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Abstract

Introduction—Hedonic eating is food ingestion that is driven by palatability rather than bodily
need. This can lead to overeating, which in turn may contribute to obesity. Despite the important
link between food palatability and hedonic eating, the neural mechanisms controlling this process
are poorly understood.

Rationale—Eating behaviors unfold in three phases. The seeking, consumption, and satiety
phases initiate, sustain, and terminate feeding, respectively. These phases are coordinated by
separate but interacting neural circuits that operate with distinct timing. Although progress has
been made to understand the neural basis of food-seeking and satiety, attempts to define neural
circuits for palatability-control over the consumption phase show contradictory results.

VTA dopamine (VTAPA) neurons are a prominent candidate cell type for promoting palatable
food consumption because they are activated by rewards. However, most manipulations of
dopamine neurons have been reported to reduce food consumption. To reconcile this discrepancy,
we avoided the temporally nonspecific manipulations of previous studies by manipulating VTAPA
neuron activity only during consumption, corresponding one phase of their their natural activity
pattern.

Another cell type involved in hedonic eating is glutamatergic neurons in a brain region called

the periLC (periLCVCELYT2 neyrons). Some of these neurons are inhibited during hedonic eating
in a manner scaled by food palatability or hunger state. Although these neurons do not trigger
food seeking, their inhibition during consumption prolongs ongoing food intake, particularly with
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palatable foods. However, the pathway through which these neurons influence food consumption
was unknown.

Results—Here, we found that VTAPA neuron activity was time-locked to the duration of food
consumption, and this response was scaled by food palatability. These effects were also observed
when measuring dopamine release in the nucleus accumbens (NAc), a downstream target of
VTADPA neurons. Hunger increased VTAPA neuron activity during consumption, while a sickness
state reduced it. When we optogenetically boosted VTAPA neuron activity specifically during
consumption, food intake was prolonged, similar to the effect of increasing food palatability.
Conversely, inhibition of VTAPA neurons reduced consumption. Highlighting the consumption-
specific effect of VTAPA neurons, activation of these neurons when mice were not eating did not
cause mice to approach food or increase food intake.

Moreover, we showed that periLCVCLYT2 neurons signal to VTAPA neurons to influence
consumption via an indirect pathway: periLCVCELYT2 neuron axons primarily targeted VTAVCAT
neurons, which inhibit VTAPA neurons.

We also found that the anti-obesity drug, semaglutide, initially reduced the duration of palatable
food consumption, accompanied by a decrease in VTAPA neuron activity. Optogenetic activation
of VTADA neurons partially counteracted the appetite-lowering effect of semaglutide for palatable
food. Additionally, as mice lost weight on semaglutide, VTAPA neuron activity increased, as did
palatable food intake, which could be reversed by inhibiting VTAPA neurons.

Conclusion—Collectively, our experiments show that VTAPA neurons are engaged throughout
the consumption phase of feeding and play a pivotal role in hedonic eating. Their influence is
specifically tied to VTAPA neuron activity during food consumption, mirroring the consumption-
specific role of periLCYELUT2 neurons, which are selectively suppressed during food intake and
thus participate in a circuit configured to disinhibit VTAPA neurons. These circuit dynamics
during palatable food intake upregulate dopamine in the NAc, which is a brain region that
modulates the duration of consumption.

VTAPA neurons are engaged during each of the three phases of motivated behavior. This

study clarifies the involvement of VTAPA neurons in the consummatory phase of hedonic food
intake. We highlight the critical role of VTAPA neuron timing to affect eating behavior, where
consumption-locked activation promotes food intake but nonspecific activation either has no effect
on feeding (our results) or reduces it (prior reports). VTAPA neurons control the duration of
ongoing food consumption, and this mechanism fills a gap in our understanding of appetite control
by palatable food, which may provide insights into the development and treatment of obesity.

Abstract

Hedonic eating is food consumption driven by palatability without physiological need. However,
neural control of palatable food intake is poorly understood. We discovered that hedonic eating is
controlled by a neural pathway from the peri-locus coeruleus to the ventral tegmental area (VTA).
Using photometry-calibrated optogenetics, we found that VTA dopamine (DA) neurons encode
palatability to bidirectionally regulate hedonic food consumption. VTAPA neuron responsiveness
was suppressed during food consumption by semaglutide, a glucagon-like peptide receptor 1
(GLP-1R) agonist anti-obesity drug. Mice recovered palatable food appetite and VTAPA neuron
activity during repeated semaglutide treatment, which was reversed by consumption-triggered
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VTADPA neuron inhibition. Thus, hedonic food intake activates VTAPA neurons, which sustain
further consumption, a mechanism that opposes appetite reduction by semaglutide.

Graphical Abstract
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Control of hedonic eating by dopamine neurons. The consumption phase of appetite involves
sensory feedback to sustain hedonic eating, which is independent of physiological need. VTAPA
neurons participate in a circuit (periLCVCLUT2—VTAVEGAT vy TADA—NAC dopamine) in which
activity is increased by positive palatability (left) or decreased by negative palatability or an
anti-obesity drug (right). VTAPA neurons are directly involved in regulating the duration of food
consumption and have an important role in hedonic eating.
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Palatability is associated with food pleasantness and prolongs consumption bouts (1), which
can lead to overeating (2). Consumption is sustained by a palatable taste regardless of the

physiological energetic state, which is sometimes called the “salted-nut phenomenon” (
or hedonic eating. The neural circuit mechanisms underlying hedonic eating are poorly
understood.

Eating behaviors unfold in three phases: seeking, consummatory, and satiety which
are coordinated by separate but interacting neural circuits (4, 5) that initiate, sustain,
and terminate feeding, respectively (fig. S1). The food-seeking phase is controlled by

3)

homeostatic signals from the body to the brain (6-8) as well as learning about environmental
cues that predict food rewards (9). The satiety phase eventually terminates a meal as well as
the tendency to initiate feeding (10, 11) due to peripheral signals that can be recapitulated
by anti-obesity drugs, such as GLP-1R agonists (12, 13). A notable gap in this framework

is how the intervening consummatory phase sustains palatable food consumption in the
absence of physiological energetic needs.

VTA dopamine (VTAPA) neurons are a candidate cell type for promoting palatable food

consumption. Dopamine levels correlate with pleasantness ratings in humans (14), and
VTAPA neuron activity increases in response to rewards (15, 16). Accordingly, VTAPA

neuron activation is rewarding and can promote place (17), flavor, and nutrient preferences
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(18). While these studies suggest that VTAPA neuron activity correlates with palatable
food consumption, evidence from causal perturbation studies of VTAPA neurons indicates
the opposite. VTAPA neuron activation has been consistently found to decrease intake of
sucrose (19, 20) and food (21), which directly contradicts the assumption that these neurons
promote palatable food consumption. Similarly, food intake decreases when dopamine

is elevated by selective dopamine reuptake inhibition or addictive drugs (21-24). These
discrepancies have not been reconciled. Instead, VTAPA neurons are primarily associated
with reward-prediction error firing in response to cues that predict rewards (25-27) or
long-timescale nutrient feedback reinforcement (28). Although VTAPA neurons are clearly
involved in reinforcing cues associated with food (29, 30), there has been little evidence to
support an active role in VTAPA neurons in the consummatory phase of palatable food.

Recently, we discovered that the peri-locus coeruleus (periLC), a brain region surrounding
the locus coeruleus, controls the consumption of palatable food, primarily through S/c17a6
(Vglut2)-expressing glutamatergic neurons (31). This area, distinct from locus coeruleus
noradrenergic neurons, is downstream of key homeostatic cell types, such as Agouti-

related protein (AGRP), paraventricular hypothalamus (PVH), and lateral hypothalamic area
gamma-aminobutyric acid (LHAGABA) neurons (31-33). A subset of periLCYCLUT2 neurons
is inhibited during the consummatory phase of eating, and the inhibition magnitude is scaled
by palatability. Inhibition of periLCVGLYT2 neyrons is rewarding and prolongs the duration
of food consumption without affecting food seeking (31). PeriLC neurons project axons to
the hindbrain and forebrain (34).

periLCVELUT2 V/TA circuit controls palatable food consumption

The food-seeking and consummatory phases of eating (5, 29, 35, 36) (fig. S1A) are
distinguished by analyzing the microstructure of feeding behavior. The number of eating
bouts is associated with seeking food (29, 36), and the duration of a feeding bout is a
well-validated behavioral metric of palatability in the consummatory phase (37-40). We
examined feeding microstructure in a self-paced hedonic feeding task (see Methods and
fig. S2, A to E). Mice were tested with access to a sweet, highly palatable liquid food
source and the same food diluted to have lower palatability (100% vs 20% Ensure) in
alternating 2-min blocks during 2-h sessions (Fig. 1A). Food consumption rate and bout
duration were greater for the higher palatability food (Fig. 1, B and C, and fig. S2, F

to H), but the number of bouts initiated (Fig. 1D) was not significantly different. This
relationship was maintained when palatability was reduced by adulterating 100% Ensure
with quinine (3 mM) and nutrient content was constant (Fig. 1, A and E to G, and fig. S2, |
to K). Because we previously found that periLCYCLUT2 neuron inhibition also prolongs the
duration of a consumption bout without increasing bout number (31), we used this feeding
microstructure analysis to identify brain regions that are part of a neural circuit mediating
palatability-driven hedonic food intake.

We identified brain regions downstream of periLCVCLUT2 neurons by expressing a Cre-
dependent ArchT-EGFP transgene (41, 42) (AAV- FLEX-ArchT-EGFP) targeted to the
periLC in Vglut2-IRES-Cre male and female mice (Fig. 1H). Several subcortical areas
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contained EGFP fluorescence in axons from periLCVCLUT2 neurons (Fig. 1, H, and

1), and some of these areas are associated with eating and drinking behavior (9, 43).

Next, we investigated the function of axon projections to areas associated with eating:

LHA, bed nucleus of the stria terminalis (BNST), parvocellular reticular area (PCRt),

and VTA. We used optogenetic axonal inhibition during eating (Fig. 1J) by implanting
optical fibers bilaterally over ArchT-expressing periLCVCLUT2 axon projections (Fig. 1K).
Because inhibition of periLCVCELYT2 neurons promotes palatable food intake, we tested the
hypothesis that inhibition of the axon projections of periLCYCLUT2 neurons solely during
food consumption enhances palatability-associated feeding. We compared the consumption
of lower palatability food (20% Ensure) paired with lick-triggered (closed-loop, such that
mouse behavior elicits neural perturbation) photoinhibition blocks (laser-ON) alternating
with photoinhibition-free blocks (laser-OFF) (see Methods “lick-contingent optogenetics”
and fig. S3, A and B). This protocol enables temporally precise, within-session analysis

of the effects of neuronal perturbations on feeding microstructure (31). Closed-loop lick-
contingent photoinhibition of periLCYEGLUT2V/TA axon projections increased food intake
by selectively prolonging bout duration without significantly altering the number of bouts
initiated (Fig. 1L-P). Closed-loop photoinhibition of periLCYCLUT2—\/TA axon projections
in the absence of food was rewarding and resulted in place preference (fig. S3, C, and D).
To test whether the timing of activity modulation in periLCVCLYT2—V/TA axon projections
was important for influencing food intake, we performed open-loop photoinhibition of the
VTA projections yoked to the same photoinhibition statistics as closed-loop experiments but
noncontingent to licking behavior (see Methods “noncontingent optogenetics” and fig. S3B).
Noncontingent photoinhibition did not affect consumption bout duration or bout initiation
(fig. S3, E to H). Opposite to photoinhibition, closed-loop lick-triggered photostimulation
(Vglut2-IRES-Cre, AAV-FLEX-ChR2-EGFP) of periLCVCLUT2—V/TA axon projections
suppressed food intake by shortening bout duration and reducing bout number (Fig. 1, Q

to V).

periLCVCLUTZ heyrons negatively regulate VTAPA signaling

We investigated the circuit interactions of periLCVELYT2 neurons with the VTA using
anterograde neurotracing. We used intersectional anatomical tracing in Vglut2-IRES-Flpo
mice by injecting a Flp-dependent anterograde transsynaptic tracer, WGA-Cre (44, 45)
(AAV-fDIO-mCherry-IRES-WGA-Cre), in the periLC and Cre-dependent AAV-FLEX-GFP
in the VTA (fig. S4A). Labeled neurons downstream of periLCVCLUT2 projections to

VTA were primarily VGAT-expressing, with a lower proportion expressing tyrosine
hydroxylase (TH), a molecular marker for VTAPA neurons (fig. S4, B to E), indicating

that periLCVCGLYUT2 neurons may exert effects on consumption through VTAVCGAT neurons
and VTAPA neurons.

Because VTAVCGAT neurons inhibit VTAPA neurons (46, 47), we tested the functional

effects of periLCVYCLUT2 neuron activation on VTAPA neuron activity. We used optogenetics
and fiber photometry in dual transgenic mice (Vglut2-IRES-Flpo, Slc6a3-IRES-Cre)
transduced with the Flp-dependent optogenetic activator Chrimson (48) (AAV-fDIO-
Chrimson-tdTomato) in the periLC, as well as the calcium sensor GCaMP8m (49) as a
proxy for neuronal activity (AAV-FLEX-GCaMP8m) in VTAPA neurons, with an optical
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fiber over the VTA (Fig. 2, A to C). We found the periLCVCLUT2 axon projections
overlapped regions of the VTA containing TH-expressing dopamine neurons as well as
VGAT-expressing inhibitory neurons (Fig. 2D). Photostimulation of periLCYCLUT2 5y TA
axons inhibited VTAPA neuron calcium dynamics (Fig. 2, E and F), which was not observed
in control mice with VTAPA neurons expressing GFP receiving light pulses in VTA (fig.
S5). PeriLCVGLUT2 5/ TA axon photostimulation also reduced VTAPA neuron calcium
dynamics and food intake during 100% Ensure consumption (Fig. 2, G to J), which

was evident within 1-s (Fig. 2K). Bout duration was decreased by periLCVCLUT2\/TA
photostimulation, but the bout number was not significantly different (Fig. 2, L to N).

We also measured the effect of periLCVCLUT2 neuron photostimulation on dopamine in the
nucleus accumbens (NAc), a major output region for VTAPA neurons. We used optogenetics
and fiber photometry in Vglut2-IRES-Cre mice transduced with Cre-dependent Chrimson
(AAV-FLEX-Chrimson-tdTomato) in the periLC and the dopamine sensor, GRAB-DA2m
(50), as a proxy for dopamine (AAV-GRAB-DA2m) in NAc, as well as optical fibers over
the periLC and NAc (Fig. 2, O to Q, and fig. S6). Photostimulation of periLCVCLUT2
neurons led to decreased NAc dopamine (Fig. 2, R and S), which was not observed

in control mice receiving light pulses but lacking Chrimson (fig. S6, A to E). Mice
expressing a mutated negative control sensor, GRAB-rDA-mut (50), also lacked statistically
significant photometry dynamics during consumption (fig. S6, F to J). PeriLCVGLUT2
neuron photostimulation reduced NAc dopamine dynamics during consumption (Fig. 2,

T to V). These experiments indicated a circuit, periLCYCLUT2—\V/TAVCAT 4y TADA-NAC
dopamine, by which periLCVCLUT2 neyrons negatively regulate VTAPA signaling to the
NAc by dopamine release (Fig. 2W).

VTADA neuron dynamics correspond to consumption duration and palatability

Next, we tested whether palatability and consumption bout duration were associated with
different levels of VTAPA neuron activity. We used fiber photometry to measure VTAPA
neuron calcium dynamics during separate experimental sessions delivering either higher or
lower palatability Ensure (100% or 20% Ensure, respectively) in S/c6a3-IRES-Cre mice
that were transduced with the genetically encoded calcium indicator GCaMP8s and the
red-shifted opsin, Chrimson (AAV-DI0-jGCaMP8s-P2A-Chrimson) (51) (Fig. 3A). VTADA
neurons responded prior to licking and showed a peak mean response at initial reward
delivery (Fig. 3, B to E). However, in this self-paced feeding task, mice could continue the
lick bout to continuously receive more liquid food. The VTAPA neuron responses persisted
throughout the consumption bouts (Fig. 3, D, and E). This aspect of VTAPA neuron activity
during ongoing food consumption has not been examined, but it was similar to the timescale
of palatability-sensitive periLCVCLYT2 neyron activity, thus we investigated this further.

The integrated VTAPA neuron response magnitude increased with bout duration (Fig. 3,
F, and G), which is consistent with the persistence of VTAPA neuron activity throughout
an eating bout. This relationship had a higher slope for more palatable food (Fig. 3, H
and 1), showing that the persistent VTAPA neuron response during consumption is scaled
by palatability. We reproduced this result in S/c6a3-/1RES-Cre mice that were transduced
with only GCaMP8m (fig. S7, A to G). Mice expressing only EGFP lacked statistically
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significant photometry dynamics during consumption (fig. S7, H to K). We also noted

that VTAPA neuron responses during food intake decreased modestly during a 2-h session,
especially with higher-palatability food (fig. S8, A to D), likely due to increasing satiety
from greater calorie intake (fig. S8E). An aversive visceral state induced by LiCl injection
also reduced the VTAPA neuron response during consumption of 100% Ensure (fig. S9). In
contrast, hunger elicited by food-restriction to 85% of starting body weight increased the
VTAPA neuron response during consumption of 20% Ensure (fig. S10).

Food palatability responses are sensitive to absolute differences in nutrient and flavor
content, but acute comparisons of food palatability reveal stronger contrasts that are not
apparent when assessing palatability separately, which is called hedonic contrast (52, 53).
We used fiber photometry to compare VTAPA neuron calcium dynamics when consumption
switched between 100% or 20% of Ensure during the same session (variable palatability
session, Fig. 3J). Unlike constant palatability sessions, mice in variable palatability sessions
showed significantly longer bout durations during consumption of 100% Ensure than during
consumption of 20% Ensure (fig. S11A). VTAPA neuron calcium response area under the
curve (AUC) increased during consumption of higher palatability food, showing a predictive
relationship to bout duration (Fig. 3, K to R). However, during the consumption of lower
palatability food, VTAPA neuron calcium responses and bout duration were diminished and
lacked a predictive relationship (Fig. 3, K to R, and fig. S11B). Reducing palatability by
adulterating 100% Ensure with quinine also reduced the overall VTAPA neuron response
during consumption and the slope of this response (fig. S12).

We also monitored NAc dopamine during higher and lower palatability food consumption in
mice expressing GRAB-DA in the NAc. NAc dopamine was elevated during consumption,
and this was scaled by food palatability in both constant and variable palatability conditions
(Fig. 3, S to AJ), similar to VTAPA neuron calcium responses.

VTAPA neuron activation increases palatable food consumption

Next, we investigated a causal relationship between VTADPA neuron activity and
consumption bout duration. We tested whether boosting VTAPA neuron activity with lick-
contingent photostimulation during consumption of lower palatability food would increase
bout duration relative to interleaved blocks in which licking delivered the same lower
palatability food but no laser stimulation (Fig. 4A). Co-expressing GCaMP8s and Chrimson
(48) in VTADPA neurons (Fig. 4, B and C) allowed us to activate the neurons with red light
(635 nm) while simultaneously monitoring calcium dynamics. Dopamine neuromodulation
is complex and sensitive to the dynamics and level of VTAPA neuron activity (54, 55),

so we calibrated the perturbation during 20% Ensure consumption to mimic an overall

level of VTAPA neuron activity associated with consuming 100% Ensure while taking into
account the partial transduction of neurons with the transgenes (less than 50% in pilot
experiments). We used photometry-calibrated, transduction-normalized photostimulation of
VTADPA neurons (55) during consumption of 20% Ensure to twice the level (accounting

for partial transduction penetrance of VTAPA neurons) associated with consumption of
high palatability 100% Ensure in the absence of photostimulation (Fig. 4, B to E). Post
hoc analysis of the experimental subjects showed that 34% + 12% of TH-positive neurons
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co-expressed the transgene (Fig. 4C), indicating that this was not a supraphysiological
perturbation.

Closed-loop, lick-triggered calibrated photostimulation of VTAPA neurons in alternating
2-min ON and OFF blocks produced neural dynamics during consumption that were similar
to consumption of 100% Ensure in variable palatability sessions (hedonic contrast), even
though only 20% Ensure was delivered throughout the sessions (Fig. 4, D and E). The
calibrated laser-ON blocks during 20% Ensure consumption led to elevated VTAPA neuron
activity, but the laser-OFF blocks showed a negative response during consumption (Fig. 4, F
to M).

Photometry-calibrated VTAPA neuron activation using closed-loop lick-contingent
photostimulation prolonged bout duration without affecting bout initiation (Fig. 4, N to
R). The effect of VTAPA neuron activation primarily affected longer bouts, showing a
statistically significant increase in consumption after 3-s (Fig. 4S). Neither contingent
(Fig. 40) nor noncontingent (Fig. 4U) photostimulation of VTAPA neurons changed

the fundamental lick oscillator interval (56). In addition, neither lick-noncontingent
photostimulation (Fig. 4, T to Y, fig. S3B) nor lick-contingent light pulses in GCaMP8m
or GFP control mice (both lacking Chrimson) (fig. S13, A to D) increased consumption
duration or bout number. Moreover, photometry-calibrated lick-contingent photostimulation
did not increase bout duration across successive feeding bouts (fig. S13, E to H), although
calorie intake was significantly higher for photostimulation-ON blocks (fig. S13I).

Lick-contingent photostimulation of VTAPA neurons with supraphysiological activation
increased VTAPA neuron activity during the laser-ON blocks, but the laser-OFF blocks also
showed a large negative response (fig. S14, A to H). This perturbation also significantly
increased consumption and bout duration but not bout number (fig. S14, I to N). Even with
stronger VTADPA neuron photostimulation, the consumption duration did not progressively
increase across the lick-contingent photostimulation session (fig. S14, O to S). Notably, for
high laser power lick-contingent photostimulation of VTAPA neurons, the mean rate of food
intake across a session became diminished in the laser-OFF blocks, which was not observed
for the laser-ON blocks or either set of blocks in the photometry-calibrated experiments (fig.
S14, T toY).

As an alternative calibration approach, we monitored NAc dopamine with GRAB-DA during
consumption and with VTAPA neuron photostimulation. We used S/c6a3-IRES-Cre mice

to transduce VTAPA neurons with Chrimson and expressed GRAB-DA2m in NAc neurons
(Fig. 47 and fig. S15, A to C), placing optical fibers over VTA and NAc. We used NAc
dopamine release to calibrate VTAPA neuron photostimulation during consumption of 20%
Ensure to the level of NAc dopamine associated with 100% Ensure consumption (Fig. 4,
AA and AB). NAc dopamine release-calibrated VTAPA neuron activation using closed-loop
lick-contingent photostimulation prolonged bout duration without affecting bout initiation
(Fig. 4, AC and AD, and fig. S15, D to K). Lick-contingent photostimulation of VTAPA
neurons with supraphysiological activation in these mice also increased consumption and
bout duration but not bout number (fig. S16).
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VTAPA neuron inhibition reduces palatable food consumption

We tested whether lick-triggered inhibition of VTAPA neurons during palatable Ensure
consumption would have similar effects as reducing palatability to suppress food intake

and consumption bout duration (Fig. 5A). We used photoinhibition in VTAPA neurons
expressing the red-shifted inhibitory opsin, JAWS (57), during alternating block-wise (laser-
ON/laser-OFF) lick-contingent or yoked noncontingent photoinhibition protocols (Fig. 5B).
Lick-contingent photoinhibition reduced food consumption and bout duration but did not
affect the number of bouts (Fig. 5, C to E). The effect of VTAPA neuron activation
primarily affected longer bouts, showing a statistically significant decrease in consumption
after 5-s (Fig. 5F). By contrast, noncontingent photoinhibition did not significantly change
consumption, bout duration, or bout number (Fig. 5, G to J).

Because VTADPA neurons affect behavioral reinforcement, we examined whether the feeding
microstructure was different in the first or second halves of the photoinhibition sessions.
Lick-triggered photoinhibition of VTAPA neurons suppressed feeding bout duration
similarly in the first and second halves of the session and showed no statistically significant
effect on bout initiation (fig. S17, A to C). Noncontingent photoinhibition did not affect
bout duration over the course of the behavioral session (fig. S17D), but there was a
statistically significant reduction in bout duration during the second half of the session

with noncontingent photoinhibition of VTAPA neurons (fig. S17E). Neither contingent

(fig. S17F) nor noncontingent (fig. S17G) photoinhibition of VTAPA neurons changed the
fundamental lick oscillator interval.

Semaglutide transiently suppresses feeding and VTAPA neuron responses

Anti-obesity treatment by the GLP-1R agonist semaglutide activates satiety pathways (58).
We used semaglutide to explore the influence of satiety pathways on VTAPA neuron
regulation of hedonic feeding microstructure.

To minimize the aversive effects of semaglutide, we adopted a ramped once-daily dose
protocol (see Methods) (58) while monitoring the body weight of single-caged mice with ad
libitum homecage access to chow-food (Fig. 6A). Semaglutide suppressed body weight and
homecage food intake (Fig. 6, B, and C). On Day 1 of treatment, prior to weight loss, in a
2-h session with access to high palatability 100% Ensure, consumption was suppressed due
to reduced bout duration and a lower number of bouts initiated (Fig. 6, D to F, and fig. S18).
Interestingly, palatable food intake and bout duration increased during the dose escalation,
eventually returning to control levels at the highest doses of semaglutide (Fig. 6, D to F and,
fig. S18).

To investigate the influence of semaglutide on VTAPA neuron consummatory responses,
we performed the same protocol while monitoring VTAPA neuron calcium dynamics in
Slc6a3-IRES-Cre mice co-expressing GCaMP8s and Chrimson (Fig. 6G). As before, during
semaglutide treatment, for high palatability 100% Ensure during day 1, there was decreased
consumption and bout duration (Fig. 6, H to L), and VTAPA neuron calcium responses were
also reduced (Fig. 6, M and N). Nevertheless, during dose escalation of semaglutide, Ensure
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consumption and bout duration increased to pre-semaglutide treatment levels, and VTAPA
neural dynamics showed a corresponding increase (Fig. 6, M, and N).

VTAPA neurons bidirectionally control palatable food consumption during semaglutide

treatment

Because semaglutide initially reduced bout duration and VTAPA neuron responses to highly
palatable food, we first tested the capability of lick-triggered photostimulation to counteract
the effect of semaglutide on bout duration. Photostimulation of semaglutide-treated mice on
Day 1 was calibrated to increase VTAPA neuron activity during 100% Ensure consumption
to the level prior to semaglutide (Fig. 7A). Photometry-calibrated VTAPA neuron activation
prolonged bout duration using lick-contingent photostimulation without affecting bout
initiation in the semaglutide-treated mice (Fig. 7, B to E).

Next, we examined the role of VTAPA neurons during the recovery of highly palatable food
intake following semaglutide dose escalation in S/c6a3-/RES-Cre mice expressing JAWS in
VTADPA neurons (Fig. 7F). Semaglutide reduced body weight during the course of treatment
(Fig. 7G), and homecage chow-food intake was transiently decreased (Fig. 7H). Semaglutide
suppressed bout duration for 100% Ensure on treatment Day 1. On Day 2 and Day 3, Ensure
intake and bout duration increased compared to day 1 (Fig. 71). Because there were no laser
pulses on these days, analysis of Ensure intake and bout duration showed no significant
differences when the session was analyzed in alternating 2-min blocks on Days 1-3 (Fig. 7,

| to N). From Day 4 to Day 6, mice with higher dose semaglutide treatment underwent lick
contingent photoinhibition (Fig. 7, | to N). Unlike in the laser-OFF period, which showed
recovery of mean Ensure intake and bout duration, lick-triggered inhibition of VTAPA
neuron calcium responses in the same sessions suppressed consumption of more palatable
food as well as bout duration (Fig. 7, | to N). For mice expressing the control virus, the
feeding bout duration in the laser-ON and laser-OFF periods was not significantly different
(fig. S19).

Discussion

We found that hedonic eating was controlled by VTAPA neurons, which sustained palatable
food consumption. VTAPA neuron activity during consumption was scaled by palatability
and corresponded to the duration of food consumption bouts. Correspondingly, increasing
VTADA neuron activity selectively during consumption was sufficient to increase food intake
and bout duration. Suppression of VTAPA neurons solely during consumption reduced food
intake and bout duration without influencing bout initiation. This role of VTAPA neurons
was transiently suppressed by engaging satiety pathways with semaglutide. Conversely,

the increase in palatable food consumption after weight loss during chronic semaglutide
treatment was reversed by closed-loop inhibition of VTAPA neurons. Thus, dynamic
regulation of VTAPA neurons during the consummatory phase of hedonic eating underlies a
physiologically relevant role in promoting the consumption of palatable food once ingestion
is initiated and opposes the appetite-reducing effects of semaglutide.

Our findings complement prior investigations of VTAPA neuron functions, which show
temporally distinct responses at different phases of eating behavior (Fig. 8). First, reward
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prediction occurs in response to cues that signal food availability and lead to a conditioned
approach (15, 25-27, 59). Second, the response during reward ingestion has been attributed
to reward utility that is not fully predicted by a cue, and this diminishes or disappears in
well-learned cued tasks that deliver small reward amounts (15, 60). Last, long-timescale
reinforcement occurs by post-ingestive mechanisms (10, 28). Our findings demonstrated
that VTAPA neurons signal food palatability at intermediate timescales and sustain hedonic
eating. A causal function of VTAPA neurons during consumption has been difficult to isolate
previously due to the use of open-loop perturbation methods that were not restricted to
natural VTAPA neuron dynamics (19-21, 61).

Palatability affects both the positive experience of eating (hedonics) and promotes further
consumption. Prior work, including in humans, has indicated the involvement of several
brain areas in the perception of pleasure and value associated with palatable food (62-64).
Although hedonic perception is subjective, and thus is difficult to evaluate in animals,
motor actions are elicited as a hedonic response (65). Here, we investigated neural circuit
mechanisms mediating the objective motor effects of palatability on hedonic eating by
using behavioral methods compatible with real-time neural dynamics measurements and
manipulations during palatable food consumption. We found that VTAPA neurons are
modulated by palatable food intake to increase consumption bout duration. Moreover, the
effect of food-restriction to increase the response of VTAPA neurons to less palatable food
indicates that this consummatory mechanism is shared in hunger-driven and hedonic food
intake (66, 67). Additional studies are needed to investigate the effects of VTAPA neuron
perturbation on the subjective effects of palatable food consumption.

Palatability in humans is sensitive to both absolute hedonic differences and hedonic contrast
for food sources (52, 53). In mice, we found that the response of VTAPA neurons during
ingestion reflects these aspects of palatability (fig. S20). Lower palatability food was
consumed with similar bout durations as higher palatability food when provided in separate
constant palatability sessions, although VTAPA neurons showed stronger responses to highly
palatable food. However, for hedonic contrast, the consumption amount and bout duration
were greatly enhanced for the higher palatability food, whereas the lower palatability food
showed lower bout duration and negative VTAPA neuron responses. Hedonic contrast was
recapitulated with lick-contingent VTAPA neuron photostimulation. Moreover, the negative
response of VTAPA neurons during negative hedonic contrast demonstrated that elevated
VTADPA neuron activity was not necessary to produce consummatory behavior. Instead,
VTAPA neurons are necessary to sustain consumption for longer bouts associated with
higher palatability food. Low VTAPA neuron activity resulted in short consumption bouts.
We found that these factors prolong consummatory bouts on a timescale greater than 1

to 3-s (Fig. 3S, and fig. S2, H and K). This modulatory effect of VTAPA neurons to

sustain consumption is consistent with increasing evidence of a dichotomy between the
reward-processing and learning effects of VTAPA neurons and the invigoration of motor
actions (16, 55, 68-73).

The effects of VTAPA neurons on motor vigor fit into consumption-control circuits
uncovered by previous studies. The nucleus accumbens (NAc), a primary target of VTAPA
neurons, controls consumption bout duration by pausing the firing of NAc GABA-releasing
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projections to LHGABA neurons (74), which are disinhibited (74), eliciting consummatory
motor responses even towards non-food objects (75-77). This indicates a connection
between palatability coding by VTAPA neurons and the regulation of consummatory motor
outputs. This is a mechanism for the objective effects of palatability to sustain bout duration.
Although the taste of food can elicit licking in forebrain transected rodents (78, 79), VTAPA
neuron responses and their downstream circuit elements were scaled by food palatability and
modulated this process to sustain longer consumption bouts. Low or negative VTAPA neuron
activity during consumption increases the probability that licking will stop, which terminates
the positive feedback cycle between taste on the motor actions of licking that maintains a
consumption bout.

PeriLCVCLUT2 neyrons project to the VTA and their activity suppresses VTAPA neuron
activity and NAc dopamine. This is an indirect pathway because periLCYCLUT2 neuron
axon projections were primarily upstream of inhibitory VTAVCAT neurons. Thus, our prior
findings that a subset of periLCYCLYT2 neyrons are inhibited time-locked to palatable food
consumption is consistent with a disinhibitory circuit to activate VTAPA neurons and NAc
dopamine during consumption (Fig. 2W).

VTADPA neuron responses that control the duration of palatable food consumption were
increased by hunger and reduced by aversive flavors or states as well as by satiety, including
the appetite-lowering effects of semaglutide. Reduced bout duration and VTAPA neuron
amplitudes for palatable food consumption upon initial exposure to semaglutide were similar
to the effects of closed-loop consumption-triggered VTAPA neuron photoinhibition. This is
different from a previous report that used a 20-fold higher semaglutide dose and showed
slightly increased VTAPA neuron activity during food consumption (80). Chronic GLP-1R
agonist therapy in human patients is associated with reduced palatable food cravings
(81-84). However, consumption and palatability of sweet foods do not show statistically
significant changes in humans treated with GLP-1R agonists (81, 84). Strikingly, rats show
elevated consumption of sucrose solution in conjunction with weight loss during chronic
semaglutide treatment (85). In addition, as weight loss becomes pronounced during GLP-1R
agonist therapy, brain regions associated with palatable food intake show increased activity
when presented with palatable food cues (86). This indicates that an opposing homeostatic
response to GLP-1R agonist therapy may lead to progressively increased consumption of
sweet food, rendering subjects vulnerable to hedonic eating. Our findings indicate that
VTADPA neuron responses to palatable food are necessary and sufficient for this process.
Taken together, these results highlight the importance of VTAPA neurons to mediate
consumption behaviors, their role in semaglutide effects on palatable food intake, and the
potential for modulation of these neurons to reverse the elevated consumption of sweet foods
after weight loss on semaglutide.

Materials and Methods

Animals

All experimental protocols adhered to U.S. National Institutes of Health guidelines for
animal research and were approved by the Institutional Animal Care and Use Committee
(IACUC) and Institutional Biosafety Committee (IBC) at Janelia Research Campus and
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the University of California, San Diego. Mice were housed under a 12-hour light/dark
cycle (lights on at 06:00 and off at 18:00) with ad /ibitum access to water and rodent

chow (PicoLab Rodent Diet 20, 5053 tablets, TestDiet). We used both male and female
adult mice (8—-48 weeks old) from the following Cre recombinase-expressing lines: S/c6a3-
IRES-Cre (Jackson Lab stock 006660) and Vg/ut2-(Slc17a6)-IRES-Cre (Jackson Lab stock
028863), Vglut2-IRES2-FL Po-D (Jackson Lab stock 030212), S/c6a3-IRES-Cre; Vglut2-
IRES2-FLPo-D, and C57BL6/J. Mice used for optogenetic perturbation or photometry
experiments were singly housed to prevent interference with cranial implants by other
animals.

Experimental S/c6a3-IRES-Cre mice that were used in optogenetic neuromodulation for
food consumption (expressing AAV9-hSyn-DIO-jGCaMP8s-P2A-ChrimsonR-ST in VTA)
were also used for food consumption under semaglutide treatment. The contingent and
noncontingent optogenetic perturbations were performed with the same mice. There was
no randomization or blinding in this study, and the sample size followed standard practices
established in the field. Mice were included only when surgical targeting was confirmed
accurate.

Viral injections and stereotaxic surgery

Viruses with the following tilters and volumes were injected (rAAV serotype format):
rAAV2-CAG-FLEX-rev-ArchT-GFP (2e12 GC/mL, UNC, 140 nL in periLC), rAAV2-
Efla-FLEX-rev-ChR2-EYFP (2.6e12 GC/mL, UNC, 140 nL in periLC), AAV5-hSyn-DIO-
eGFP(7.2e12 GC/mL, Addg50457, 300 nL in VTA), AAV9-hSyn-FLEX-GCaMP8m (7.2e12
GC/mL, Addg162378, 300 nL in VTA), AAV9-hSyn-DIO-jGCaMP8s-P2A-ChrimsonR-ST
(8e12 GC/mL, Addg174007, 300 nL in VTA), AAV2-Syn-fDIO-mCherry-IRES-WGA-Cre
(5.9e12 GC/mL, JRC240621-2, 100 nL in periLC), AAV5-hSyn-DIO-eGFP (1.6e13
GC/mL, Addg50457, 500 nL in VTA), AAV8-Syn-FLPx-rc-[ChrimsonR-tdTomato] (8e12
GC/mL, 100-300 nL in periLC), AAV5-hSyn-FLEX-rc(ChrimsonR-tdTomato] (8e12
GC/mL, Addg62723, 100-300 nL in periLC, and 500 nL in VTA), AAV9-hSyn-GRAB-
DA2m (1e13 GC/mL, Addg140553, 100 nL in NAc), AAV9-hsyn-GRAB-DA-mut (1e13
GC/mL, Addg140555, 100 nL in NAc), AAV5-CAG-FLEX-rc[JAWS-KGC-GFP-ER2]
(4e12 GC/mL, Addg84445, 300 nL in VTA) was a gift from Edward Boyden (Addgene
viral prep # 84445-AAV5; http://n2t.net/addgene:84445; RRID: Addgene_84445).

For the experiments targeting periLC, the virus injection and optic fiber implantation were
carried out as described previously (31). Briefly, the virus was injected at two depths in the
periLC: A/P lambda -23% distance between bregma and lambda (—0.87 mm to -1 mm),
M/L + 0.8 mm, dorsal brain surface —2.7 mm/-2.8 mm. For axon projection photoinhibition,
optic fibers were implanted bilaterally in the bed nucleus of the stria terminalis (BNST)
(bregma 0.25 mm, M/L +£0.70 mm, D/V —3.35 mm), lateral hypothalamic area (LHA)
(bregma -1.43 mm, M/L £1.2 mm, D/V -4.5 mm), VTA (bregma —-3.2 mm, M/L +0.45
mm, D/V —4.3 mm), and Parvocellular Reticular Formation (PCRt) (bregma —6.35 mm, M/L
+1 mm, D/V -4.6 mm). For experiments targeting VTA, the virus was injected: bregma
-3.2 mm, M/L %+ 0.45 mm, dorsal surface —4.3 mm. In the same surgery, optic fibers were
implanted unilaterally or bilaterally above the opsin/GCaMP-expressing neurons, targeting
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0.2-0.5 mm above the injection sites. For experiments targeting NAc, the virus was injected:
bregma +1.0 mm, M/L 1.20 mm, dorsal surface —4.5 mm. In the same surgery, optic fibers
were implanted unilaterally above the GRAB-DA2m or GRAB-DA-mut expressing NAc
neurons, targeted 200 um above the injection sites. For axon projection photostimulation,

a 200 um optical fiber (Doric) was implanted unilaterally above the VTA. For VTAPA
neuron photostimulation and calcium activity recording, an optical fiber was implanted

200 pm dorsal to the virus injection sites unilaterally in the VTA. For VTAPA neuron
photoinhibition, an optical fiber was implanted 500 um dorsal to the virus injection sites
unilaterally in the VTA. The anatomical definition of the periLC is detailed in our previous
work (31).

Self-paced consumption

Unless noted, all mice in this study had access to mouse chow ad /ibitum in their home
cage. They were given access to higher palatability foods in a separate apparatus in 1-h to
2-h sessions. A behavioral chamber (29 cm x 29 cm for Fig. 1, J to V, and 15 cm x 15

cm for all other figures), equipped with a slot for a lickometer spout was used for the food
consumption experiments. A capacitive sensor was attached to the lickometer spout, where
every 3 licks triggered a syringe pump to deliver 3 L of food (Ensure). Lick events were
continuously recorded by an Arduino board throughout the session. Ad /ibitum chow-fed or
food-restricted mice underwent at least two habituation sessions in the chamber to acclimate
to lickometer delivery of palatable liquid food (Ensure, Abbott). For behavioral sessions,
freely moving mice had free access to Ensure via the lickometer spout for either 60 or

120 minutes in each self-paced consumption session. During each self-paced consumption
session, mice typically performed multiple consumption bouts.

Constant palatability sessions—To measure the microstructure of feeding behaviors
with different palatability in separate sessions, mice first performed a consumption session
receiving higher palatability 100% Ensure. On a subsequent day, mice performed a session
receiving lower palatability Ensure (20% Ensure/80% water).

Variable palatability sessions—To test hedonic contrast, we used double-barreled

lick spouts with one spout connected to a syringe pump delivering 100% Ensure and

the other spout delivering 20% Ensure or adulterating 100% Ensure with 3 mM quinine
(Quinine hydrochloride dihydrate, Sigma-Aldrich, Q1125). The session was divided into 60
alternating 2-minute blocks where licking the spout would deliver either 100% Ensure or
20% Ensure or adulterating 100% Ensure with quinine (3pl/3 licks). An Arduino MEGA
board was used to control the block structure that switched the pump triggered by lick
signals from the lickometer.

Feeding microstructure bout analysis—We defined a feeding bout as an interlick
interval (ILI) greater than the shortest 10% of times in which the mouse was in the food
zone (FZ), which was based on the notion that a feeding bout ended when the mouse leaves
the FZ (see fig. S2). We defined the FZ as one body length (mouth to tail-base) from the lick
spout. To empirically determine FZ size and food zone time (FZT), mouse feeding behavior
was first recorded using grayscale videos captured at 30 frames per second (fps), allowing
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for precise monitoring of the animal’s posture and position during self-paced consumption
of palatable food (100% Ensure). To calculate the body length, we analyzed video tracking
data by identifying key anatomical points, including the mouth and tail-base, within the
cage using SLEAP (Social LEAP Estimates Animal Poses; www.sleap.ai). For each video
frame, the positional coordinates of the tracked key points were mapped relative to the
spout to determine whether the animal was inside or outside the FZ. FZT was defined as
the interval between entering and exiting the FZ during a feeding episode. To define the
radius of the FZ, the distance between the mouse’s mouth and the tail-base was measured
across multiple feeding sessions. This distance, corresponding to the 95th percentile of the
mouth-to-tail-base distribution, was determined to be 9.4 cm. For the FZ radius defined by
body length (9.4 cm), the shortest 10% of the FZT value was 5-s, which was used as the ILI
to define the bout threshold.

Licking events, number of bouts (bout initiation events), and bout duration were quantified
for each food intake session using a custom MATLAB script. To determine the fundamental
lick oscillator interval (56), we calculated the mode of the distribution of ILIs. Energy intake
from Ensure was calculated by multiplying the volume consumed by its caloric content,
based on the manufacturer’s information (220 kcal per 237 ml).

Optogenetic conditions

For periLCVYCGLUTZ axon projection photoinhibition by ArchT in awake-behaving animals,
593 nm light output at the fiber tip was maintained between 6 and 10 mW. For
periLCVCLUT2 axon projection photostimulation by ChR2 (87) in awake-behaving animals,
470 nm light output at the fiber tip was set between 6-10 mW, using a pulse protocol (25
ms pulse width, 20 pulses/s for 1 s). For periLCVYGLUT2 axon projection photostimulation by
Chrimson in awake-behaving animals, 635 nm light output at the fiber tip was set between
1-10 mW, using a pulse protocol (25 ms pulse width, 20 pulses/s for 1 s). For optogenetic
activation of VTAPA neurons by Chrimson-2A-GCaMP8s, we used 635 nm (power at fiber
tip: 1-10 mW) with a pulse protocol (25 ms pulse width, 20 pulses/s for 1 second). For
optogenetic activation of VTAPA neurons by Chrimson we used 635 nm (power at fiber tip:
0.2-10 mW) with a pulse protocol (25 ms pulse width, 20 pulses/s for 1 second or 5 ms
pulse width, 20 pulses/s for 150 ms). For optogenetic activation of periLCYELYT2 neurons
or periLCVCLUT2 axons in VTA by Chrimson we used 635 nm (power at fiber tip: 1-5 mW)
with a pulse protocol (25 ms pulse width, 20 pulses/s for 1 second or 10 seconds).

For photoinhibition with 635 nm light (10 mW at tip) was triggered for 1 s following

each lick and following cessation of licking for >1 s, this ramped off over 1 s, which

is a procedure reported to reduce rebound firing (57). Control mice expressing only GFP/
GCaMP underwent the same procedures and received identical laser stimulation intensities
and procedures.

Optogenetic modulation of food intake

For /n vivo optogenetic activation of VTAPA neurons or optogenetic inhibition of
periLCVCELUT2 neyronal projections in awake-behaving animals, 20% Ensure was delivered
through tubing connected to the lickometer spout for 60 or 120 minutes. Conversely, for /n
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vivo optogenetic inhibition of VTAPA neurons or optogenetic activation of periLCVCLUT2
neurons or periLCVCLUT2 neyronal projections in awake-behaving animals, 100% Ensure
was delivered through the same setup for 60 or 120 minutes.

Closed-loop optogenetic neuromodulation during food intake experiments

The closed-loop food intake experiment for /n vivo photoactivation or photoinhibition of
periLCVCLUT2 axonal projections was done similarly as described previously (31). Briefly,
the behavior chamber and liquid-food delivery setup were as described above for the closed-
loop food intake experiment (fig. S2A). 593 and 470 nm laser (SLOC) were aligned to

a shutter (Uniblitz), which controlled laser light delivery to the mouse brain via a fiber
launch (PAF-X-Z-A, Thorlabs). A relay box controlled the shutter opening, which had

two dependencies: information about the experimental block (laser-ON or laser-OFF) from
Arduino Board I and lick events (for contingent perturbation) or pseudo-events information
(for noncontingent perturbation) from Arduino Board Il. Arduino Board | sent out a

signal representing the block identity to the relay box. Arduino Board Il recorded mouse
licks detected by the capacitive sensor. All lick, block, and optogenetic pulse events were
recorded synchronously.

Lick-contingent optogenetics—In the lick-contingent sessions, licks recorded by
Arduino Board Il triggered an event signal delivered to the relay box that opened the shutter
in laser-ON blocks, delivering light pulses to the brain. During the laser-OFF blocks, signals
from the lick-sensor were recorded and led to food delivery but did not open the shutter, thus
no light was delivered to the brain in OFF blocks.

Noncontingent optogenetics—In the noncontingent perturbation sessions, Arduino
Board Il generated pseudo-event signals to the relay box to open the shutter in the laser-ON
blocks based on a pre-programmed sequence derived from the previous lick-contingent
perturbation session for each mouse. During the laser-OFF blocks, signals from the lick-
sensor were recorded and led to food delivery but did not open the shutter, thus no

light was delivered to the brain in OFF blocks. In this way, mice experienced the same
exposure to optogenetic perturbation as the lick-contingent sessions but independently of
lick events. This is equivalent to open-loop perturbation with the same inhibition time as the
lick-contingent closed-loop sessions.

periLCVCLUT2Z axon photoinhibition and photostimulation—Circadian rhythm
reversed (light 21:00 / dark 9:00) periLCVCELYT2 ArchT mice that had ad /ibitum food
went through at least five days to acclimate to Ensure consumption before closed-loop
perturbation. Over the first two days, mice had free access to 100% Ensure consumption in
the same chamber used for closed-loop perturbation (1 h/day). For mice with 100% Ensure
consumption less than that criterion, one more Ensure consumption session was given the
next day. Mice whose Ensure consumption reached 900 licks/h were then acclimated to
diluted Ensure (20%) consumption over the next three days (1 h/day). Mice with total licks
above 600 licks/h in 20% Ensure consumption were selected for subsequent experiments.
Sessions of lick-contingent and noncontingent optogenetic paradigms were performed on
consecutive days. For each mouse, the noncontingent conditions delivered the same number
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of shutter openings as were determined in the contingent experiments by preprogramming
these as pseudo-events with random inter-event intervals within the laser-ON blocks. Mice
had free access to diluted Ensure (20%) in the chamber during the consumption sessions.
The photoinhibition sessions were divided into alternating 2-min laser-OFF and laser-ON
blocks. The sessions for photostimulation of periLCVCGLYT2 neuronal projections in the VTA
used 10-minute blocks.

VTAPA neuron optogenetic perturbations—The procedure for closed-loop
perturbation of VTAPA neuron activity during food intake was similar to the previously
described perturbations, including the use of a liquid-food delivery setup, and 2-minute
ON/OFF blockwise contingent and noncontingent photostimulation settings. However, for
this experiment, a smaller behavior chamber (the size was changed to 15 cm x15 cm) and

a customized Bonsai-assisted Neurophotometrics fiber photometry system were utilized for
closed-loop perturbation of VTAPA neuron activity during food intake. In these experiments,
optogenetic neuromodulation of consummatory behavior was performed in S/c6a3-IRES-
Cremice. These mice were injected with Cre-dependent AAVs expressing red-shifted opsins
(Chrimson or JAWS) and/or AAVs expressing fluorogenic transgenes such as GCaMP8 or
GFP into the VTAPA neurons, followed by optical fiber implantation over the VTA. Lick
and food delivery events were recorded using an Arduino Mega Board, and this data was
synchronized with the Bonsai-assisted Neurophotometrics system.

The Bonsai-assisted Neurophotometrics system simultaneously measured calcium dynamics
triggered 635 nm laser signals and controlled the experimental block information (laser-ON
or laser-OFF) for the 2-minute intervals. Optogenetic stimulation or inhibition was carried
out using the FP3002 system (Neurophotometrics). A fiber optic cable connected to a 635
nm laser was attached to the fiber optic implants via a ceramic sleeve. 635 nm excitation
(1's, 20 Hz, 25 ms pulse width or 150 ms, 20 Hz, 5 ms pulse width for dopamine release-
calibrated photostimulation experiment) or 635 nm inhibition (1 s, 20 Hz, 50 ms pulse width
and ramped down over another second) was triggered by TTL pulses sent to the rig upon
onset of each lick. The microstructure of feeding behavior was then compared between
laser-ON and laser-OFF blocks during contingent and noncontingent photostimulation or
photoinhibition of VTAPA neurons.

Analysis of closed-loop perturbation on food consumption

All behavioral analysis was performed using custom MATLAB scripts. Lick events from
the two different experimental blocks were separately grouped for further analysis. Only
blocks in which mice initiated licking were included in the calculation of average licks per
block. To compute the licking rate across bouts (e.g., laser ON vs. OFF or high vs. low
palatability, as in Figures 2K, 4S, 4Y, 5F, 5J, and figs. S2H and S2K), we first identified each
feeding bout and divided it into 1-second bins. These bouts were aligned by the bout start
time and the mean of lick rates in each bin across each bouts yielded the mean bout licking
rate profile. We focus on the comparison of the first 20 seconds, where divergence typically
appears (before 10 seconds). Rates were compared between laser-ON and laser-OFF periods
for each second. Bout durations and bout numbers from all laser-ON and laser-OFF blocks
within the same session were collected and analyzed.
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Conditioned place preference

A two-chambered apparatus was used as described previously (31). Ad libitum-fed mice
were acclimatized to the apparatus on the first day. On the second day, the pre-test
preference score was determined after the mice were allowed to freely explore the
apparatus. Over the next two days, a 593 nm laser was activated when periLCVCGLUT2
ArchT—VTA mice entered the initially less preferred chamber. Each session lasted

15 minutes. Mice were tethered to optical fibers even on test days without optical
perturbation. A camera installed above the apparatus (30 Hz, Basler) tracked the mouse
position throughout the session.

Fiber photometry recordings

The commercial fiber photometry FP3002 system (Neurophotometrics, CA) was used to
measure fluorescent signals using 470 nm (active green signal for GCaMP or GRAB-DA2m)
and 415 nm (isosbestic reference) excitation light, delivered through a patch cord in
interleaved LED pulses. Both the fluorescence excitation and emission light were delivered
and collected through a 200 um diameter optical fiber (0.39 NA, Doric Lenses, Canada).
The light was reflected through a dichroic mirror and onto a 20x Olympus objective, and

the emitted fluorescent light was captured by a high quantum efficiency SCMOS camera
integrated into the Neurophotometrics system. Signals were acquired and synchronized with
behavioral events using Bonsai.

Before fiber photometry recording, a fluorogenic transgene, GCaMP8s or GCaMP8m or
GFP, was expressed in the VTAPA neurons of male and female S/c6a3-/IRES-Cre mice,

or GRAB-DA2m or GRAB-rDA-mut in the NAc of male and female S/c6a3-/IRES-Cre,
Vglut2-IRES-Cre or C57BL6/J mice, and a short optical fiber (200 pm diameter, 0.39

NA, Doric Lenses, Canada) was placed in a ceramic ferrule and inserted toward the target
region. To enable AAV expression and recovery, mice were housed individually for at least
2 weeks following virus injection. During behavioral experiments, mice were connected

to a fiber optic patch cable linked to the photometry system, which delivered excitation
light and collected fluorescence emission during behaviors. Two LEDs emitting light at
470 nm (for Ca%*-dependent GCaMP fluorescence) and the isosbestic wavelength (415 nm)
(for bleaching and minor motion artifact correction) were combined via dichroic mirrors
and transmitted through a patch cord connected to the implanted optical fiber. To minimize
GCaMP or GRAB-DA2m bleaching, the laser power for 470 nm and 415 nm at the fiber tip
was low (0.05-0.07 mW).

Using this setup, fluorescent signals (20 Hz for each channel) and behavioral events were
collected using a custom Bonsai workflow. Mice were allowed to explore the apparatus
and underwent repeated photometry sessions in conjunction with the behavioral sessions
associated with palatable food intake.

To test whether palatability and consumption bout duration were associated with different
levels of VTAPA neuron activity during constant palatability sessions, S/c6a3-IRES-Cre
mice were transduced with the genetically encoded calcium indicator GCaMP8s and the
red-shifted opsin, Chrimson (AAV-hSyn-DIO-jGCaMP8s-P2A-Chrimson). Fiber photometry
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was then used to measure VTAPA neuron calcium dynamics during separate experimental
sessions where mice were given either higher palatability (100% Ensure on day 1) or
lower palatability Ensure (20% Ensure on day 2). VTAPA neuron activities and feeding
behaviors during these sessions were compared. 10 of the total 23 S/c6a3-IRES-Cre

mice with incorrectly targeted injections or fiber implantations were excluded. In another
set of experiments, S/c6a3-IRES-Cre mice were transduced with only GCaMP8m (AAV9-
hSyn-FLEX-GCaMP8m). Using fiber photometry, VTAPA neuron calcium dynamics were
measured during sessions delivering higher palatability (100% Ensure on day 1) and lower
palatability Ensure (20% Ensure on day 2). VTAPA neuron activities for these different
palatability conditions were compared.

To measure VTAPA neuron activity with different hunger states during eating, S/c6a3-IRES-
Cre mice were transduced with GCaMP8m (AAV9-hSyn-FLEX-GCaMP8m). Mice were
food-restricted to 85% of baseline body weight. Fiber photometry was used to measure
VTADPA neuron calcium dynamics in mice receiving 20% Ensure during this food-restricted
hunger state. Mice were allowed to regain normal body weight with ad /ibitum access to
chow food in the home cage. In a separate session, these mice were tested receiving 20%
Ensure.

To measure VTAPA neuron activity with LiCl injection during Ensure consumption, S/cé6a3-
IRES-Cre mice were transduced with GCaMP8m (AAV9-hSyn-FLEX-GCaMP8m). Fiber
photometry was used to measure VTAPA neuron calcium dynamics in mice consumed 100%
Ensure 1-h before and 2-h after PBS injection (to include enough lick events). On a separate
day, mice first consumed 100% Ensure 1-h before and 2-h after Lithium Chloride (LiCl, 50
mg/kg) injection.

A separate group of S/c6a3-IRES-Cre mice was transduced with only GFP. Fiber
photometry was used to measure VTAPA neuron calcium dynamics during a session
delivering 20% Ensure. The photometry dynamics during food intake were quantified and
compared with the bout durations.

To test whether palatability and consumption bout duration were associated with different
levels of VTAPA neuron activity during variable palatability sessions, S/c6a3-IRES-Cre
mice were transduced with GCaMP8s and Chrimson (AAV-hSyn-DIO-jGCaMP8s-P2A-
Chrimson). Fiber photometry was used to measure VTAPA neuron calcium dynamics in
mice that have access to both a palatable liquid food source and the same food diluted

with water to reduce palatability (100% vs 20% Ensure). VTAPA neuron activities and
feeding behaviors were compared between the higher and lower palatability conditions. To
test whether palatability and consumption bout duration were associated with different levels
of VTAPA neuron activity during additional variable palatability sessions, S/c6a3-IRES-Cre
mice were transduced with GCaMP8m (AAV9-hSyn-FLEX-GCaMP8m). Fiber photometry
was used to measure VTAPA neuron calcium dynamics in which mice have access to 100%
Ensure or 100% Ensure adulterated with 3 mM quinine. VTAPA neuron activities and
feeding behaviors were compared between the higher and lower palatability conditions.
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To test whether palatability and consumption bout duration were associated with different
levels of dopamine in NAc during constant palatability sessions, mice were transduced with
the genetically encoded dopamine indicator GRAB-DA2m. Fiber photometry was then used
to measure dopamine in NAc neurons during separate experimental sessions where mice
were given either higher palatability (100% Ensure on day 1) or lower palatability Ensure
(20% Ensure on day 2). NAc GRAB-DA2m response and feeding behaviors during these
sessions were compared. To test whether palatability and consumption bout duration were
associated with different levels of dopamine in the NAc during variable palatability sessions,
the mice form constant palatability sessions were used. Mice had access to both a palatable
liquid food source and the same food diluted with water to reduce palatability (100% vs 20%
Ensure). NAc GRAB-DA2m response and feeding behaviors were compared between the
higher and lower palatability conditions.

A separate group of mice was transduced with the genetically encoded dopamine indicator
mutant GRAB-rDA-mut in NAc. Fiber photometry was used to measure the response during
a session delivering higher palatability Ensure (100% Ensure).

Analysis of fiber photometry data

Fiber-photometry recordings and associated behavioral data were analyzed using MATLAB.
To minimize the influence of motion and artifacts, the calcium-dependent fluorescence
signal (470 nm) from GCaMP or the dopamine-dependent fluorescence signal (470 nm)
from GRAB-DA2m was normalized to the calcium-independent isosbestic signal (415 nm)
for analysis (for GRAB-DA2m, the isosbestic signal is not exactly 415 nm, but this approach
is still valid for removing motion artifacts). To do this, the 415 nm signal was linearly scaled
to fit the 470 nm GCaMP signal (using the MATLAB function: robustfit). For GRAB-DA2m
analysis, we observed slow bleaching rates (minutes) that were different for the 415 nm and
470 nm excitation channels. To address this, the 415 nm excitation fluorescence signal was
split into 5 min chunks that were linearly scaled to fit the 470 nm GRAB-DA signal (using
the MATLAB function: robustfit) and concatenated. The change in fluorescence (AF) at each
time point was then calculated by dividing the fitted 415 nm signal from the 470 nm signal
(470 nm/fitted 415 nm). This approach minimized differential photobleaching and motion
artifacts.

The resulting (AF) signal was z-scored by subtracting the baseline fluorescence (mean signal
during non-consummatory periods) and dividing by the standard deviation of the baseline
fluorescence. The z-scored photometry signal, reflecting VTAPA neuron activity, was
aligned to the onset of licking during individual food consumption bouts. For comparisons in
sessions divided into alternating 2-minute blocks, we included bouts that did not span across
two separate blocks. Data were visualized as heatmaps representing the z-scored signals
across all feeding bouts for each animal.

Mean GCaMP or GRAB-DA response plots for all bouts—\We generated two types
of GCaMP or GRAB-DA response plots as peri-stimulus time histograms (PSTHSs). The
first (blue) shows mean PSTH responses across all bouts from =5 to 20 seconds, without
accounting for variable bout durations. Since bouts end at different times, this can lower
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mean responses for the later consumption phase because the responses during longer bouts
are penalized by low responses in bouts that have ended. The second plot (magenta) is the
variable-length time mean response across all bouts. This accounts for variable bout duration
by padding ended bouts with NaNs and calculating the ‘nanmean’ response within each bout
and thus avoids penalizing the mean GCaMP8s of GRAB-DA responses for longer bouts,
more accurately reflecting neural activity throughout consumption.

Photometry AUC—For each individual bout, the area under the curve (AUC) of the
aligned z-scored photometry signal was computed using a trapezoidal integration function in
MATLAB. The AUC values were then analyzed against bout duration with linear regression
to assess the relationship between neuronal activity and consumption duration. This was
performed by using all the bouts from each subject. These metrics were also reported as the
mean across bouts for each animal and compared between animals for different perturbation
or palatability conditions.

Regression of GCaMP or GRAB-DA response across a session—To assess the
relationship between neuronal activity and consumption timing across all animals, bout
duration and AUC of VTAPA neuron GCaMP responses or GRAB-DA responses in NAc
were examined for all bouts in a session and then analyzed against bout indices with linear
regression.

In the photoactivation experiments, bout duration and AUC values of VTAPA neuron
GCaMP or GRAB-DA responses in NAc responses were compared for ON or OFF blocks of
a 120-minute session within each animal.

VTADPA neuron transduction-normalized calibrated photostimulation and
supraphysiological photostimulation

To investigate a causal relationship between VTAPA neuron activity and consumption

bout duration, we tested whether boosting VTAPA neuron activity with an approach for
photometry-calibrated photostimulation in response to consuming lower palatability food
(20% Ensure) would extend bout duration. S/c6a3-/RES-Cre mice were transduced with

the genetically encoded calcium indicator GCaMP8s and the red-shifted opsin Chrimson
(AAV-hSyn-DIO-jGCaMP8s-P2A-Chrimson), and fiber cannulas (0.39 NA, 200 pm) were
implanted unilaterally above the VTA. Co-expression of GCaMP8s and Chrimson in VTAPA
neurons allowed simultaneous red light (635 nm) activation and monitoring of calcium
dynamics.

After acclimating mice to palatable food consumption using our lickometer-driven liquid
food delivery system, we used fiber photometry to measure VTAPA neuron activity

in response to higher palatability (100% Ensure) and lower palatability (20% Ensure)
food. We then determined the level of optogenetic activation needed to increase VTAPA
neuron activity during 20% Ensure consumption to levels observed during 100% Ensure
consumption, using a customized Neurophotometrics system. Because our optogenetic
perturbation would only affect the fraction of VTAPA neurons transduced with Chrimson,
we pursued a strategy to scale the activation of this subset to approximate the level

of activity that would be attained if 100% of VTAPA neurons were transduced. Taking
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into account a partial transduction efficiency of Chrimson (30-50% from pilot studies),

we calibrated the photostimulation of the VTAPA neuron response during 20% Ensure
consumption to approximately double the response level of 100% Ensure consumption in
the absence of photostimulation. For each lick, photostimulation was delivered with a pulse
frequency of 20 Hz, a pulse width of 25 ms, and a stimulation time of 1 second at a power
of 1-2 mW at the fiber tip. For bouts greater than 1-s bout duration, the 1-s laser stimulation
was reinitiated with each successive lick until an ILI > 1s.

Mice then underwent a 120-minute session of self-initiated 20% Ensure consumption with
calibrated photostimulation. The session was divided into alternating 2-minute blocks: in
one condition, the laser was triggered contingent on food consumption, and in another, food
was delivered without laser activation. In the lick-triggered noncontingent photostimulation
condition, laser activation was randomized to match the lick statistics of the contingent
session. Fiber photometry measured neural dynamics during 20% Ensure consumption and
laser stimulation in both conditions. Post hoc immunohistochemistry analysis of the mouse
brains measured tyrosine hydroxylase (TH)-positive neurons co-expressing GCaMP8s.

To evaluate the behavioral effects of laser stimulation in control groups, S/c6a3-I1RES-
Cre mice were transduced with GCaMP8m or GFP (without opsin) and implanted with
fiber cannulas unilaterally above the VTA. These mice received the same intensity and
pattern of laser light pulses as the photometry-calibrated group during food consumption.
Consumption duration and bout number were compared between laser-ON and laser-OFF
blocks.

We also assessed the effects of supraphysiological photostimulation of VTAPA neurons

on food consumption, while simultaneously measuring calcium dynamics. High-intensity
optogenetic stimulation (10 mW, 20 Hz, 25 ms pulse width for 1 second) was applied

using an alternating block-wise (laser-ON/laser-OFF) contingent photostimulation protocol
during 20% Ensure consumption. Consumption duration, bout number, and the mean rate of
food intake during laser-ON and laser-OFF blocks were compared across sessions for both
photometry-calibrated and supraphysiological photostimulation.

NAc dopamine-calibrated photostimulation and supraphysiological photostimulation

To investigate a causal relationship between VTAPA neuron activity and consumption bout
duration, we also tested whether boosting VTAPA neuron activity using dopamine in NAc to
calibrate photostimulation. S/c6a3-IRES-Cre mice were transduced with Chrimson (AAV5-
hSyn-FLEX-rc-ChrimsonR-tdTomato unilaterally into VTA, and the genetically encoded
dopamine indicator GRAB-DA2m unilaterally in the NAc. Optical fibers (0.39 NA, 200 pm)
were implanted unilaterally above the VTA and NAc viral injection sites.

After acclimating mice to palatable food consumption using our lickometer-driven liquid
food delivery system, we used fiber photometry to measure GRAB-DA2m in NAc

in response to higher palatability (100% Ensure) and lower palatability (20% Ensure)

food. We then determined the level of optogenetic activation needed to increase VTAPA
neuron activity during 20% Ensure consumption to levels observed during 100% Ensure
consumption. For each lick, photostimulation was delivered with a pulse frequency of 20 Hz,
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a pulse width of 5 ms, and a stimulation time of 150 ms at a power of 0.2-0.4 mW at the
fiber tip.

Mice then underwent a 120-minute session of self-initiated 20% Ensure consumption with
NAc GRAB-DA2m calibrated photostimulation. The session was divided into alternating
2-minute blocks: in one condition, the laser was triggered contingent on food consumption,
and in another, food was delivered without laser activation. Fiber photometry measured
dopamine dynamics in NAc during 20% Ensure consumption and laser stimulation in both
conditions.

We also assessed the effects of supraphysiological photostimulation of VTAPA neurons

on food consumption, while simultaneously measuring dopamine dynamics in NAc. High-
intensity optogenetic stimulation (10 mW, 20 Hz, 25 ms pulse width for 1 second) was
applied using an alternating block-wise (laser-ON/laser-OFF) contingent photostimulation
protocol during 20% Ensure consumption. Consumption duration, bout number, and the
mean rate of food intake during laser-ON and laser-OFF blocks were compared across
sessions for both dopamine-calibrated and supraphysiological photostimulation.

periLCVYCGLUTZ gxon photoinhibition and photostimulation

Circadian rhythm reversed (light 21:00 / dark 9:00) periLCVYCLUT2 ArchT mice that had

ad libitum food went through at least five days to acclimate to Ensure consumption before
closed-loop perturbation. Over the first two days, mice had free access to 100% Ensure
consumption in the same chamber used for closed-loop perturbation (1 h/day). For mice with
100% Ensure consumption less than that criterion, one more Ensure consumption session
was given the next day. Mice whose Ensure consumption reached 900 licks/h were then
acclimated to diluted Ensure (20%) consumption over the next three days (1 h/day). Mice
with total licks above 600 licks/h in 20% Ensure consumption were selected for subsequent
experiments. Sessions of lick-contingent and noncontingent optogenetic paradigms were
performed on consecutive days. For each mouse, the noncontingent conditions delivered
the same number of shutter openings as were determined in the contingent experiments

by preprogramming these as pseudo-events with random inter-event intervals within the
laser-ON blocks. Mice had free access to diluted Ensure (20%) in the chamber during

the consumption sessions. The photoinhibition sessions were divided into alternating 2-
min laser-OFF and laser-ON blocks. The sessions for photostimulation of periLCVGLUT2
neuronal projections in the VTA used 10-minute blocks.

VTADA neuron dynamics and feeding behaviors during periLCYELUT2 gxon
photostimulation

To investigate a causal relationship between VTAPA neuron activity and consumption bout
duration with periLCYGLUT2 axon photostimulation, we tested whether periLCVCLUT2 axon
photostimulation in VTA affects the feeding behaviors and VTAPA neuron activity. Vglut2-
(Slc17a6)-IRES-Cre mice were transduced with the red-shifted opsin Chrimson (AAV5-
hSyn-FLEX-rc(ChrimsonR-tdTomato) unilaterally into periLC, VTA were transduced with
the genetically encoded GCaMP8m (AAV9-hSyn-FLEX-GCaMP8m), fiber cannulas (0.39
NA, 200 um) were implanted unilaterally above the viral injection site of VTA.
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After acclimating mice to palatable food consumption using our lickometer-driven liquid
food delivery system, mice then underwent a 120-minute session of self-initiated 100%
Ensure consumption with lick-contingent photostimulation of the periLCYGLUT2 axon in
VTA during 100% Ensure consumption. For each lick, photostimulation was delivered with
a pulse frequency of 20 Hz, a pulse width of 25 ms, and a stimulation time of 1 second

at a power of 2-5 mW at the fiber tip. We assessed the effects of photostimulation of
periLCVCLUT2 neurons on VTAPA neuron activity when there is no food provided in the
chamber. For each stimulation, photostimulation was delivered with a pulse frequency of 20
Hz, a pulse width of 25 ms, and a stimulation time of 10 s at a power of 2-5 mW at the fiber
tip. VTADPA neuron activity was compared before and during photostimulation. The session
was also divided into alternating 2-minute blocks: in one condition, the laser was triggered
contingent on food consumption, and in another, food was delivered without laser activation.
Fiber photometry measured neural dynamics during 100% Ensure consumption and laser
stimulation in both conditions were compared.

NAc dopamine during periLCVCLUT2 neuron photostimulation

To investigate a causal relationship between dopamine in NAc and consumption bout
duration with periLCYGLUT2 neuron photostimulation, we tested whether boosting
periLCVCLUTZ neuron activity affects dopamine in NAc and feeding behaviors. Vglut2-
(Slc17a6)-IRES-Cre mice were transduced with the red-shifted opsin Chrimson (AAV5-
hSyn-FLEX-rc(ChrimsonR-tdTomato) unilaterally into periLC, NAc were transduced with
the genetically encoded dopamine indicator GRAB-DA2m, fiber cannulas (0.39 NA, 200
um) were implanted unilaterally above the periLC and NAc viral injection site.

After acclimating mice to palatable food consumption using our lickometer-driven liquid
food delivery system, we used fiber photometry to measure dopamine in NAc in response

to higher palatability (100% Ensure) and lower palatability (20% Ensure) food. We assessed
the effects of photostimulation of periLCYCLUT2 neurons on dopamine in NAc when there is
no food provided in the chamber. For each stimulation, photostimulation was delivered with
a pulse frequency of 20 Hz, a pulse width of 25 ms, and a stimulation time of 10s at a power
of 1-2 mW at the fiber tip. GRAB-DA2m response in NAc was compared before and during
photostimulation.

Mice then underwent a 120-minute session of self-initiated 100% Ensure consumption

with lick-contingent photostimulation of the periLCVCGLYT2 neuron during 100% Ensure
consumption. For each lick, photostimulation was delivered with a pulse frequency of 20 Hz,
a pulse width of 25 ms, and a stimulation time of 1s at a power of 1-2 mW at the fiber tip.
The session was divided into alternating 2-minute blocks: in one condition, the laser was
triggered contingent on food consumption, and in another, food was delivered without laser
activation. Fiber photometry measured neural dynamics during 100% Ensure consumption
and laser stimulation in both conditions.

Weight loss drug treatment on appetite and VTAPA activity.

To investigate the effect of weight loss drug treatment on palatable food consumption, a
crossover design was used to compare vehicle (PBS) and semaglutide (Cayman Chemical,
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No. 29969) treatments. Mice with ad libitum food access received either PBS or semaglutide
injections. In humans, semaglutide therapy typically includes a lead-in period to minimize
nausea, and a similar approach was applied to the mice. Ad /ibitum chow-fed C57BL/6J
mice received a PBS injection on day 0. Subsequently, mice were dosed with semaglutide at
0.05 mg/kg on day 1, 0.1 mg/kg on day 2, and 0.15 mg/kg daily on days 3-5. Body weight
and homecage chow intake were monitored daily. To minimize the immediate aversive
effects of semaglutide on food intake, the mice were given 2-hour access to palatable liquid
food (100% undiluted Ensure) daily, beginning 120 minutes after vehicle or semaglutide
treatment. Mice were allowed to regain weight with PBS injections on days 6-8. From

days 9-16, the mice that received semaglutide were retested using the same procedures but
with daily PBS injections. Mice previously receiving PBS were retested with semaglutide
injections over five days, followed by three additional recovery days.

To investigate the effect of weight loss drug treatment on VTAPA neuron activity and

its influence on appetite, we followed a similar procedure using PBS or semaglutide
treatment while monitoring VTAPA neuron activity in S/c6a3-IRES-Cre mice. Specifically,
these mice were transduced with the genetically encoded calcium indicator GCaMP8s and
the red-shifted opsin Chrimson (AAV-hSyn-D10-jGCaMP8s-P2A-Chrimson) and implanted
with optical fibers (0.39 NA, 200 um) unilaterally above the VTA. After recovery from
virus injection surgery and habituation to Ensure intake, mice were dosed with semaglutide
following the above procedure for days 0-16. During the treatment phases, mice were
given 1-hour access to palatable liquid food (undiluted Ensure) after 2 hours of vehicle

or semaglutide treatment each day. Calcium signals from VTAPA neurons were recorded
during Ensure consumption, and the AUC of GCaMP activity were compared across
treatment days for both vehicle and semaglutide groups.

Since semaglutide initially reduced bout duration and VTAPA neuron responses to palatable
food, we then tested whether lick-triggered photostimulation of VTAPA neurons could
extend bout duration during semaglutide treatment. After a 3-day recovery following the
initial semaglutide treatment, mice received a second round of semaglutide using the

same procedure, including lick-contingent optogenetic neuromodulation on semaglutide

day 1 (0.05 mg/kg). Photostimulation on day 1 was calibrated to restore VTAPA neuron
activity during 100% Ensure consumption to levels observed before semaglutide treatment.
Stimulation was delivered at 20 Hz, with 25 ms pulses for 1 second, at 1-2 mW power at the
fiber tip, with the laser in continuous mode. Ensure consumption was assessed over 1 hour,
comparing Laser ON and Laser OFF blocks in semaglutide-treated mice.

Photoinhibition of VTAPA activity during appetite recovery with weight loss drug treatment

To examine the role of VTAPA neurons in the recovery of palatable food intake during
semaglutide dose escalation, the red-shifted opsin JAWS was expressed in VTAPA neurons
of male and female S/c6a3-/RES-Cre mice. Mice were dosed with semaglutide at 0.05
mg/kg on day 1, 0.1 mg/kg on day 2, and 0.15 mg/kg on days 3-6, with one dose
administered daily. From day 4 to day 6, mice receiving semaglutide treatment underwent
lick-contingent photoinhibition of VTAPA neurons. Body weight, homecage chow intake,
and 1-hour food intake of 100% Ensure were monitored. Daily 1-hour Ensure consumption
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during lick-contingent optogenetic inhibition was compared between Laser ON and Laser
OFF blocks in the semaglutide-treated mice. Mean Ensure intake during Laser ON and
Laser OFF blocks was analyzed for each animal, comparing the first 3 days to the last 3 days
of the treatment.

For comparison, GFP or GCaMP was expressed in VTAPA neurons of male and female
Slc6a3-IRES-Cre mice. Similar experiments were conducted to assess the effect of
optogenetic manipulation of VTAPA neurons on Ensure food intake from day 4 to day 6
during high-dose semaglutide treatment in these control GFP or GCaMP mice.

Histology and imaging

For histology, mice were transcardially perfused with 4% paraformaldehyde (PFA) in

0.1M phosphate buffer (pH 7.4). Following perfusion, tissues were post-fixed for 3—-4

hours and then washed overnight in phosphate-buffered saline (PBS, pH 7.4). Brain

slices were sectioned using a vibratome (50 pm, Leica VT1200S). Selected sections were
mounted onto microscope slides using a mounting medium containing DAPI or NeuroTrace
(1:500, Invitrogen, N21479). Brain sections were automatically imaged using slide scanner
microscopes (Panoramic 250 or TissueFaxs 200).

For FISH, brain sections were incubated overnight at 4°C with VGAT Probe (HCR v3.0,

B5, from molecular instruments, Gene accession: NM_009508.2). The next day, sections
were incubated at room temperature for 3 hours with a probe amplifier (HCR v3.0 Amplifier
B5 from molecular instruments). Selected sections were mounted onto microscope slides
using a mounting medium containing NeuroTrace. Brain sections were automatically
imaged using a slide scanner microscope (TissueFaxs 200). For immunohistochemistry,
brain sections were incubated overnight at 4°C with a primary antibody against tyrosine
hydroxylase (anti-TH, 1:1000, (Millipore Cat# AB152, RRID:AB_390204). The next day,
sections were incubated at room temperature for 2 hours with minimally cross-reactive
fluorophore-conjugated secondary antibodies (1:500, Jackson ImmunoResearch).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical values were represented as mean + SEM unless otherwise stated. All the statistics
were performed using GraphPad Prism, R, Python, or MATLAB. Pairwise comparisons
were calculated by unpaired or paired t-tests. A repeated measures ANOVA with the
Geisser-Greenhouse correction was used to account for violations of sphericity in the

data. The main effects of treatment, time, and their interaction were examined. Post

hoc comparisons were conducted using the Holm-Sidak’s multiple comparisons test.
Comparison of distributions from feeding microstructure analysis were analyzed in the
nonparametric two-sample Kolmogorov-Smirnov test. In the comparison of distributions

of lick rate during variable palatability session, photostimulation, and photoinhibition,

we used the gImmTMB package in R (https://cran.r-project.org/web/packages/glmmTMB/
index.html) to fit negative binomial generalized linear mixed models (NB GLMM) to
evaluate the effect of treatment condition (e.g., laser on vs. off) on lick number across

time bins. The model included treatment condition, time bin, and their interaction (treatment
condition x time bin) as fixed effects, with random intercepts for animals and bouts nested

Science. Author manuscript; available in PMC 2025 April 19.


https://cran.r-project.org/web/packages/glmmTMB/index.html
https://cran.r-project.org/web/packages/glmmTMB/index.html

1duosnue Joyiny |ANHH 1duosnue Joyiny |IANHH

1duosnuey Joyiny |NHH

Zhu et al.

Page 27

within animals to account for repeated measures within animals and bouts. Zero-inflated
NB GLMM were used if they provided better goodness of fit than standard NB GLMM,

as assessed using the likelihood ratio test (LRT), and if they had an overdispersion ratio of
~1. The zero-inflation formula used a time bin as a predictor since the observed proportion
of zeros generally increased over time. Post-hoc pairwise comparisons between treatment
conditions were conducted within each time bin using estimated marginal means (EMMs)
derived from the full model via the emmeans package in R (https://cran.r-project.org/web/
packages/emmeans/index.html). Differences between treatment conditions were assessed
using Wald tests, and p-values were adjusted for multiple comparisons using the Benjamini-
Hochberg method. The significance of the main effects of and interaction between the
treatment condition and time bin was assessed using the LRT to compare models with and
without a treatment condition term, time bin term, or interaction term. All analyses were
performed in R (version 4.4.2). The results of statistical tests are summarized in Table S1. ns
p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Palatability increases bout duration
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Fig. 1. Closed-loop photoinhibition of periLCYCLYT2 axon projections to the VTA prolongs
consumption.

(A) Feeding bout analysis to compare consumption of higher and lower palatability food
available in alternating 2-minute blocks (teal and grey blocks, respectively). E: Ensure. (B-
G) Higher palatability 100% Ensure leads to more food intake (B, E), longer bout duration
(C, F), and a similar number of bouts initiated (D, G) compared to lower palatability
diluted Ensure (B-D) (n = 11 mice) or 100% Ensure adulterated with 3 mM quinine

(E-G) (n =7 mice). (H) Cre-dependent expression of ArchT-EGFP in periLC neurons in
Viglut2-IRES-Cre mice and EGFP fluorescence in downstream brain regions. (I) Summary
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of periLCVCLYUT2 neyron axon projection targets. (J) Schematic of periLCYCLUT2 axon
projection photoinhibition at BNST, LHA, VTA, PCRt during alternating ON and OFF
blocks of lick-triggered axon photoinhibition while consuming lower palatability food. (K)
ArchT-EGFP fluorescence and highlighted bilateral optical fiber tracts in the BNST, LHA,
VTA, and PCRt. Scale bar, 500 um. (L) Mean licks per block for food in alternating ON

and OFF blocks during lick-triggered photoinhibition of periLCVCLYUT2 axons projections to
BNST, LHA, VTA, PCRt (paired t-test, n = 3,6,9,4 mice). (M-P) Feeding bout analysis

of laser-ON and laser-OFF blocks for lick-triggered photoinhibition of periLCVGLUT2
axons in the BNST, LHA, VTA, and PCRt (KS-test and paired t-test, n = 3,6,9,4 mice).

(Q) Schematic of lick-triggered photoactivation of periLCVCELUT2—V/TA axon projections
during feeding. (R) EGFP expression in the periLC and fiber tracts in the VTA. Scale bar,
500 pm. (S-V) Lick-triggered photoactivation of periLCVCELUT2 axon projections to the VTA
suppressed food intake (S), reduced bout duration (T-U), and reduced bout initiation (V)
(KS-test and paired t-test, n = 4). Data are represented as mean £ SEM. ns p>0.05, *p<0.05,
**p<0.01, ***p<0.001. Statistical details are in Table S1.
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Photostimulation of periLCYe'Y™2—VTA axons suppresses VTAPA neuronal activity
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Fig. 2. periLCVCELYTZ neurons suppress VTAPA neuron activity and NAc dopamine.
(A) Photometry and strategy for expression of Chrimson in periLCVCLYUT2 neurons and

GCaMP8m in VTAPA neurons in Vglut2-Flpo, Slc6a3-IRES-Cre mice. (B, C) Expression
of Chrimson-tdTomato (red) and anti-tyrosine hydroxylase immunoreactivity (TH, yellow)
in periLC and LC, respectively (B). GCaMP8m (green, left), and its overlay (right) with
TH (magenta) in VTAPA neurons, and optical fiber track (grey) (C). Arrows indicate
GCaMP8m+/TH+ neurons. Scale bars, 200 and 100 pm. (D) Expression of Chrimson (red)
with GCaMP8m (green, top) or VGAT (white, bottom) in VTA. Scale bar, 100 um. (E)
VTAPA neuron calcium dynamics during photostimulation (PS) of periLCVCELUT2—vTA
axons. (F) AUC from VTAPA GCaMP8m decreases during PS (paired t-test, n = 4

mice). (G-1) GCaMP8m mean responses during consumption of 100% Ensure (G) and
100% Ensure with lick-contingent PS of periLCVCLUT2—\V/TA axons (H) show decreased
bout duration-normalized GCAMP8m response (1, paired t-test, n = 4 mice). (J-N) Lick-
contingent PS of periLCVCLUT2\/TA axons decreases consumption (J, K), and bout
duration (L, M) but not bout number (N) during laser-ON blocks (negative binomial
generalized linear mixed models, KS-test, and paired t-test, n = 4). (O) Photometry

setup and viral transduction strategy for Cre-dependent expression of Chrimson in
periLCVCLUTZ neurons and expression of GRAB-DA2m in NAc (Vglut2-IRES-Cre mice).
(P, Q) Expression of Chrimson (red) adjacent to TH (yellow) in the periLC and LC,
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respectively (P) and GRAB-DA2m (green) in NAc (Q), Scale bars, 200 um. (R) Z-scored
GRAB-DA2m fluorescence during PS of periLCVCLYUT2 neurons. (S) AUC of GRAB-DA2m
fluorescence decreases during PS. (T-V) GRAB-DA mean responses during consumption

of 100% Ensure (T) and 100% Ensure with lick-contingent PS of periLCVCGLUT2 neurons
(U) show decreased bout duration-normalized NAc dopamine (V, paired t-test, n = 5 mice).
(W) Circuit diagram. Data are represented as mean = SEM. ns p>0.05, *p<0.05, **p<0.01,
***n<0.001. Statistical details are provided in Table S1.
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VTAPA neuron dynamics during constant palatability sessions
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Fig. 3. VTAPA neuron activity and NAc dopamine are dependent on consumption duration and
palatability.
(A) Photometry of VTAPA neuron calcium dynamics during consumption of 20% or

100% Ensure in separate sessions (S/c6a3-IRES-Cre mice). (B-E) GCaMP8s activity during
consumption of 20% (B, D) and 100% Ensure (C, E). (D, E) GCaMP8s mean responses
(blue) during consumption of 20% Ensure and 100% Ensure. The magenta line is the
variable-length time mean response, which takes variable bout duration into account (see
Methods). (F-G) Regression of GCaMP8s AUC with bout duration for consumption of 20%
Ensure (F) and 100% Ensure (G) (n = 13 mice). (H-1) GCaMP8s AUC (H) slope (I) (paired
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t-test, n = 13 mice). (J) Setup for consumption of 20% or 100% Ensure during the same
session (S/c6a3-I1RES-Cre mice). (K-N) GCaMP8s during consumption of 20% (K, M) and
100% Ensure (L, N). (M, N) GCaMP8s mean responses (blue) and variable-length time
mean response (magenta) during consumption of 20% Ensure and 100% Ensure. (O-P)
Regression of GCaMP8s AUC with bout duration for 20% Ensure (O) and 100% of Ensure
(P) (n =8 mice). (Q-R) GCaMP8s AUC (Q) and slope (R) (paired t-test, n = 8 mice). (S)
Photometry setup to measure NAc dopamine during consumption of 20% or 100% Ensure in
separate sessions. (T-W) GRAB-DA responses during consumption of 20% (T, V) and 100%
Ensure (U, W). (V, W) GRAB-DA mean responses (blue) and variable-length time mean
response (magenta) during consumption of 20% Ensure and 100% Ensure. (X-Y) Regression
of GRAB-DA AUC with bout duration during consumption of 20% Ensure (X) and 100%
Ensure (Y) (n =9 mice). (Z-AA) GRAB-DA AUC (Z) and slope (AA) (paired t-test, n =

9 mice). (AB) Photometry for GRAB-DA during consumption of 20% or 100% Ensure in
the same session. (AC-AF) GRAB-DA responses during consumption of 20% (AC, AE) and
100% Ensure (AD, AF). (AE, AF) GRAB-DA mean responses (blue) and variable-length
time mean response (magenta) during consumption of 20% Ensure and 100% Ensure.
(AG-AH) Regression of GRAB-DA AUC with bout duration during consumption of 20%
Ensure (AG) and 100% of Ensure (AH) (n = 13 mice). (Al-AJ) GRAB-DA AUC (Al) and
slope (AJ) (paired t-test, n = 13 mice). Data are represented as mean = SEM. ns p>0.05,
**p<0.01, ***p<0.001. Statistical details are in Table S1.
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Photometry-calibrated photostimulation of VTAPA neuronal activity
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Fig. 4. VTAPA neurons promote food consumption duration and palatability.
(A) Photometry-calibrated photostimulation (PS) setup. E: Ensure. (B) Expression of

GCaMP8s (green, top) and overlay with anti-TH (red, bottom) within VTA. Arrows indicate
GCaMP8s+ TH+ neurons. Scale bar, 100 um. (C) Co-expression among GCaMP8s (left)
and anti-TH cells (right) within the VTA. (D, E) Recorded VTAPA neuron activity during
20% Ensure (D, left), 100% Ensure (D, right), and 20% Ensure with photometry-calibrated
VTAPA neuron PS (E). Vertical line: First lick of a bout. (F-1) GCaMP8s responses during
consumption of 20% Ensure with photometry-calibrated VTAPA neuron PS in ON-blocks
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(F, H) and 20% Ensure in OFF-blocks (G, I). (H, I) GCaMP8s mean responses (blue)

and mean response within a bout (magenta) during consumption of 20% Ensure with
photometry-calibrated VTAPA neuron PS (H) and 20% Ensure (1). (J-K) Regression of
GCaMP8s AUC with bout duration during consumption of 20% Ensure with photometry-
calibrated VTAPA neuron PS (J) and 20% Ensure (K) (n = 13 mice). (L-M) GCaMP8s AUC
(L) and slope (M) for photometry-calibrated VTAPA neuron PS (paired t-test, n = 13 mice).
(N-S) Lick-contingent photometry-calibrated PS of VTAPA neurons increases consumption
(N), and bout duration but not bout number during laser-on blocks (O-R), which is apparent
after 3-s of PS onset (S) (negative binomial generalized linear mixed model, KS-test and
paired t-test, n = 13 mice). (T-Y) Noncontingent PS does not affect licking behaviors (T),
nor bout duration and bout number (U-Y) (negative binomial generalized linear mixed
model, KS-test and paired t-test, n = 8 mice). (Z) Dopamine-calibrated photometry and

PS setup. (AA-AB) NAc dopamine responses during 20% Ensure (AA, left), 100% Ensure
(AA, right), and 20% Ensure with photometry-calibrated VTAPA neuron PS (AB). (AC-AD)
Lick-contingent photometry-calibrated PS of VTAPA neurons increases bout duration (AC)
but not bout number (AD) during laser-ON blocks (paired t-test, n = 5 mice). Data are
represented as mean £ SEM. ns p>0.05, **p<0.01. ***p<0.001. Statistical details are in
Table S1.
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Lick triggered photoinhibition of VTAPA neurons suppresses food consumption
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Fig. 5. VTAPA neurons are necessary for prolonged food consumption duration.
(A) Left panel, setup for photoinhibition of VTAPA neurons using AAV-CAG-FLEX-

JAWS-GFP in mice consuming 100% Ensure (S/c6a3-I1RES-Cre mice). Right panel, the
viral expression of FLEX-JAWS within VTA (green), the fiber tract, and the overlayed
histological images with Anti-TH (red). Scale bar, 200 um. (B) Schematic for lick-
contingent or noncontingent photoinhibition (2 min ON or OFF blocks). (C-F) Lick-
contingent photoinhibition of VTAPA neurons reduced licking behaviors (C) and bout
duration but not bout number (D-E), which is apparent after 5-s of PS onset (F) during
laser-ON blocks (negative binomial generalized linear mixed model, KS-test and paired
t-test, n = 6 mice). (G-J) Noncontingent photoinhibition did not significantly affect licking
behaviors (G), bout duration, or bout number (H-J) (negative binomial generalized linear
mixed model, KS-test and paired t-test, n = 6 mice). Data are represented as mean + SEM.
ns p>0.05, *p<0.05, ***p<0.001. Statistical details are in Table S1.
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GLP-1R agonist - semaglutide, suppresses food consumption in mice
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Fig. 6. Semaglutide modulates VTAPA neurons to shorten consumption bout duration.
(A) Experimental design to test the effects of semaglutide (doses in mg/kg) on food

consumption. (B-F) Behavioral summary of body weight (B), homecage chow food intake
(C), 2-hour Ensure intake (D), bout duration (E), and bout numbers (F) during semaglutide
or PBS injection (n = 8 mice). (G) Photometry setup for recording VTAPA neuron activity

during 100% Ensure intake with semaglutide and PBS injection (S/c6a3-IRES-Cre mice).
(H-L) Behavioral summary of body weight (H), homecage food intake (1), 1-hour Ensure

intake (J), bout duration (K), and bout numbers (L) during Semaglutide and PBS injection

(n = 8 mice). (M) GCaMP8s response of VTAPA neuron activity to 100% Ensure from
day 0 to day 5 during Semaglutide injection (n = 8 mice). (N) Comparison of GCaMP

Injection days

responses to 100% Ensure in VTAPA neurons on day 0 to day 5 with PBS and Semaglutide

injections (rmANOVA, n = 8 mice). Data are represented as mean + SEM. ns p>0.05,
*p<0.05, **p<0.01, ***p<0.001. Statistical details are in Table S1.
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Photometry-calibrated photostimulation of VTAPA neurons increases feeding during semaglutide treatment

Semaglutide
) . Mean response
@9“’\ :;lik-t?gg?r?d of VTAPA neurons 2 110FF _— @ " 40 "
=t ©
o1 pholosimulaton First lick =08~ §20 @
¥ I.P. v 7 ON 00.6 ON s I =] 20
p) | IS I S—| o — c ©
—3 2hrs  1hr S‘i"i& S04 3100 4 @ =
) 635 nm ‘W 2sd o] 3
/' 100% Ensure = —oFF 9 05— 8o 0
Semaglutide 2-min ON/OFF blocks & Licking rate (s OFF ON OFF ON

Photoinhibition of VTAPA neurons suppresses feeding recovery during semaglutide treatment

AAV-CAG-FLEX-JAWS Body weight Food intake Food intake
¥ ywelg (homecage chow) (palatable Ensure)
4_.:¢§”w":j,,_«», VTA ;\3 110 @ 6 @ @ 2
N Ve = 105 o L g | s
"« 100% Ensure %’100 S é 4 \//’/N/‘ £ £ 1
= 95 \\W g 2 Sema £ £ s
Slc6a3-IRES-Cre - gg 2 5 2 2
O 5123456 0123456 Y 0123456 Y  BIB2OFFON
Semaglutide Injection days Injection days Injection days Day 1-3 Day 4-6
) A0) AD) _ AD)
p’BSI@,s‘f@.\‘@.\‘? o K L M N
DO D1 D2 D3 D4.D6 Bout duration Bout events
) ] > 2 =40 ns ns
Lick-triggered L3 N 2 - i
photoinhibition & = 2o o e £ 30
635 nm "E 20 '*E 20
=] p=}
"I T 10 T 10{ F 8§
2-min|ON 3 o 3 0 0
2-min OFF @ "0123456 9@ ~ B1B2 OFFON 0123456 B1B2 OFFON
2-min ON/OFF blocks Injection days Day 1-3 Day 4-6 Injection days Day 1-3 Day 4-6

Fig. 7. VTAPA neurons bidirectionally control palatable food consumption with semaglutide
treatment.

(A) Dual photometry and photostimulation for recording and activating VTAPA neuron
activity during food consumption with Semaglutide injection. (B) GCaMP response of
VTAPA neuron activity to 100% Ensure during photostimulation of VTAPA neurons
following semaglutide injection on Day 1. (C-E) Lick-contingent photostimulation of
VTAPA neurons increased lick numbers (C) and bout duration (D) but not bout number

(E) in laser-ON blocks (KS-test and paired t-test, n = 10 mice). (F) Experimental design

for photoinhibition of VTAPA neurons during day 4 to day 6 with the highest dose

of semaglutide. (G-H) Body weight (G) and home cage chow food intake (H) during
semaglutide treatment. (I-N) Reduced Ensure intake (I, J), and bout duration (K, L) but not
bout numbers (M, N) during the laser-ON blocks compared to laser-OFF blocks for Days
4-6 (n = 10 mice). Days 1-3 are analyzed to show Ensure intake, bout duration, and bout
number across the same alternating 2-min blocks (B1, B2) in the absence of photoinhibition.
Data are represented as mean = SEM. ns p>0.05, *p<0.05, **p<0.01, ***p<0.001. Statistical
details are in Table S1.
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Fig. 8. Summary of VTAPA neuron activity during feeding behaviors.

VTAPA neuron activity in different phases of food intake.
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