5 minutes each and stored at 4�C until sequencing.

In situ sequencing
Before SEDAL sequencing, samples were washed twice with stripping buffer (60% formamide and 0.1% Triton X-100 in water) and

treated with dephosphorylation buffer (0.25 U/mL Antarctic Phosphatase (New England Biolabs), 1x reaction buffer, 0.2 mg/mL BSA)

at 37�C for 1 hour. Each cycle of SEDAL sequencing beganwith twowashes with stripping buffer (10minutes each) and three washes

with PBST (5 minutes each). Sample was incubated with sequencing by ligation mixture (0.2 U/uL T4 DNA ligase, 13 T4 DNA ligase

buffer, 0.2 mg/mL BSA, 10 mM reading probe, and 300 nM of each of the 16 two-base encoding fluorescent probes) at RT overnight.

After three 10 min washes with wash and imaging buffer (10% formamide in 2x SSC) and DAPI staining (Invitrogen) following man-

ufacturer’s instructions, the samples were imaged in wash and imaging buffer.

Imaging was performed on a Leica SP8 scanning confocal microscope with a white light laser and using a 40X oil immersion objec-

tive (NA = 1.30). Z-stacks were collected with a 0.35mm step size to conform to Nyquist requirements, with a voxel size of 194nm x

194nm. DAPI was acquired during the first imaging round to enable image registration. In total, 4 STARmap and 4RIBOmap (adjacent

sections to STARmap) were acquired.

STARmap and RIBOmap Data Analysis
After imaging, data were processed and analyzed as per below.

Image pre-processing
Image deconvolutionwas performed usingHuygens Essential (Scientific Volume Imaging), using the classicmaximum likelihood esti-

mation method, with a signal-to-noise ratio of 10, for 10 iterations. Image registration, spot calling, and barcode decoding were per-

formed following previous reports.40,44

Cell segmentation
A maximum intensity projection of the stitched DAPI channel was generated, with a median filter applied to remove high-frequency

noise. Nuclei were automatically identified by applying a pretrained 2Dmachine learningmodel (Versatile model) from the StarDist 2D

plugin in Fiji, with the following parameters: percentile low: 1, percentile high: 99, probability: 0.65, overlap threshold: 0.40. A com-

posite, maximum projected image combining all amplicon imaging channels was thereafter created to represent the cell boundary. A

Gaussian filter with sigma of 5 was applied to the amplicon image, and was binarized with the Otsu thresholding strategy. To better

incorporate the amplicons around the peripheral regions of the cell bodies, a binary dilation with disk structure element (r = 10) was

applied on the mask. Finally, a marker-based watershed transform was performed to segment the binary mask representing cell

bodies. Points overlapping each segmented cell region in 2D were then assigned to that cell to compute a per-cell gene expression

matrix.

Quality control for cells
We excluded low-quality cells following standard data preprocessing procedures in Scanpy.86 Each STARmap and RIBOmap sam-

ple was first processed separately to remove low-quality cells. We set the minimum gene number per cell to 5 and the minimum cell

number per gene to 10.We additionally used themedian absolute deviation (MAD)method to estimate the threshold for reads per cell

filtering as shown by the following equation:

Lower boundary = medianðreads per cellÞ -- 3 x MAD
Upper boundary = medianðreads per cellÞ+ 3 x MAD

After filtering, we obtained a cell-by-gene matrix containing expression information for 85,072 cells (across 8.7 million RNA reads).

The data was then normalized according to the median of the number of transcripts per cell, logarithmically transformed, and scaled.
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RIBOmap and STARmap samples were combined following pre-processing, followed by batch correction using the combat function.

Harmony integration43 was performed to the combined dataset to create a joint PCA embedding as previously described.40

Cell type annotations for full dataset
We followed previously described methods and code for cell-type annotations and clustering.44 We first used Harmony to integrate

the STAR/RIBOmap dataset with a published scRNA-Seq dataset of the mouse DRN,45 consisting of 39,411 cells, of which 2,041

cells belong to the neuronal lineage. Although this dataset contained a low number of neurons, we found it to be a useful reference

for annotating non-neuronal populations in our dataset due to the low number of non-neuronal cell-type markers in our experiments.

We used the overlapping 227 genes between STAR/RIBOmap and scRNA-Seq datasets to compute the adjusted principal com-

ponents (n_comps = 20) and neighborhood graph of observations (n_neighbors = 70). Leiden clustering of STAR/RIBOmap cells was

performed with a resolution of 2. Annotations of main-level STAR/RIBOmap cell clusters were determined by projecting scRNA-Seq

cell-type labels onto the joint manifold. We transferred labels from scRNA-Seq to the STAR/RIBOmap clusters based on the

following: within each cluster, we checked the cell-type labels of scRNA-seq cells. If the number of top-1 scRNA-Seq cell-type label

within the joint cluster exceeded 85% for neurons, or 50% for non-neurons, it indicated successful integration for the cluster. We

therefore assigned this dominant top-1 scRNA-Seq cell-type label to the STAR/RIBOmap cluster. Otherwise, we regarded the inte-

gration as unsuccessful and temporarily labeled the cluster as ‘‘NA’’.

We then investigated the spatial cell distributions and cluster-specific expression patterns for each cluster to confirm the cell-type

assignments of successfully integrated clusters, and to manually annotate ‘‘NA’’ clusters. Cell clusters that did not reside within the

DRN, which consisted of the majority of ‘‘NA’’ clusters were annotated as ‘‘Non-DRN Cell Types’’. Clusters that contained low cell

numbers and which did not present notable patterns in spatial distribution nor gene expression were labeled as ‘‘NA’’. Finally, we

merged clusters representing the ‘‘GABAergic’’ and ‘‘Glutamatergic’’ lineages for the full dataset analysis.

To further improve the cell-type classifications, we calculated the Euclidean distance from each cell to the centroid of the cluster it

belongs to on the UMAP embedding. Based on the distribution of the Euclidean distances for each cluster, a distance threshold was

manually determined, and cells with a distance value greater than the threshold were labelled as ‘‘NA’’, and excluded from down-

stream analyses.

Cell type annotations for DRN neurons
From the full STAR/RIBOmap dataset, we first subsetted out cells that belong to the neuronal lineage, and for which at least a subset

were enriched within the DRN. Together, we identified 33,591 DRN neurons for downstream analyses, comprising the ‘‘TH’’, ‘‘Sero-

tonergic’’, ‘‘GABAergic’’, Glutamatergic’’, ‘‘GABAergic/Glutamatergic’’, and ‘‘Glu3 (vlPAG excitatory)’’ cell clusters. We note that the

‘‘Non-DRN Peptidergic’’ neurons were excluded from further analyses as they were not enriched within the DRN. Additionally, this

cluster of cells was annotated to be ‘‘Peptidergic’’ based on assignment from scRNA-Seq, although the published dataset only

captured peptidergic neurons from the EW, not the DRN.45 We additionally subsetted cells that belong to the neuronal lineage

from scRNA-Seq, consisting of 2,041 cells.45

We followed themethods described above for annotation of neuronal clusters, with a fewmodifications. We used Harmony to inte-

grate the subsetted STAR/RIBOmap neuronal dataset with the published scRNA-Seq neuronal dataset.We used the overlapping 227

genes between STAR/RIBOmap and scRNA-Seq to compute the adjusted principal components (n_comps = 11) and neighborhood

graph of observations (n_neighbors = 50). Leiden clustering of STAR/RIBOmap cells was performed with a resolution of 0.6. We first

visualized the projection of scRNA-Seq cell-type labels onto the joint manifold. We transferred labels from scRNA-Seq to STAR/

RIBOmap cells if the number of top-1 scRNA-Seq cell-type label within the joint cluster exceeded 85%. This consisted of the

‘‘TH’’, ‘‘GABAergic 1’’, ‘‘GABAergic 2’’, ‘‘Serotonergic’’, ‘‘Glutamatergic 1’’, and ‘‘GABAergic/Glutamatergic’’ clusters. We addition-

ally confirmed the transferred labels, and annotated the remaining clusters based on cell-type spatial distributions and cluster-spe-

cific expression patterns. Lastly, we calculated the Euclidean distance from each cell to the centroid of the cluster it belongs to in the

UMAP embedding. Cells with Euclidean distances greater than a manually selected threshold were excluded from further analyses.

Subclustering analysis of TH neurons
From the STAR/RIBOmap neuronal dataset, we first subsetted out cells which belong to the TH cluster, consisting of 980 cells. We

performed Leiden clustering with a resolution of 0.5 to identify three TH subclusters.

Single molecule fluorescence in situ hybridization (smFISH)
HCR amplification-based smFISHwas performed following previous protocols.87,88 HCR 3.0 probes were purchased fromMolecular

Instruments. All steps were performed under RNAse-free conditions and using molecular grade, RNAse-free water (Life Technolo-

gies). 12 well, glass-bottom plates were treated with Bind-Silane and PDL, following procedures described in the STARmap section

above. Animals for smFISH were perfused with PBS, followed by 4% PFA. Brains were post-fixed in 4% PFA for 3 hours at RT and

were cryopreserved in 30% sucrose until they sank (�24 hours). Coronal sections of the DRNwere obtained at 30mMonto glass-bot-

tomplates. Prior to smFISH, samples were permeabilized in 70%ethanol overnight at 4�C. Coverslips were allowed to dry completely

before hybridization. Primary probe hybridization was performed at 2mM probe concentration in HCR hybridization buffer (Molecular

Instruments) at 37�Covernight. Samples were additionally hybridized with a 1mMpoly(dT) clearing probe. 3x washes were performed
Cell 188, 1563–1579.e1–e8, March 20, 2025 e4



ll
Article
in wash buffer (Molecular Instruments) at 40�C, which was followed by 3x washes in 5x SSCT (0.1% triton-X) at RT. Sample gelation

was performed following protocols from the STARmap sections above. Clearing buffer was prepared by mixing 1:100 proteinase K,

50mM Tris-HCl pH 8, 1mM EDTA, 0.5% Triton-X, 500nM NaCl, and 1% SDS. Samples were allowed to clear overnight at 37�C. After
clearing, samples were washed 3x in 5x SSCT prior to HCR amplification. HCR hairpins were prepared by heating to 95�C for 90 sec-

onds and allowed to cool to room temperature slowly over 30 minutes. Amplification solutions were prepared by mixing 10mL H1 and

10mL H2 in 500mL amplification buffer for each well. Amplification occurred in the amplification buffer (Molecular Instruments) over-

night at RT. Following amplification, samples were washed 3x in 5x SSCT, stained with 1:3000 DAPI (Thermofisher) for 10 minutes at

RT, and mounted in Fluoromount-G mounting media.

Molecular profiling using vTRAP
AAV5-IV-GFPL10 was stereotactically injected into the DRN of CCK-IRES-Cre mice. Immunoprecipitations (IPs) were then per-

formed at least 4 weeks later, allowing for GFPL10 expression and ribosomal integration. Two biological replicates were used,

each consisting of tissues pooled from 5mice (3males and 2 females). Affinity purification of EGFP-tagged polysomewas performed

as described elsewhere.51,89 Briefly, streptavidin-conjugated magnetic beads were prepared in an RNase-free environment by first

binding them with Biotinylated protein L and then with anti-EGFP monoclonal antibodies, 19C8 and 19F7.90 Brains were then ex-

tracted, after which DRN-containing tissue was collected under a dissection scope (Stemi 305, Zeiss). Tissue was then homogenized

using a clean glass homogenizer on ice. The clarified supernatant of the tissue homogenates was allowed to incubate overnight with

the anti-EGFP magnetic beads to immunoprecipitate translating polysomes. RNA was then extracted using the Absolutely RNA

Nanoprep kit (Agilent), after which RNA was analyzed for quality and quantity using a Bioanalyzer (Pico Chip). All RNA RIN values

were > 9. High-throughput RNA-seq was then performed using the following protocol. First, cDNA synthesis was performed with

the Clontech SMART-seq Ultra Low v4 kit (Takara), followed by library preparation using Nextera XT (Illumina). Libraries were

then sequenced using a NovaSeq 6000 (Illumina). Samples were multiplexed in each lane, and paired-end 100bp reads were per-

formed for each sample. Base calling was performed using RTA (Illumina), and bcl2fastq2 (version 2.19) was used for file conversion

from BCL to fastq (this was coupled with adaptor trimming). Pseudoalignment was performed using Kallisto (0.44.0) with the refer-

ence Ensembl v96 (GRCm38.p6). Differential gene expression between IP and Input was determined using DESeq2. Gene ontology

analysis was performed on the top 100most highly enriched genes at a significance value of padj < 0.01 using ShinyGO 0.77. An FDR

cutoff of 0.05 was used with a minimum pathway size of 2 genes. Results were plotted using custom code in R.

Intracranial viral injections and fiber optic implantations
Animals were anesthetized using 2-3% isoflurane and mounted onto a stereotaxic surgical frame (David Kopf). A small craniotomy

was performed using an automated drill (Osada Inc) at the measured coordinates. Viral vectors were injected locally into the brain

using Nanoject III (Drummond Scientific, PA) with a pulled glass pipette at a rate of 50 nl of virus per min. AAVs carrying Cre-depen-

dent GFPL10 (600 nl/animal), TVA-mCherry-2A-oG (300 nl), andGCaMP6s (600 nl) were injected straight into the DRN at a coordinate

of 4.5 mm posterior, 0 mm lateral, -3.0 mm deep measured with respect of bregma. AAVs carrying Cre-dependent ChR2 (300 nl),

ACR2 (500 nl), Kir2.1 (700 nl), EYFP (volume matched to treatment) and G-deleted rabies (600 nl) were injected into the DRN at a

16� angle (4.5 mm posterior, 0.8 mm lateral, -3.1 mm deep from bregma). All viral injection volumes were determined based on trans-

duction in pilot studies. For all optogenetic experiments, fiber optic cannulae with a flat fiber tip, 200 mmcore diameter, and numerical

aperture of 0.22 were used (Doric Lenses Inc). Following viral injections and retraction of the Nanoject III glass pipette, optic cannulas

were inserted using cannula holders into the same coordinate as used for the viral injection but at a Z position 500 mm above the viral

injection site. For in vivo fiber photometry recordings, fiber optic cannulae with a flat fiber tip, 400 mm core diameter, and numerical

aperture of 0.48 were used. After injecting GCamP6s carrying AAV, optic cannulas were implanted in the exact same coordinates as

the virus. Optical fiber ferrules were fixed with quick adhesive cement (C&B Metabond, Parkell) after all implantations.

Gastric catheter implantation surgeries
GCaMP6s-expressing CCK-IRES-Cre mice with optic cannula implanted over the DRN were used for gastric catheter implantation

surgeries. At least 4 weeks were allowed to elapse between two surgeries for full animal recovery. Animals were starved for�6 hours

prior to surgery and were allowed to refeed on a regular diet for about an hour for stomach distension to aid in visualization during

surgery. Midline abdominal skin and underlying muscle layer incisions were made from the xiphoid cartilage to the mid-abdomen to

expose the stomach in isoflurane-anesthetized animals placed on a heating pad. A gastric catheter (Instech), assembled by placing

surgical mesh (eSutures) was sutured at the fundus with around 3 mm of the catheter inserted inside the stomach. The other end of

the catheter was pulled through a subcutaneous tunnel, which exited through an incision made along the dorsal neck and was

attached to a vascular button (VAB62BS/22, Instech) positioned at the dorsal end of the catheter. After suturing, approximately

0.1 ml of saline was gently infused into the stomach using the saline-filled sterile syringe attached to the proximal end of the catheter

to ensure no leakage.

Fos labeling
CCK-IRES-Cre mice crossed to reporter (EGFPL10a) mice were singly housed for at least 5 days before experiments and were ran-

domized into one of three groups: starved, refed, or fed ad libitum. Animals from both starved and refed groups were food-deprived
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for 16 hours, with the refed group allowed to have access to food for 2 hours prior to perfusion. Animals from the fed group were

allowed to have free access to food and were perfused the same day as mice from the starved and refed groups.

Optogenetic stimulation
For all optogenetic studies, a blue light DPSS Laser of 473nm wavelength (Laserglow) was used to deliver light pulses through optic

cannulae. For optical activation studies, light power of 10-12mW,measured at the tip of the optic cannula, with a pulsewidth of 10ms

was used. Different frequencies were generated using an open-source pulse train generator (Pulse Pal, Open Ephys). For optical in-

hibition studies, we used continuous light stimulation with a power of 5-6 mWmeasured at the tip of the optic cannula. Animals were

tethered to a patch cord connected to a fiber optic rotary joint for habituation for at least 15 min prior to all optogenetic behavioral

studies.

Behavioral studies
Animals of both sexes were used in all behavioral studies and effort was made to match for littermates among control and experi-

mental groups whenever possible. Animals were singly housed for at least one week prior to starting behavioral studies.

Feeding and drinking assays
Food intake studies were done in food-deprived animals by periodically measuring food pellet(s) dropped on the metal grid of the

home cage. For all overnight starvation studies, animals were food deprived starting around the onset of the dark cycle for 16 hours

with water access. For water deprivation studies, animals were water deprived for 24 hours with ad libitum access to food. For the

pre-stimulation studies, food-deprived animals received a 10 Hz blue light pulse for a defined time period (0, 15, 30, or 60min) before

being given access to food. Drinking assays were performed in water-deprived mice, where total water intake was measured in a

30 min time window.

Meal pattern analysis using FED3 devices
The pellet-dispensing device FED3,62 sourced through Open Ephys, was used for meal pattern analysis. Animals were habituated

with a free feeding program using a home cage FED3 device, where pellets were delivered 5 s after retrieval of the prior pellet for

at least 3 days, with regular chow available. Animals were then habituated with a free feeding program of FED3 with no regular

chow. The FED3 was subsequently removed from home cage at the time starvation onset and was replaced during the timing of

experimentation. A meal was defined as a sliding 60-second window for pellet retrieval (i.e., a meal’s end is defined as having

had 60 seconds elapse without a subsequent pellet retrieval).62,91

Closed-loop optogenetic experiments
For closed-loop optogenetic activation experiments, food-deprived animals were given access to food pellets through the FED3 de-

vice. Five seconds after retrieving each pellet, animals were given a brief blue light pulse at 10 Hz for five seconds. The laser was

triggered directly through the FED3 device connected using a BNC adapter.

Open field test (OFT)
Individual mice were placed in a cubic open field chamber of 43 x 43 x 43 cm during the experiment. The chamber comprises four

plastic walls and a detachable floor of the samematerial. Animals were allowed to move freely throughout the arena for 15 min. 10 Hz

blue light stimulation was applied during the middle 5 min epoch to activate CCK neurons optogenetically, a process aimed at study-

ing the neural basis of anxiety-related behavior. Animal behavior was continuously recorded using a video camera positioned above

the arena. The camera was controlled by EthoVision XT (Noldus, Netherlands), and movement in different epochs was calculated.

The arena was divided into a center (28 x 28 cm) and a periphery region to calculate anxiety-related behavior. The arena was carefully

cleaned with 3% hydrogen peroxide between each trial.

Real-time place preference (RTPP)
Each experimental mousewas placed in a two-compartment (60 x 30 cm) chamber consisting of white plastic walls and floors.Within

the chamber were two equal-sized compartments separated by removable slider openings (10 x 30 cm each) in which themice could

move freely between left and right compartments. They were allowed to move freely between compartments for 20 minutes, and

entry into one of the two sides resulted in photostimulation (Stimulation side). The side paired with photostimulation was counterbal-

anced between animals. A video camera positioned directly above the arena tracks mouse movement (EthoVision XT, Noldus, Wa-

geningen, Netherlands). A two-way ANOVA with a Sidak multiple comparisons test was used to test for significance.

Intragastric infusion (IGI) studies
All IGI studies were performed in starved animals. Animals were attached to photometry patch cords and infusion cannulae and

habituated for at least 15 min prior to recordings. Infusion tubing was washed with MQ water and primed with the solution to be

infused to avoid any dead volume. A total volume of 0.75 ml solution was delivered at a rate of 50 ml/min using a syringe infusion

pump (AL-1000, World Precision Instruments). Methylcellulose solution at a concentration of 0.5% was chosen for its high viscosity
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of 400 cP. Normal saline was chosen for its high osmolarity of �308 mOsm/L. Water and methylcellulose have similarly low osmo-

larities.67 Water and normal saline have similarly low viscosities. The Ensure solutions were provided at either 0.1 or 1 kcal per ml.

Fiber photometry recording and data analysis
A custom-built camera-based fiber photometry system was used for recordings of GCaMP6s-based calcium signals as a proxy for

neuronal activity which is based on a simplified version of those used by Kim et al.61 and was set up as described elsewhere.92 Time

stamps in the experiments were acquired using TTL pulses generated by the video tracking software (Ethovision), or by delivering an

input pulse directly from the FED3 device using an audio to BNC adapter, or via a custom-built switch on an Arduino UNO R3 micro-

controller board (with code written in Arduino script). Fluorescence signals were acquired using custom acquisition code written in

MATLAB.92 All recorded signals (dF/F) were normalized to z-score the signals.

To normalize the mealtime with z-scored signals during the first meal after food deprivation across animals, we first set up a series

of standard time points from – 0.5 to 1.5 (where a meal is initiated at timepoint 0 and ends at 1), interpolated the data set to get the

value of each meal at each standard time point, and calculated mean and SEM. For AUC calculations, a baseline was first set by

averaging z-scored values across 20 seconds prior to the first retrieval. The area was then calculated from each sub-interval accord-

ing to the trapezoidal rule, starting from the time of the first pellet retrieval of the meal until the last retrieval, plus 10 seconds. If a

trapezoid was below the baseline, the area was set to 0. A linear regression model was then fitted to the data.

To study feeding microstructure while recording CCK activity through fiber photometry, animals that had undergone GCaMP6s

surgery were fasted overnight. The animals were allowed to acclimate in a clean cage for more than 15 min before the trial. They

were then given access to a single chow pellet in the cage for approximately 30 minutes. The entire session was recorded using

a Basler CMOS camera at a frame rate of 25 fps and the videos were manually analyzed afterward.

Monosynaptic viral tracing using rabies virus
For monosynaptic retrograde tracing with G-deleted rabies virus (RVdG), Cre-dependent AAV was first injected into the DRN to drive

the expression of the TVA receptor and optimized Rabies Glycoprotein (oG) (TVAmCherry-2A-oG).74 Fourteen days later, the EnvA-

pseudotyped N2C strain of rabies virus (dG-GFP/EnvA) was injected into the DRN.72 Animals were sacrificed and examined for

expression of fluorescent protein 10 days after the injection of rabies virus. For counting input cells, sections representative across

the whole brain were mounted and imaged with an epifluorescence microscope (BZ-8000, Keyence). Each slice was matched to the

corresponding coronal section of Paxinos’ mouse brain atlas. Input cells were manually counted using a Fiji plugin to obtain the total

number of input cells per brain area, counting the hemisphere with the highest number of input cells. The percentage of input cells

was calculated from each of the brain regions, taken as the ratio of the total number of GFP-labeled cells in each brain (with the in-

jection site excluded).

The following abbreviations are used in Figure 6: Acb, nucleus accumbens; Arc, arcuate nucleus; BLP, basolateral amygdala, pos-

terior; BMA, basomedial amygdala; BNST, bed nucleus of the stria terminalis; CeA, central amygdala; Cg, cingulate cortex; Cpu,

caudate putamen; DTT, dorsal tenia tecta; Gi, gigantocellular reticular nucleus; IC, inferior colliculus; InCo, Intercollicular nucleus;

IO, inferior olive; IPAC, interstitial nucleus of the posterior limb of the anterior commissure; LC, locus coeruleus; LDTg, laterodorsal

tegmental nucleus; LHA, lateral hypothalamus; LHb, lateral habenula; LPB, lateral parabrachial nucleus; LPO, lateral preoptic area;

LS, lateral septum; M1, primary motor cortex; M2, secondary motor cortex; MD, mediodorsal thalamus; MeA, medial amygdala;

MPB, medial parabrachial nucleus; MPO, median preoptic nucleus; MRN, midbrain reticular nucleus; NTS, nucleus of the solitary

tract; OC, orbital cortex; PAG, periaqueductal gray; pLC, peri-locus coeruleus; PMN, premamillary nucleus; PCG, pontine central

grey; PPTg, pedunculopontine tegmental nucleus; PRN, pontine reticular nucleus; PVH, paraventricular hypothalamus; RMg, raphe

magnus; S1, primary somatosensory cortex; SC, superior colliculus; SNr, substantia nigra pars reticulata; SubC, subcoeruleus nu-

cleus; VP, ventral pallidum; VTA, ventral tegmental area; ZI, zona incerta.

The following abbreviation are used in Figure S7: Ob, olfactory bulb; Septum, septal nuclei, anterior; NAc, nucleus accumbens,

shell; ACC, cingulate nucleus, anterior; BNST, bed nucleus of the stria terminalis; OFC, orbitofrontal cortex; DTT, dorsal tenia tecta;

aINS, insular cortex, anterior; PC, piriform cortex; M1, primary motor cortex; CeA, central amygdala; BLA, basolateral amygdala;

BLP, basolateral amygdala, posterior; MnPOA, median preoptic area; MPOA, medial preoptic area; PVH, paraventricular hypothal-

amus; LHA, lateral hypothalamic area; Arc, arcuate nucleus; DMH, dorsomedial hypothalamus; VMH, ventromedial hypothalamus;

PH, posterior hypothalamus; ZI, zona incerta; LHb, lateral habenula; PVT, paraventricular thalamus; Xi, xiphoid thalamic nucleus;

VTA, ventral tegmental area; SN, substantia nigra; RLi, rostral linear nucleus; SuM, supramammillary nucleus; antPAG, periaqueduc-

tal gray, anterior; DRN, dorsal raphe nucleus; MnR, median raphe nucleus; Pn, pontine nuclei; postPAG, periaqueductal gray, pos-

terior; PBN, parabrachial nuclei; pLC, peri-locus coeruleus; DTg, dorsal tegmental nucleus; antNTS, nucleus of the solitary tract,

anterior; Rpa, raphe pallidus; Gi, gigantocelluar nucleus; postNTS, nucleus of the solitary tract, posterior; AP, area postrema.

Anterograde viral tracing
To identify the direct downstream projections of CCK neurons, an AAV expressing Cre-dependent soluble GFP and a synaptophysin-

mRuby fusion protein was injected into the DRN of CCK-IRES-Cre mice. The AAV construct (AAV5-hSyn-GFP-2A-synaptophysin-

mRuby) drives the expression of cytosolic GFP and presynaptic mRuby fluorescent protein. Animals were sacrificed and examined

for fluorescent protein expression approximately six weeks after injection of the virus. Images were captured using an
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epifluorescence microscope (BZ-8000, Keyence) under standardized settings, and image analysis was performed with Fiji. Regions

of interest (ROIs) were defined by GFP expression, and measurements of the area and the mean pixel density for each ROI were re-

corded. Background pixel density was subtracted for each ROI, and signal intensities were averaged across mice to assess GFP and

synaptophysin-mRuby expression levels in each brain region.

Whole-brain Fos mapping
EYFP- (control) and ChR2-expressing animals that underwent optogenetic activation for one hour were used for whole-brain Fos

mapping. As with the above behavioral studies, optical activation was conducted with a light power of 10-12 mW (measured at

the tip of the optic cannula) and a pulse width of 10 ms. One hour after cessation of stimulation (2 hr after laser stimulation onset),

brains were extracted. After histological preparation and Fos staining, representative brain sections across the whole brain were

mounted, imaged, and quantified. Images were captured using an epifluorescence microscope (BZ-8000, Keyence). Images were

thenmatched to the corresponding section of the Paxinos’ mouse brain atlas to identify activated brain regions. Fos-expressing cells

were counted in Fiji, aided by the Colocalizer Cell Counter plugin.93 The semi-automated counter was used to identify the 2Dmaxima,

and the noise tolerance settings were kept consistent. Any background noise was removed, and counting was verified manually. All

quantified brain areas were matched across all animals of the control and ChR2 groups. The fold-change of Fos expression in the

ChR2-expressing animals was calculated over the average Fos expression in the control group.

Histology
Mice were euthanized with CO2 inhalation and were quickly subjected to serial transcardial perfusion first using �30 ml ice-cold

phosphate-buffered saline (PBS) and then �50 ml ice-cold 10% formalin solution (Fisher Scientific). After perfusion-fixation, brains

were carefully removed, post-fixed in a 10% formalin solution at 4�C overnight on an end-to-end rotator, dehydrated by immersing in

PBS containing 30% sucrose at 4�C until sinking to the bottom of the tube, and finally embedded in OCT compound for subsequent

cryosectioning. Coronal sections of 40 mm thickness were made using a cryostat (Leica Microsystems), and slices were preserved in

PBS containing 0.02% of NaN3 at 4
�C until stained. For staining, coronal brain sections were permeabilized (in 0.1% Triton X-100 in

PBS, PBST), blocked (5% host-specific serum, 3%BSA, and 0.1% Triton-X-100 in PBS), and then incubated with primary antibodies

at 4�C overnight. After washing, sections were then incubated with secondary antibodies for 1 hr at RT. For Fos staining, sections

were permeabilized (in 0.1%PBST), blocked (in 10%Normal Goat Serum (NGS) in 0.3% PBST) for 1 hr at RT, incubated with primary

antibodies at 4�C overnight, and secondary antibodies for 2 hr each at RT with streptavidin-based amplification. Slices were

mounted, counterstainedwith DAPI in 50%glycerol solution, and examinedwith an epifluorescencemicroscope (BZ-8000, Keyence)

and/or confocal microscope (LSM710, Zeiss).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses in all the figures were performed using GraphPad PRISM 10 or R. Mice were randomized into treated or control

groups. All sample sizes (n), andwhat they represent, can be found in the figure legends. Data with error bars are presented asmean±

SEM, unless stated otherwise. Statistical tests usedwere the following: t-test or two-way ANOVAwith post hoc testing, unless other-

wise specified. For RNA-seq analyses using DESeq2, data are provided as average normalized counts for all samples (baseMean),

fold-enrichment (log2FoldChange), standard error (lfcSE), and Wald statistic (stat), as well as the non-adjusted (Wald test) p-value

(pvalue) and Benjamini-Hochberg adjusted p-values (padj). For GO analysis, the top 100 most highly enriched genes were selected,

with a p-value cut-off of < 0.01 (enrichment FDR < 0.05). For all studies, significance was defined as p < 0.05. In the figures, asterisks

denote statistical significance at the following levels: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, yp < 0.05, yyp < 0.01.
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Figure S1. Characterization of DRN cell types using STARmap/RIBOmap, related to Figure 1

(A) UMAP for all DRN cell types.

(B–E) UMAP of sequenced cells organized by DRN neuronal labels (B), distribution across sections (C), anatomic distribution (D), and sequencing modality (E).

(F) Heatmap of expression levels for differentially expressed transcripts among cell clusters.

(G) Projection of cell clusters onto their anatomical positions.

(H) Heatmap of expression levels for differentially expressed transcripts among TH+ clusters.
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(legend on next page)
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Figure S2. Spatial distributions of DRN neurons and validation of Th+ subclusters, related to Figure 1

(A) Spatial distribution of each neuronal cluster across the anterior-posterior axis for STARmap/RIBOmap studies.

(B) Representative smFISH images showing expression of Th (green) and Cck (pink) mRNA in the dorsal midbrain.

(C) Representative image of Cck (pink), Th (green), and Dat (orange) expression in the DRN. White arrowheads, Th+/Cck+/Dat� cells (TH2/3 subcluster). Cyan

arrowheads, Th+/Dat+/Cck� cells (TH1 subcluster).

(D) Representative image of Cck (pink) and Vip (orange) expression in DRN. White arrowheads,Cck+/Vip+ cells (TH2 subcluster). Yellow arrowheads,Cck+/Vip�
cells (TH3 subcluster). Cyan arrowheads, Vip+/Cck� cells.

(E) Quantification of marker gene overlap from smFISH images (n = 6 sections across two mice).

Scale bar, 100 mm (B), 25 mm (C and D).
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Figure S3. Activity profiling and manipulation of CCK neurons, related to Figure 2
(A) Schema for Fos studies.

(B) IHC for Fos protein and CCK neurons (GFP labeling from reporter cross; left) and quantification of their overlap (right) (*p < 0.05 for Fed vs. Refed; **p < 0.01 for

Fasted vs. Refed; n = 4 mice per group).

(C) Schema for optogenetic activation.

(D) CCK neurons scalably suppress feeding (n = 7 mice per group).

(legend continued on next page)
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(E) Summary schema.

(F) CCK neurons do not significantly alter real-time place preference (n = 5 mice per group).

(G) Stimulation of CCK neurons increases locomotion but does not affect anxiety (n = 7 mice per group).

Scale bar, 200 mm. *p < 0.05, **p < 0.01. Data are presented as mean ± SEM.
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Figure S4. Fiber photometry recordings of CCK neurons, related to Figure 3

(A) Fiber photometry recordings of CCK neurons aligned to feeding behavior (images of video recordings are shown above traces; n = 4 mice).

(B) Averaged activity traces for all pellets consumed (n = 4 mice).

(C) Activity traces for CCK neurons with tail pinch (left) or fox odor (right) (n = 4–8 mice).

(D) Sample photometry traces (left) and aggregate analysis (right) comparing the effects of saline and ghrelin i.p. injections (n = 5 mice).

Scale bar, 2 cm. ***p < 0.001. Data are presented as mean ± SEM.
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Figure S5. Feeding effects of optogenetic activation of CCK neurons, related to Figure 4

(A) Sample (left) and total (right) fiber placements for constant stimulation optogenetic studies.

(B) Inter-meal interval for optogenetic activation of CCK neurons (n = 7 mice per group).

(C) 89% of food intake suppression can be accounted for within the first 20 min of re-feeding after pre-stimulation.

(D) Closed-loop stimulation reduces meal size by about 50% (n = 5–6 mice per group).

(E and F) Pre-stimulation time of CCK neurons determines the magnitude of appetite suppression (E), acting on a delay (F) (n = 7 mice).

Scale bar, 200 mm. *p < 0.05. Data are presented as mean ± SEM.
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Figure S6. Loss-of-function studies for CCK neurons, related to Figure 4
(A) Sample viral expression (top) and inter-meal intervals (bottom) for Kir2.1 studies (n = 6–9 mice per group).

(B) Sample viral expression and fiber placement (top), as well as inter-meal intervals (bottom) for ACR2 studies (n = 6–9 mice per group).

(C and D) ACR2-mediated CCK neuron inhibition does not acutely alter total food (C) or water intake (D) (n = 6–9 mice per group).

(E) ACR2-mediated CCK neuron inhibition alters feeding microstructure (right), without altering total food intake (left).

(F and G) ACR2-mediated inhibition of CCK neurons increases average meal size (F) while suppressing total meal number (G) (n = 9–13 mice per group).

(H–J) ACR2-mediated CCK neuron inhibition has no effect on reward (H), anxiety (I), or locomotor (J) behaviors (n = 6–8 mice per group).

Scale bar, 200 mm. *p < 0.05. Data are presented as mean ± SEM.
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Figure S7. Whole-brain Fos mapping after CCK activation, related to Figure 6

(A and B) Representative images (A) and relative Fos expression (fold change over control) (B) across the brain (n = 3–4mice per group). Numbers next to coronal

sections indicate approximate coordinates relative to bregma. Regions in (B) are arranged anterior to posterior.

Scale bar, 1 mm. Data are presented as mean ± SEM.
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