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Prolonged exposure to food odors
suppresses feeding via an olfactory bulb-to-
hypothalamus circuit

Yao Liu 1,2,12, Hailan Liu3,11,12, Huey-Xian Kelly Wong 1,2, Niccole Auld 4,5,6,
Kristine M. Conde3,11, Yongxiang Li3,11, Meng Yu 3, Yue Deng 3,11,
Qingzhuo Liu 3,11, Xing Fang1,2, Mengjie Wang3,11, Yuhan Shi3,
Olivia Z. Ginnard 3, Yuxue Yang3,11, Longlong Tu 3,11, Hesong Liu3,
Jonathan C. Bean 3, Junying Han3, Megan E. Burt3, Sanika V. Jossy3,
Yongjie Yang3,11, ChunmeiWang3,Qingchun Tong 7, Benjamin R. Arenkiel 1,6,8,
Hongjie Li 5,6, Yong Xu 3,9,10,11 & Yang He 1,2

Olfactory perception of food odors is a key determinant of eating behavior,
including triggering appetite, facilitating food seeking and influencing food
choice. While transient food-related olfactory cues stimulate appetite and
provoke cravings in states of hunger, emerging evidence implies that pro-
longed and sustained exposure to food-derived odor (FO) suppresses feeding.
However, the mechanisms by which olfaction induces hypophagia remain
elusive. In this study, we show that prolonged FO exposure significantly sup-
presses food intake in male mice. We identified a subset of neurons in the
ventral subiculum (vSub) that are specifically activated by FO. We further
discovered that these FO-activated neurons in the vSub receive excitatory
inputs from the olfactory bulb (OB) and send glutamatergic projections to the
ventromedial hypothalamus (VMH). Inhibition of the OB→ vSub→ VMH circuit
abolished the FO-induced reduction in food intake, while activation of this
circuit suppressed feeding and reduced body weight. Together, these findings
reveal a neurobiological circuitry that mediates the influence of olfactory
signals on food intake regulation.

Obesity is a worldwide epidemic, increasing risk of mortality by con-
tributing to serious, debilitating health conditions such as heart dis-
ease, stroke, diabetes, and somecancers1 with an estimated health care
cost of more than 425.5 billion dollars in the US in 20232. The role of

homeostatic mechanisms in which internal signals such as leptin,
ghrelin, and insulin communicate with various brain regions to mod-
ulate food intake and energy expenditure—and therefore obesity—
have been well described3–5. However, the integration of external
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signals, such as smell, towards energy homeostasis is increasingly
recognized as pivotal for eating behaviors. Olfaction serves as a pow-
erful modulator, influencing appetite, food preferences, and overall
eating experience6–9. While transient olfaction cues of food can influ-
ence appetite and trigger food cravings in a state of hunger9–11, emer-
ging evidence implies that prolonged food odor exposure suppresses
food intake in both humans and animals12–14. For example, normal-
weight children consumed fewer sweet and savory snacks after being
exposed to the smell of these foods for a period of time compared to
those not exposed to food-related odors12. Similarly, healthy women
reported a decreased appetite for chocolate after smelling it14. In
Drosophila, sustained exposure to food-related odors from vinegar or
yeast, common foods for these flies, also led to reduced food intake13.
Interestingly, enhancement of olfactory sensory neuron (OSN) signal-
ing through genetic manipulation to increase the expression of short
neuropeptide F (sNPF) leads to a reduction in feeding in Drosophila13.
These findings underscore that augmenting the olfactory pathway,
either through reinforced olfactory input or genetic manipulation,
suppresses food intake.However, it remains unclearwhether the effect
is specific to food-related odor and which neural circuits connect
olfactory information to feeding circuits. Understanding the mechan-
isms underlying this phenomenon could lead to new treatments for
obesity.

The ventral subiculum (vSub) forms the CA1-entorhinal transition
zone of the hippocampal formation15. It receives inputs from areas
such as the hippocampal CA1, entorhinal cortex, prefrontal cortex,
amygdala, and thalamus, and projects to the nucleus accumbens, lat-
eral septum, ventral tegmental area, hypothalamus, prefrontal cortex,
and habenula16,17. This extensive connectivity with other brain regions
governs important and diverse functions of vSub neurons. Indeed,
considerable evidence indicates that the vSub regulates a wide range
of behaviors, including stress18–20, memory and spatial navigation21,
reward and motivation22–24, as well as neuroendocrine functions19.
Notably, the vSub has been shown to be involved in integrating sen-
sory information and translating it into appropriate behavioral
responses. This includes processing auditory, olfactory, and visual
cues that are crucial for spatial navigation, memory, and social
behavior25,26. It is noteworthy that the vSub has been shown to regulate
specific feeding behaviors driven by environmental context, implying
that it integrates sensory cues to regulate food intake27. However,
whether the vSub can transduce olfactory cues to regulate feeding
behavior remains unknown.

Numerous studies have uncovered a key role of the ventralmedial
hypothalamus (VMH) neurons in energy and glucose homeostasis28–37.
In particular, chemogenetic activation of VMH neurons inhibits feed-
ing in mice31,37, while VMH lesions in animals lead to hyperphagia and
obesity38. Additionally, the VMH integrates sensory information,
including olfactory and gustatory cues, which are crucial for feeding
behavior and the regulation ofmetabolic processes39,40. A recent study
revealed that the paraventricular thalamus (PVT) is one downstream
target of the VMH mediating feeding suppression36. However, the
afferent neural inputs to the VMH that regulate feeding are not fully
understood.

In this study, we demonstrate that prolonged exposure to FO
suppresses food intake in mice. We found that a subset of neurons in
the vSub are activated by FOs but not by the non-food control odors.
Using a combination of viral tracing, intersectional genetics, fiber
photometry, chemogenetics, optogenetics, and channelrhodopsin-2
(ChR2)-assisted circuit mapping (CRACM), we discovered that FO-
activated neurons in the vSub receive glutamatergic projections from
the olfactory bulb (OB) and send glutamatergic projections to the
VMH. Inhibition of this OB → vSub → VMH circuit abolishes the FO
exposure-induced suppression of food intake, while activation of the
circuit reduces feeding and body weight. Overall, we identified a FO-
responsive neural circuit that is hypophagic and mediates feeding

suppression induced by prolonged FO exposure, suggesting a new
avenue for treating obesity.

Results
Prolonged FO exposure suppresses feeding
Given evidence for FO exposure decreasing appetite inDrosophila and
humans, we first asked how FO exposure would impact feeding in
mice. To address this question, we established a paradigm that pro-
vides anodor-enriched (OE) environment (Fig. 1a). Specifically, holes in
the cage bottom for the OE group allowed robust odors to ascend into
the cage, while control mice were placed in identical cages without
holes, which limited odor detection. Mice were pre-exposed to odors
for 30min before foodwas provided, and the odor exposure persisted
during the food consumption period (Fig. 1a). To generate a robust
food odor stimulus transmitted up into the portion of the cage where
the mice were located, we utilized a large amount (1 kg) of chow. We
found that sustained exposure to this amount of chow-derived odor
significantly suppressed chow intake at 1, 2, and 3 h (Fig. 1b). The
suppression of food consumption was not observed in mice exposed
to acetic acid or isoamyl acetate, two organic odor compounds to
whichmice shownopreference41 (Supplementary Fig. 1a), suggesting a
specific hypophagic response from chow-derived odor. To examine
whether the reduced food intake could be attributed to increased
foraging, such as increased floor investigation toward the odor source,
we analyzed floor-directed exploratory behavior during the first hour
of the feeding period using video recordings. Quantification revealed
no significant difference in the time spent investigating the floor
between OE and control groups (Supplementary Fig. 1b), suggesting
that reduced intake is not due to enhanced foraging for the inacces-
sible odor source. To further validate the observed hypophagic effect,
we included anadditional control group inwhich cages hadperforated
bottoms but no food was placed underneath (Supplementary Fig. 1c).
This control ruled out the possibility that control mice detected food
odor through residual ambient cues. Consistent with the results in the
original setting (Fig. 1b), mice exposed to 1 kg of chow placed under
the cage exhibited a significant reduction in food intake compared to
those without food odor exposure (Supplementary Fig. 1d). These
findings suggests that robust odor exposure, notmere odor detection,
is required to drive the hypophagic effect. Supporting this, we found
that neither exposure to a small amount (50g) of chow-derived odor
nor a brief exposure period (5min) to 1 kg chow-derived odor expo-
sure significantly suppressed food intake (Supplementary Fig. 1e, f).
We also tested the food intake in mice in the testing cage with or
without holes in non-OE condition, and we found no difference in 3-h
chow intake (Supplementary Fig. 1g), suggesting that reduced food
intake observed using the OE paradigm was not due to discomfort
caused by holes in the cage bottom. Together, our findings suggest
that FO exposure uniquely suppresses food intake, but the extent of
suppression is dependent on both the odor intensity and the duration
of exposure.

Given that odor exposuremay desensitize the olfactory system to
that odor42, we next assessed if decreased chow intake following pro-
longed chow-derived odor exposure was confounded by olfactory
adaptation. To exclude this possibility, we measured high-fat diet
(HFD) intake for mice with or without chow-derived odor-exposed. To
reduce the novelty and hedonic drive associated with HFD, mice used
in this experiment were acclimated to HFD feeding for 1 week prior to
test. We found that mice exposed to chow-derived odor also showed
significantly reduced HFD intake (Fig. 1c). Additionally, mice exposed
to HFD-derived odor also showed reduced intake of both chow and
HFD (Supplementary Fig. 1h), suggesting that FO exposure induces
decreased feeding independent of the specific food odor or food. To
further determine if reduced food intake was due to FO exposure via
olfaction, we established two independent models of anosmia by
administering ZnSO4 intranasally

43 or methimazole intraperitoneally44.
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The loss of olfaction inbothmodelswas confirmedusing a buried food
test, in which treated mice showed significantly prolonged latency to
locate hidden food (Supplementary Fig. 1i, j). We then tested food
intake in thesemice using the sameparadigm (Fig. 1a). Notably, neither
ZnSO4- normethimazole-treatedmiceexhibited a significant reduction
in food intake when exposed to chow-derived odor (Fig. 1d, e).
Importantly, the basal level of food intake under control (non-odor-
exposed) conditions before the test did not differ between anosmic

mice and their respective control groups, indicating that the lack of
FO-induced hypophagia is not due to a compensatory effect of anos-
mia (Supplementary Fig. 1k, l). We also investigated the long-term
impact of sustained FO exposure on feeding and body weight by
subjecting mice to repeated daily overnight odor exposures over a
5-day period (Fig. 1f). Compared to controls, mice exposed to chow-
derived odor consistently consumed less food overnight each day
(Fig. 1g). This persistent hypophagic response was accompanied by a
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Fig. 1 | Prolong FO exposure suppresses food intake. a Schematic figure for
experimental procedure and odor exposure paradigm. b Chow intake at 1, 2, 3 h
from6:30pmto9:30pm in chow-fedmalemicewith orwithout chow-derived odor
exposure. n = 21 mice in control group; n = 23 mice in chow odor group. c HFD
intake at 1, 2, 3 h from 6:30 pm to 9:30 pm in HFD-fed male mice with or without
chow-derivedodor exposure. n = 9mice per group.d Three-hour chow intake from
6:30 pm to 9:30 pm in chow-fedmalemice treated with saline or ZnSO4. n = 6mice
per group. e Three-hour chow intake from 6:30 pm to 9:30 pm in chow-fed male
mice treated with saline or methimazole. n = 18 mice in saline group and 12 mice in
methimazole group. f Schematic figure for experimental procedure for repeated

odor exposure. gDaily food intake (6:30 pm–9:00 am) in chow-fedmalemice with
or without repeated chow-derived odor exposure for 5 days. n = 5 mice per group.
h Body weight change in chow-fed male mice with or without chow-derived odor
exposure for 5 days. n = 5 mice per group. Two-way ANOVA with post hoc Sidak’s
multiple comparisons in (b–e). Two-way Repeated Measures ANOVA with post hoc
Sidak’s multiple comparisons in (g, h). Effect of Chow odor in (g), F (1, 8) = 7.861,
#P < 0.05; *P <0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Data are presented as
mean ± SEM with individual data points in (b–e), and as mean± SEM in (g, h).
Source data are provided as a Source data file. The Schematics in (a) created in
BioRender. He, Y. (2025) https://BioRender.com/95d0bwl.
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gradual and significant less body weight gain relative to controls
(Fig. 1h). Collectively, these results indicate that FO exposure sup-
presses food intake in mice via olfaction-mediated pathways.

A vSub → VMH circuit mediates FO exposure-induced
hypophagia
Having shown that prolonged FO exposure-induced hypophagia via
olfactory inputs, we next sought to investigate the central mechanism
underlying this phenomenon. To this end, we first analyzed the
expression of the immediate early gene marker c-Fos following odors
exposure without food consumption to identify neural ensembles that
are activated by FO (Fig. 2a). Consistent with previous findings45, we
observed significantly elevated c-Fos expression in the piriformcortex,
a primary olfactory processing region inmammals, following exposure
to chow, acetic acid, or isoamyl acetate odors. Themagnitude of c-Fos
expression was comparable across odor types (Supplementary
Fig. 2a, b), indicating that our odor exposure paradigm effectively and
sufficiently activates olfactory-involved neural pathways. Notably, we
found that mice exposed to chow-derived odor for 1 h showed sig-
nificantly increased c-Fos expression in the vSub when compared to
mice in the control groupor thoseexposed to isoamyl acetate or acetic
acid (Fig. 2b, c). To examine whether a brief FO exposure induces
activation in the vSub, we performed an additional experiment in
whichmice were exposed to 1 kg of chow-derived odor for only 5min,
followed by tissue collection at the same time point used for the
prolonged exposure condition. We found that brief exposure to chow-
derived odor for 5min failed to increase c-Fos expression in the vSub
(Supplementary Fig. 2c). These findings suggest that vSub neurons are
selectively and duration-dependently activated by prolonged FO
exposure.

Having identified that the vSub is preferentially activated by food-
related odors, with minimal responses to non-food odors, we next
sought to identify its downstream target. Towards this, we performed
channelrhodopsin-2(ChR2)–assisted circuit mapping (CRACM) by
injecting adeno-associated viral (AAV) vector carrying ChR2-EYFP into
the vSub of WTmice (Fig. 2d, e). We observed abundant EYFP-positive
fibers in the VMH (Fig. 2e). While dense EYFP-labeled fibers were
concentrated in the shell of the VMH, considerable EYFP-labeled
terminals were also detected in the VMH core region (Fig. 2f). To fur-
ther confirm the projection from the vSub to VMH, we performed
CRACM using SF-1-Cre/ Rosa26-LSL-tdTomato mice in which
tdTomato-labeled SF-1 neurons in the VMH are mostly distributed in
the core region of the VMH (Supplementary Fig. 3a–d). We observed
substantial EYFP-positive fibers in the shell of the VMH and dense
EYFP-positive terminals in the core region (Supplementary Fig. 3c, d).
To verify the projection pattern, we performed retrograde tracing by
injecting a retrograde AAV-Cre virus into the VMH and a Cre-
dependent mCherry AAV virus into the vSub (Supplementary
Fig. 3e), specifically labeling vSub neurons projecting to the VMHwith
mCherry. Indeed, we observed abundant mCherry-positive neurons in
the vSub and mCherry-positive fibers in the VMH (Supplementary
Fig. 3g, h), confirming that vSub neurons send projections to VMH.
mCherry-positive fibers were also present in the lateral septum (LS)
and the nucleus accumbens shell (NAcSh) (Supplementary Fig. 3i, j),
suggesting that VMH-projecting neurons also send collateral projec-
tions to these areas. Notably, triple RNAscope formCherry, Vglut2, and
Vgat revealed that all of the mCherry+ neurons in the vSub express
Vglut2 but not Vgat (Supplementary Fig. 3k–n), indicating that VMH-
projecting vSub neurons are glutamatergic.

To explore functional connectivity of glutamatergic vSubneurons
projecting to the VMH, we expressed ChR2 in glutamatergic vSub
neurons by injecting CaMKII-ChR2-EYFP virus into the vSub and then
conducting slice electrophysiology recordings from those neurons.
We found that photostimulations (473 nm, 5ms/pulse) elicited robust
postsynaptic currents in most (31 out of 35) of the recorded neurons

located in the core region of the VMH (Fig. 2g), where neurons are
predominantly glutamatergic46. We also recorded SF-1 neurons, which
are mostly located in the core region of the VMH, using SF-1-Cre/
Rosa26-LSL-tdTomato mice, and we found that all the recorded SF-1
neurons (20 out of 20) responded to photostimulation (Supplemen-
tary Fig. 3o), confirming that the neurons in the core regionof the VMH
are innervated by VMH-projecting vSub neurons. The evoked currents
persisted in the presence of tetrodotoxin (TTX) and 4-aminopyridine
(4-AP) but were blocked by α-amino-3-hydroxy-5-methyl-4-iso-
xazolepropionic acid (AMPA) glutamate receptor antagonist 6,7-dini-
troquinoxaline-2,3-dione (DNQX) (Fig. 2g and Supplementary Fig. 3o),
confirming that the currents were monosynaptic excitatory post-
synaptic currents (EPSCs). To determine whether vSub input also tar-
gets other hypothalamic cell types, we recorded from GABAergic
neurons (15 cells) in the VMH shell using Vgat-Cre/Rosa26-LSL-tdTo-
mato mice and proopiomelanocortin (POMC) neurons (18 cells) in the
arcuate nucleus (ARH) using POMC-CreERT2/Rosa26-LSL-tdTomato
mice; none of these neurons exhibiteddetectable EPSCs in response to
blue light stimulation (Supplementary Fig. 3p, q). Together, these data
in both anatomy and functionality demonstrate that glutamatergic
neurons in the vSub provide monosynaptic glutamatergic inputs to
the VMH.

Having demonstrated functional connectivity, we next examined
whether VMH-projecting vSub neurons respond to FO by conducting
in vivo fiber photometry recordings from these neurons in freely
moving mice. Toward this, we stereotaxically injected a retrograde
AAV vector carrying Cre into the VMH, and a Cre-dependent AAV
vector carrying GCaMP6m into the vSub and implanted an optic can-
nula over the vSub (Fig. 2h).We confirmed expression of GCaMP6m in
the vSub region (Supplementary Fig. 4a). During the recordings, mice
were allowed to freely move in an open cage (40 cm L × 30 cm
W×40 cmH) with 5 cm deep of clean bedding. Small bedding patches
(~1 g) infused with different odors: chow, isoamyl acetate, or acetic
acid, were placed on the surface of the clean bedding in visually
indistinguishable locations. This design ensured that mice could not
use visual cues to discriminate odor sources and instead relied on
olfactory-guided exploration (Fig. 2i). Fiber photometry recordings
revealed a robust and selective increase in calcium activity in VMH-
projecting vSub neurons when mice sniffed toward chow-derived
odor. In contrast, sniffing spots enrichedwith isoamyl acetate or acetic
acid elicited minimal calcium responses (Fig. 2j). Quantitative analysis
confirmed that the peak calcium response to chow odor was sig-
nificantly greater than the responses to isoamyl acetate or acetic acid
odor (Fig. 2k), indicating that VMH-projecting vSub neurons are
selectively activated by FO. To strengthen these findings, we con-
ducted an additional experiment using a 4-odor choicedesign inwhich
mice could smell chow, HFD, isoamyl acetate, and acetic acid odors
presented simultaneously (Supplementary Fig. 4b). Consistently, we
observed a dramatic increase in calcium activity when mice sniffed
toward chow or HFD-derived odor, while responses to isoamyl acetate
and acetic acid remained minimal (Supplementary Fig. 4c, d),
demonstrating that vSub → VMH neurons are selectively activated by
food-derived odors. To assess whether this neural response is main-
tained over longer durations relevant to the behavioral suppression of
feeding,weperformed extendedfiber photometry recordings during a
30-min continuous exposure to chow-derived odor. We observed an
overall elevation in calcium activity relative to baseline that persisted
throughout the exposure window, as measured by area under the
curve (AUC) analysis (Fig. 2l, m). These data suggest that vSub neurons
can remain engaged during prolonged FO exposure, consistent with a
role inmediating sustained feeding suppression. Notably,weobserved
that calcium activity in these neurons was moderately suppressed
during active food consumption (Supplementary Fig. 4e). This shift in
neural activity across different phases of feeding may reflect distinct,
phase-specific roles of the vSub in regulating feeding behavior. This
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dynamic pattern suggests that vSub activity is elevated during food
odor detection, which leads to the suppression of feeding in contexts
of prolonged odor exposure, and is reduced once consumption
begins, possibly to disengage inhibitory signals and permit con-
summatory behavior. Together, these findings highlight a flexible,
stage-specific role for the vSub in modulating feeding across antici-
patory and consummatory phases.

The vSub → VMH circuit is both necessary and sufficient to
suppress food intake
In order to assess if this food odor-responsive vSub → VMH circuit
(Fig. 2) was driving the observed suppressed food intake (Fig. 1), we
artificially activated this circuit with ChR2-based in vivo optogenetics
by injecting a retrograde Cre virus into the VMH, and a Cre-dependent
ChR2virus into the vSub. Anoptic fiberwas implantedover the VMHof
WT mice (Fig. 2n). Cell body expression of ChR2 and abundant ChR2-
positive fibers were confirmed in the vSub and VMH regions, respec-
tively (Supplementary Fig. 4f, g). Consistent with previous observation
(Supplementary Fig. 3g–j), ChR2-positive fibers were also present in
the lateral septum (LS) and the nucleus accumbens shell (NAcSh)
(Supplementary Fig. 4h). Slice electrophysiology recordings con-
firmed functional activation of neurons in the VMH reflected by sig-
nificantly increased membrane potential and action potential (AP)
firing frequency upon photostimulations (Supplementary Fig. 4i–k).
To further characterize the postsynaptic targets of the vSub → VMH
circuit, we performed triple RNAscope analysis for Fos, Vglut2, and
Vgat following chemogenetic activation of VMH-projecting vSub
neurons (Supplementary Fig. 4l,m).We observed a significant increase
in Fos expression in Vglut2+ neurons in the VMH of hM3Dq-expressing
mice compared to control mice treated with CNO (Supplementary
Fig. 4n, p). In contrast, Fos expression in Vgat+ neurons was sparse and
did not differ between groups (Supplementary Fig. 4o, q). These
results, together with the electrophysiological data, indicate that
activation of vSub inputs selectively engages glutamatergic neurons in
the VMH.

Behaviorally, we found that in vivo photostimulation (473 nm,
20 s−1, 10ms, 1 s on, 2 s off for 3 h) of ChR2-positive vSub neuron fibers
within the VMH significantly suppressed food intake (Fig. 2o), indi-
cating that activation of the vSub → VMH circuit suppresses feeding.
Given that the vSub is involved in the regulation of stress and anxiety18,
which can influence eating behavior47, we sought to determine whe-
ther activation of the vSub → VMH circuit carries emotional valence.
Negative valence typically associatedwith aversive or anxiety-inducing
experiences that could confound the observed suppression of food
intake. To assess this, we conducted a real-time place avoidance test in
which photostimulation was paired with one-half of an two-chamber
arena, an assay commonly used to infer emotional valence: avoidance
of the stimulated zone would suggest negative valence (i.e., the sti-
mulation is aversive), whereas preference would indicate positive
valence.We found that photostimulationof the vSub→VMHcircuit did
not induce avoidance of the light-on side (Supplementary Fig. 4r, s),
nor did it significantly alter overall locomotor activity or velocity
(Supplementary Fig. 4t, u), indicating that the circuit activation does
not carry aversive or anxiogenic valence, suggesting that activation of
the vSub → VMH circuit does not transduce aversive valence signals.
These findings indicate that the reduced food intake observed upon
stimulation is not due to stress, anxiety but instead reflects a direct
regulatory role of this circuit in feeding behavior.

As we previously showed that VMH-projecting vSub neurons also
send collateral projections to the LS and NAcSh (Supplementary
Figs. 3g–j and 4h), two brain regions also implicated in the regulation
of feeding48,49, we next asked if the observed reduction in food intake
could be mediated by parallel activation of these additional projec-
tions. To test this possibility,weperformed reciprocal optogenetic and
chemogenetic experiments to simultaneously activate VMH-

projecting vSub neurons while inhibiting downstream targets in the
VMH, LS, and NAcSh, respectively. For this, we delivered retrograde
AAV-Cre virus into the VMH and Cre-dependent AAV (AAV9)-ChR2
virus into the vSub in three groupsofWTmice. This combination led to
the expression of ChR2 in VMH-projecting vSub neurons. In the same
mice, we delivered an anterograde trans-synaptic AAV1 vector carrying
Flpo into the vSub and a Flpo-dependent AAV (AAV8) virus carrying an
inhibitory designer receptor exclusively activated by designer drugs
(hM4Di) into either the VMH, LS, or NAcSh (1 node per group of mice)
(Fig. 3a). This protocol induced expression of hM4Di only in VMH, LS,
or NAcSh downstream neurons innervated by vSub neurons. In the
same surgery, an optic fiber was implanted over the vSub. We con-
firmed the expression of hM4Di and observed ChR2-positive fibers in
the VMH (Fig. 3b), LS (Fig. 3h), and NAcSh (Fig. 3k). Slice electro-
physiology recordings demonstrated that application of clozapine
N-oxide (CNO) effectively abolished photostimulation-induced acti-
vation of vSub-innervated VMH neurons (Fig. 3c–e), confirming the
functionality of the reciprocal excitatory and inhibitory setup. Impor-
tantly, inhibition of vSub-innervated neurons in the VMH significantly
attenuated the reduced food intake caused by photostimulation of
VMH-projecting vSub neurons (Fig. 3f). In contrast, inhibition of vSub-
innervatedneurons in the LS (Fig. 3i) orNAcSh (Fig. 3l) did not produce
this effect, suggesting that reduced food intake was primarily medi-
ated by vSub projections within the VMH.

In order to determine the necessity of the vSub → VMH circuit in
mediating FO-induced hypophagia, we employed Arch3.0-based in
vivo optogenetics to inhibit VMH-projecting neurons in the vSub
regionbybilaterally injected a retrogradeCrevirus into theVMH, and a
Cre-dependent Arch3.0 virus into the VMH. Two optic fibers were
implanted over the bilateral vSub (Fig. 4a). The expression of Arch3.0
(Fig. 4b) and functional inhibition of VMH-projecting vSub neurons
were confirmed (Fig. 4c–e). We found that photostimulation with
yellow light (596 nm, 20 s−1, 5ms, 1 s on, 2 s off for 3 h) to inhibit VMH-
projecting vSub neurons largely blunted FO-suppressed food intake
(Fig. 4f), suggesting that the vSub → VMH circuit is required for FO-
induced hypophagia. To further dissect the specific contributions of
the vSub → VMH circuit in mediating FO-induced hypophagia com-
pared to collateral projections to the LS and the NAcSh, we measured
food intake in mice exposed to prolonged FO exposure (Fig. 4g) while
selectively inhibiting vSub-innervated neurons in the VMH, LS, or
NAcSh. Toward this, we utilized mice from the reciprocal experiment
in which inhibitory hM4Di receptors were expressed in the vSub-
innervated neurons within the VMH, LS, or NAcSh. These mice were
injected with saline or CNO, followed by FO exposure and food intake
measurement (Fig. 4g). Only inhibition of vSub-innervated VMH neu-
rons significantly attenuated FO-induced hypophagia (Fig. 4h–j).
Together, these results demonstrate that the vSub → VMH circuit is
both necessary and sufficient for FO-induced hypophagia.

OB is the upstream node of the vSub → VMH circuit that med-
iates FO-induced hypophagia
Next, we aimed to identify the upstream neural inputs of VMH-
projecting vSub neurons. Toward this, we used the TRIO (Tracing the
Relationship between Input and Output) strategy using a modified
monosynaptic rabies virus system. Briefly, we delivered a retrograde
Cre virus into the VMH, while the vSub received the Cre-dependent
helper virus (AAV8-DIO-GTB), which co-expresses the rabies glyco-
protein (RG) and the avian TVA receptor. This allowed RG and TVA
expression specifically in VMH-projecting vSub neurons. Three weeks
later, we injected the G-deleted, pseudotyped rabies virus (EnvA-ΔG-
Rabies-GFP) into the vSub to infect helper+ VMH-projecting vSub
neurons via their presynaptic terminals (Fig. 5a, b). In alignment with
previous observations17, GFP-positive neurons were detected in the
nucleus of Diagonal band of Broca (DBB) and the paraventricular
thalamus (PVT) (Supplementary Fig. 5a, b). Remarkably, we found that
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a subset of neurons located in the granular cell layer of accessory
olfactory bulb (GrA) in the OB were labeled by GFP (Fig. 5c), indicating
a synaptic connection between OB neurons and vSub neurons that
project to the VMH. Given that the OB is a pivotal hub for transmitting
smell information from the nose to the brain, and we revealed that
disruption of olfaction by intranasal application of ZnSO4 or i.p.
injection of methimazole abolishes FO-suppressed food intake, these

tracingdata imply thatOBmaybe the keyupstreamnodeof the vSub→
VMH circuit that mediates FO-induced hypophagia.

To confirm the synaptic connectivity between the OB and the
vSub, we stereotaxically injected a retrograde AAV vector carrying Cre
into the vSub, and a Cre-dependent AAV vector carrying ChR2-EYFP
into the OB (Fig. 5d). The expression of ChR2 in the OB was confirmed
(Fig. 5e) and EYFP-positive fibers were detected in the vSub
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(Supplementary Fig. 5c). In slice electrophysiology recordings in vSub
neurons, we observed that photostimulation (473 nm, 5ms/pulse)
elicited excitatory postsynaptic currents (EPSCs) in recorded neurons
(6 of 10 neurons) in the vSub (Fig. 5f). These evoked EPSCs persisted in
the presence of 4-AP and TTX (Fig. 5f), indicating that the recorded
neurotransmissions are likely monosynaptic. Additionally, all evoked
EPSCs were blocked by the AMPA glutamate receptor antagonist
DNQX (Fig. 5f), confirming that recorded EPSCs were glutamatergic.
Thus, these data indicate that the OB provides monosynaptic gluta-
matergic inputs to the vSub.

Next, we sought to determinewhether inhibition of theOB→ vSub
circuit impedes FO-induced hypophagia. To address this question, we
expressed a mutated Kir2.1 channel, an inward-rectifier potassium ion
channel that hyperpolarizes neurons50, in vSub-projecting OB neurons
by injecting retrograde AAV vector carrying Cre into the bilateral vSub
and aCre-dependent AAV (AAV9) vector carrying Kir2.1-tdTomato into
the bilateral OB (Fig. 5g, h). In control mice, the AAV vector carrying
Kir2.1-tdTomato was substituted with a vector carrying tdTomato
alone. In agreement with previous findings50, slice electrophysiology
recordings showed thatneurons expressingKir2.1 exhibited significant
lower membrane potential and higher AP firing threshold (Supple-
mentary Fig. 5d–g), confirming an inhibitory effect in vSub-projecting
OB neurons. In a single-exposure FO paradigm, exposure to chow-
derived odor significantly suppressed food intake in control mice; in
contrast, Kir2.1 mice showed comparable food intake in response to
chow-derived odor exposure compared to non-odor condition
(Fig. 5i). To examine whether this circuit is also required for prolonged
FO-induced suppression, we subjected Kir2.1 and control mice to a
repeated odor exposure protocol described in Fig. 1f. In contrast to
control mice, which exhibited daily hypophagia and suppressed body
weight gain over 5 days, Kir2.1 mice displayed significantly higher food
intake and greater body weight gain during the odor exposure period
(Fig. 5j, k), while the baseline food intake and body weight in Kir2.1
mice are comparable with control mice (Supplementary Fig. 5h, i).
These results support that the OB is the upstream node of the vSub →
VMH circuit that mediates FO-induced hypophagia.

Constant activation of theOB→ vSub circuit reduces food intake
and body weight
It has been reported that enhancement of OSN signaling leads to a
reduction in feeding in Drosophila13. In our study, we also observed
that repeated and constant exposure to FO suppresses body weight
gain in mice. We next interrogated whether constant activation of the
vSub-projecting OB neurons decreases both food intake and body
weight, which mimics the effect of prolonged and sustained exposure
to FO. To this end, we expressed NaChBac, a bacterial sodium channel
known for its ability to constantly increase neuronal activity50, in vSub-
projecting OB neurons by delivering retrograde AAV vector carrying
Cre into the vSub, and a Cre-dependent AAV (AAV-DJ) vector carrying
NaChBac-GFP into the GrA of OB (Fig. 6a). In control mice, the AAV
vector carrying NaChBac-GFP was substituted with a vector carrying
GFP alone. The expression of GFP was confirmed in the OB (Fig. 6b).
Slice electrophysiology recordings showed that NaChBac-expressing

neurons exhibited lower firing threshold and wider action firing
potential width (Fig. 6c–f), indicating increased neural activity and
excitability in vSub-projecting OB neurons. Notably, chronic activation
of vSub-projectingOBneurons byNaChBac significantly reduced body
weight gain and food intake under both chow and HFD diet feeding
(Fig. 6g–j). The reducedbodyweight underHFD feedingwas solely due
to decreased fat accumulation (Fig. 6k, l). These data indicate that
constant activation of the OB → vSub circuit suppresses feeding and
attenuates diet-induced obesity.

Discussion
Here, we demonstrated that prolonged FO exposure suppresses
feeding in mice via a mechanism in which FO activates excitatory
inputs from the OB to the vSub that send glutamatergic projections to
the VMH. Inhibiting the OB → vSub → VMH circuit abolished the FO-
induced reduction in food intake, while activating this circuit sup-
pressed feeding and reduced body weight. Collectively, our study
unveils an OB-originating neural circuitry involving the vSub and the
VMH that mediates the suppression of food intake induced by pro-
longed exposure to food-derived odors.

Appetite suppression by food odors is a known phenomenon
in humans9,12,14. A study in Drosophila also showed a reduced food
intake upon sustained food odor exposure13. However, this phe-
notype has not been thoroughly investigated using mouse model,
which possesses similar olfactory system with humans51. In the
present study, we discovered that feeding was suppressed in mice
exposed to both chow and HFD-derived odor prior to consump-
tion of food using a sophisticated odor exposure paradigm.
Interestingly, a recent study reported that olfactory cues of food
odor are neither necessary nor sufficient to alter feeding patterns
regardless of hunger state52. The discrepancies between this study
and our findings could be attributed to differences in metho-
dology. The previous study used a porous, opaque tea ball con-
taining small amounts of HFD placed in the food wire at the top of
the cage, which might not have produced a strong enough odor
to affect food intake. Indeed, reduced food intake was not
observed with either minimal FO exposure or brief exposure
periods in our study, suggesting that both the quantity of odor
and the duration of exposure are critical factors. Nonetheless, we
acknowledge that our experimental design has certain limitations.
For example, the food pellet provided for consumption at the top
of the cage during the test period could itself emit odor, which
may contribute to the overall olfactory environment. While the
control cages were designed without holes to limit odor diffu-
sion, it remains possible that mice with intact olfaction could
detect faint residual cues, given their highly sensitive olfactory
system. However, our additional control group using perforated
cages without food beneath showed consistent feeding pheno-
type, arguing against meaningful behavioral effects from low-
level ambient odor. While we did not directly measure odorant
concentration or test a full range of intermediate food quantities
(e.g., 250 g or 500 g), our findings from two extremes (50 g and
1 kg) support the existence of a functional threshold for

Fig. 3 | Reciprocal opto/chemogenetic manipulation of collateral projections
of VMH-projecting vSub neurons. a Scheme for virus injection in the vSub and
VMH ofWTmice. b Validation of the expression of hM4Di and ChR2-positive fibers
in the VMH. Representative trace showing action firing potential changes in VMH
neurons with blue light stimulation and CNO treatment in slice electrophysiology
recordings (c), and quantification of the membrane potential (d) and firing fre-
quency (e). n = 5 neurons per group. f Three-hour chow intake in chow-fed male
mice from 6:30 pm to 9:30 pm with saline or CNO treatment upon yellow or blue
light stimulation. n = 9mice per group. g Scheme for virus injection in the vSub and
LS ofWTmice. h Validation of the expression of hM4Di and ChR2-positive fibers in
the LS. i Three-hour chow intake in chow-fed male mice from 6:30 pm to 9:30 pm

with saline or CNO treatment upon yellow or blue light stimulation. n = 8 mice per
group. j Scheme for virus injection in the vSub and NAcSh ofWTmice. k Validation
of the expression of hM4Di and ChR2-positive fibers in the NAcSh. l Three-hour
chow intake in chow-fed male mice from 6:30 pm to 9:30 pm with saline or CNO
treatment upon yellow or blue light stimulation. n = 9 mice per group. Paired two-
tailed t-tests in (d, e). Two-way ANOVA with post hoc Sidak’s multiple comparisons
in (f, i, l). *P < 0.05, **P < 0.01, ***P < 0.001. Data are presented as mean ± SEM with
individual data points. Source data are provided as a Source data file. The Sche-
matics in (a, g, j) were created in BioRender. He, Y. (2025) https://BioRender.com/
jot50le.
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odor-driven feeding suppression. Moreover, our c-Fos data
demonstrate that both odor intensity and exposure duration
correlate with activation in FO-responsive circuits, further sup-
porting a threshold-dependent model for odor-induced hypo-
phagia. Consistent with this, our long-term fiber photometry
recordings revealed that prolonged exposure to chow-derived
odor elicited sustained calcium activity in VMH-projecting vSub
neurons. Taken together, while our results strongly support a
threshold-dependent effect of odor strength and exposure dura-
tion on feeding suppression, future studies using partially iso-
lated compartments may help further dissociate incidental

background odor from the targeted stimulus and refine our
understanding of how olfactory cues modulate feeding behavior.

Various studies have presented debated conclusions regarding
the extent and mechanisms by which olfaction influences eating
behavior and subsequent weight change. One study reported that
ablation of mature OSNs through the expression of diphtheria toxin
receptor in olfactory marker protein (OMP)-expressing Cre adult mice
led to hyposmia and resistance to diet-induced obesity, along with
increased energy expenditure53. However, such metabolic phenotypes
were not observed in a recent study where olfactory bulbectomies
were performed on 8-week-old adult wild-type mice52. Contrary to
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these findings, it has been observed that olfactory bulbectomy pro-
duces hyperphagia and obesity in rats and European hamsters54,55.
Interestingly, the dietary outcomes and body weight changes vary
greatly among individuals with olfactory dysfunction in human stu-
dies. Some patients with loss of smell tend to eat more and gain more
body weight, while others eat less and gain less weight56. Given these
complex interactions, it is clear that a deeper understanding of the

mechanisms in anatomical and cellular levels by which olfaction
influences feeding behavior and metabolism is needed. Our findings
that constant activation of vSub-projecting OB neurons suppresses
feeding and attenuates diet-induced obesity highlight a crucial role of
specific neuronal populations within the OB in orchestrating feeding
behavior inmice. Consistent with our findings, overexpression of sNPF
in OSNs, which leads to the enhancement of OSNs activity, suppresses
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feeding in Drosophila13. Additionally, deletion of voltage-dependent
potassium channel Kv1.3, which depolarizes the mitral cells in the OB,
has been associated with enhanced olfactory function57 and resistance
to diet-induced obesity in mice58. Future studies are required to elu-
cidate the neural specificity within the OB that mediates FO-induced
hypophagia.

Our decision to focus on the vSub was guided by both this
selective activation by FOand its known role as amajor integrative hub
that processes sensory, contextual, and motivational information24.
Prior studies have implicated the vSub in behavioral valence20, salience

detection59, and goal-directed behavior23, making it a strong candidate
for relaying food odor signals to downstream circuits that regulate
feeding. Our study highlights a population of glutamatergic neurons
within the vSub that are activated by FO. While our initial c-Fos map-
ping was performed using chow-derived odor, our follow-up fiber
photometry recordings demonstrate that VMH-projecting vSub neu-
rons are similarly activated by both chow andHFD odors. This broader
responsiveness suggests that vSub activation is not restricted to a
single olfactory profile, but rather reflects a generalized sensitivity to
food-related odors. Supporting this, exposure to HFD also suppressed

Fig. 5 | AnOB→ vSub→VMHcircuitmediatesFO-inducedhypophagia. a Scheme
for virus injection in the vSub and VMH ofWTmice. Representative images of GFP-
labeled starterneurons in the vSub (b) andGFP-labeledupstreamneurons in theOB
(c) from three indepent experiments. d Scheme for virus injection in the vSub and
OB of WT mice. e Representative image of virus expression in the OB from three
indepent experiments. f Representative traces of blue light-evoked postsynaptic
current in vSub neurons in the presence of TTX and 4-AP (black) and DNQX (red).
gScheme for virus injection in the vSub andOBofWTmice.hRepresentative image
of virus expression in the OB with the virus injection in (g) from five indepent
experiments. i Three-hour chow intake from 6:30 pm to 9:30 pm in control and

Kir2.1-expressing male mice in control (no odor) or chow-derived odor exposure
group. n = 5 mice per group. j Daily food intake (6:30 pm–9:00 am) in chow-fed
control and Kir2.1-expressing male mice with repeated chow-derived odor expo-
sure for 5 days. n = 5miceper group.kBodyweight change in chow-fed control and
Kir2.1-expressingmalemicewith chow-derived odor exposure for 5 days. n = 5mice
per group. Two-way Repeated Measures ANOVA with post hoc Sidak’s multiple
comparisons. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Data are presentedas
mean ± SEM with individual data points in (i), and as mean± SEM in (j, k). Source
data are provided as a Source data file. The Schematics in (a, d, g) were created in
BioRender. He, Y. (2025) https://BioRender.com/os9kdf6.
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Fig. 6 | Constant activation of vSub-projecting OB neurons suppresses food
intake and reduces body weight. a Scheme for virus injection in the vSub and OB
of WTmice. b Representative images of virus expression in the OB. Representative
traceof actionpotentialfiring by current injections in a step increment of 5 pA from
restingmembranepotential in the control (c) andNaChBac-expressing (d) neurons.
e The minimum membrane potential required to induce action potential firing in
control andNaChBac-expressing neurons in theOB.n = 6neurons in Ctrl group and
5 neurons in NaChBac group. f The action potential width in control and NaChBac-
expressing neurons in the OB. n = 8 neurons per group. Body weight change on
chow diet (g), bi-daily chow intake (h) in the control and NachBac-expressingmice.

n = 11 mice per group. Body weight on HFD (i) and weekly HFD intake (j) in the
control and NachBac-expressing mice. n = 11 mice per group. Fat mass (k) and lean
mass (l) in the control and NaChBac-expressing mice. n = 11 mice per group.
Unpaired two-tailed t-tests in (e, f, k, l). Two-way Repeated Measures ANOVA with
post hocSidak’s test in (g–j). Effect ofNaChBac in (h), F(1, 20) = 4.574, #P <0.05; Effect
of NaChBac in (j), F(1, 20) = 27.44, ###P < 0.001; *P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001. Data are presented as mean ± SEM with individual data points in
(e, f, k, l) and asmean± SEM in (g–j). Source data are provided as a Source data file.
The Schematics in (a) were created in BioRender. He, Y. (2025) https://BioRender.
com/jlynxc8.
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food intake in mice. Future studies using mass spectrometry-based
volatile profiling could identify the precise odorant molecules present
in chow and HFD preparations that drive vSub activation. The vSub
contains heterogeneous populations of neurons that are innervated by
various upstream brain regions and project to multiple distinct
downstream regions to coordinate diverse behaviors, including moti-
vation, reward, stress, anxiety17,60. Our findings that the vSub receives
direct inputs from the OB expand the existing knowledge of the
aggregated neural network from various upstream regions within the
vSub, pointing to the sensory responsiveness of this region and its role
in modulating feeding behavior. Consistent with previous findings61,
our data show that the VMH serves as a major downstream target of
the vSub. Inhibition of the vSub → VMH abolishes the FO-induced
hypophagia, while activation of the circuit suppresses food intake.
Kosse et al. showed that a small group of BDNF-positive neurons in the
VMHsits directly downstreamof arcuate AgRP andPOMCneurons and
projects to jaw premotor centers62. Silencing these cells increases
feeding, while activating them blocks the orexigenic effect of AgRP
stimulation, establishing the VMH as a postsynaptic gatekeeper of
consummatory actions driven by interoceptive energy-state signals.
Our data extend this model by demonstrating that olfactory food cues
recruit a group of VMH ensembles to inhibit food intake, even in the
absence of changes in systemic energy state. Together, these findings
support a unifying framework in which diverse upstream modalities,
including hormonal, metabolic, and sensory, converge on the VMH to
modulate food intake. Whether the vSub-innervated VMH neurons
correspond molecularly to the VMHBDNF subset described by Kosse
et al. remains unknown. Intersectional silencing of VMHBDNF during FO
exposure, or single-cell transcriptomic profiling of FO-activated VMH
cells, will be able to address this question. Interestingly, despite the
involvement of the vSub and VMH in mood regulation and stress
responses, which also influences feeding behavior63, activation of this
circuit did not induce alternation in valence inmice, indicating that the
observed hypophagia is specific to the sensory and feeding-related
pathways without affecting overall mood or emotional states.

In alignment with the existing findings60,61, our data revealed that
VMH-projecting vSub neurons send substantial collateral projections
to the NAcSh and LS. We further demonstrated that activation of the
entire collateral projections from the vSub to the VMH, LS, and NAcSh
by optogenetic excitation of upstream vSub neurons inhibits food
intake, whereas reciprocal inhibition of the VMH, but not the NAcSh or
the LS, blocks the reduced food intake, indicating the hypophagic
effect is mediated by the vSub → VMH circuit. Supporting this, recent
work by Wee et al.64 demonstrated that activity in the vSub → NAcSh
pathway increases the probability that a fastedmouse transitions from
food investigation to the first feeding bout, but does not alter the total
amount of food consumed over longer timescales. These findings are
consistent with our results, as we found that manipulating the vSub →
NAcSh pathway did not impact overall feeding behavior in our pro-
longed food access paradigm. Although we did not explore the phy-
siological role of the other two collateral projections, given the
involvement of the vSub in diverse functions, these projections to the
NAcSh and the LS, two regions highly implicated in the regulation of
motivation and stress, might be important for motivation and stress
regulation. Indeed, a recent study reported that chemogenetic acti-
vation of NAcSh-projecting melanocortin 4 receptor (MC4R)-expres-
sing neurons within the vSub, which also send collateral projections to
the VMHand the LS, regulates the eatingmotivationwithmild effect in
suppressing homeostatic feeding61. It is noteworthy that brain-wide
mapping of monosynaptic inputs in this study showed that NAcSh-
projecting MC4R-expressing neurons in the vSub do not receive pro-
jections from the OB. Such results indicate that vSub-projecting OB
neurons that project to the VMH in our study, which are accountable
for FO-induced hypophagia, are notMC4R-expressing neurons. Future
studies, such as transcriptomic study using single-cell sequencing, are

needed to delineate the specific cell types in the vSub thatmediate FO-
induced suppression of food intake.

In summary, our study reveals a FO-responsive neural circuit
involving the vSub and VMH that mediates the suppression of food
intake induced by prolonged FO exposure. These findings provide
significant insights into the olfactory modulation of feeding behavior
and identify potential targets for obesity intervention.

Methods
Mice
C57BL/6J male WT, SF-1-Cre/Rosa26-LSL-tdTomato, POMC-CreERT2/
Rosa26-LSL-tdTomato, and Vgat-Cre/Rosa26-LSL-tdTomato mice,
aged over 8 weeks, were used in this study. Micewere given ad libitum
access to water and standard chow diet (6.5% fat, #2920, Harlan-Tek-
lad,Madison,Wisconsin) unless otherwise specified.Micewerehoused
in a temperature and humidity-controlled environment (temperature
22 ± 1 °C, humidity 50 ± 5%) using a 12-h light and 12-h dark cycle with
lights on at 6:00 am and off at 6:00 pm. All experimental procedures
followed this schedule. Mice were initially group-housed, and upon
surgery or the start of homecage feeding experiments,micewere then
single-housed (12:12 h light/dark cycle). For themice subjected to HFD
intake upon chow/HFD-derived odor exposure, mice were fed with
HFD (60% fat, #D12492i, Research Diets) for 1 week to reduce the
hedonic impact of HFD. Care of animals and procedures were
approved by the Baylor College of Medicine Institutional Animal Care
and Use Committee.

Odor exposure
A standard chowdiet (1 kg or 50g, depending on the study design) was
used to generate chow-derived odor, and an HFD (500 g) was used to
generate HFD-derived odor. For exposing mice to the odors from
acetic acid and isoamyl acetate, a 10 cm diameter plastic cell culture
dish was placed in the lower container, and 10ml of acetic acid or
isoamyl acetate was added to the dish to volatilize and produce
the odor.

Food intake, body weight, and body composition
Mice are singly housed and allowed to acclimate for at least 1 week
before being subjected to the food intake study. For the 3-h food
intake measurement under odor exposure, mice were fasted from 2
pm to 5 pm in their home cage to achieve a comparable metabolic and
energy status. Then the mice were subjected to odor exposure para-
digm and underwent the procedures indicated in the figure. Pre-
weighed foodwas provided at 6:30 pm, and food intake wasmeasured
at 1-h intervals from 6:30 pm to 9:30 pm.

For repeated overnight food intake measurement under odor
exposure, mice were fasted from 9:00 am to 5:00 pm in home cage to
maintain a comparable metabolic and energy status. Afterward, the
mice were subjected to the odor exposure paradigm and underwent
the procedures indicated in the figure. Pre-weighed foodwas provided
at 6:30 pm, and food intake and body weight were measured at
9:00 am each day.

For optogenetic study, mice were fasted from 2 pm to 5 pm in
their home cage and transferred to the testing cage used for odor
exposure study. Chow-derived odor exposure absent in excitatory
optogenetic studies and was provided in inhibitory optogenetic stu-
dies. Light stimulation (blue or yellow light at 20Hz, 5ms/pulse, 1 s on,
2 s off) was applied from6:30 pm to 9:30 pmwhen foodwas provided.
Food intake was measured from 6:30 pm to 9:30 pm. The intensity of
light pulses (7–8mW at the fiber tip) was determined based on para-
meters used in previous studies and measured using an optical power
meter (PM20A, Thorlabs).

For the long-term food intake and body weight measurement in
mice receiving NaChBac injection, mice are singly housed after
recovery for 2 weeks after surgery. Food intake and body weight were
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monitored on chow every 2 days and on HFD every week until the end
of the study. Body composition was determined by quantitative
magnetic resonance.

Anosmia induction and evaluation
The induction of anosmia in mice by intranasal application of zinc
sulfate was performed as previously described43. Briefly, mice were
anesthetized using uniflow nose cone and exposed the snout. Each
nostril was injected with 50 µl of a sterile 5% solution of ZnSO4 or with
50 µl of saline. The injections were made by forcefully expelling the
contents of a syringe through a blunted 4mm long 25G needle
inserted ∼3mm into the naris. The first injection was made into the
right naris. The left naris was injected 2 h later. Immediately after
intranasal ZnSO4 irrigation, themouse was held with its head down for
several seconds to minimize spread of the solution to the oral cavity.
After 1 day recovery, the mice were subjected to a 10-min buried food
test as previously described52 to evaluate olfactory function. Briefly,
mice were fasted overnight for 16–18 h before experiments. A chow
pellet was hidden under the bedding using an acrylic box (40 cm
L × 30 cm W×40 cm H). The latency to food discovery was recorded.
To establish another anosmia mouse model, olfactory nerve ablation
was induced using methimazole treatment as previously described65,
with intraperitoneal injections of methimazole (50mg/kg body weight
in saline) administered on days 0 and 3 of treatment. After recovery,
the mice were subjected to a 10-min buried food test as
described above.

Stereotaxic surgery
Mice were anaesthetized (2% isoflurane) and placed in a stereotaxic
instrument. Artificial eye ointment was applied to prevent corneal
drying, and a heat pad was used to hold body temperature at 37 °C. To
specifically identify the downstream targets of vSub glutamatergic
neurons, we injected AAV9-hSyn-ChR2 (H134R)-EYFP into the vSub of
wild-typemice (Addgene, #26973, titer: 5 × 1012 GC/ml, 0.2 µl/injection;
AP: -3.8mm; ML: ±3mm; DV: −4.6mm). To retrogradely label VMH-
projecting vSub neurons, we injected retrograde AAV-Cre (Addgene,
#105553-AAVrg, titer: 5 × 1012 GC/ml, 0.2 µl/injection) into the VMH(AP:
−1.7mm; ML: 0.5mm; DV: −5.65mm), and delivered AAV8-DIO-
mCherry (Addgene, #50459, titer: 5 × 1012 GC/ml, 0.2 µl/injection)
into the vSub.

To record the response of vSub neurons (that send projections to
the VMM) to FO through fiber photometry, we injected retrograde
AAV-Cre (Addgene, #105553-AAVrg, titer: 5 × 1012 GC/ml, 0.2 µl/injec-
tion) into the VMH, and delivered AAV8-DIO-GCaMP6m (Addgene,
#100838, titer: 5 × 1012 GC/ml, 0.2 µl/injection) into the vSub. During
the same surgery, an optic fiber (MFC_400/430-0.66, Doric) was
placed above the vSub (AP: −3.8mm; ML: 3mm; DV: −4.4mm), fibers
were fixed to the skull using dental acrylic.

To uncover the synaptic properties of the vSubVGLUT2 → VMH cir-
cuit, we delivered AAV9-CaMKIIa-ChR2 (H134R)-GFP into the vSub of
wild-type mice (Addgene, #26969, titer: 5 × 1012 GC/ml, 0.2 µl/injec-
tion). 4 weeks later, the brain sections containing VMHwere subjected
to electrophysiological recording. To activate the vSub → VMH path-
way, we injected retrograde AAV-Cre into the VMH and delivered
AAV9-DIO-ChR2-EYFP (Addgene, #20298, titer: 5 × 1012 GC/ml, 0.2μl)
into the vSub. During the same surgery, an opticfiber (200μmcore, R-
FOC-BL200C-39NA, RWD) was placed over the VMH (AP: −1.7mm;ML:
0.5mm; DV: −5.4mm). To inhibit the vSub → VMH pathway, we bilat-
erally injected retrograde AAV-Cre into the VMH and delivered AAV9-
DIO-Arch-GFP (Addgene, #22222, titer: 5 × 1012 GC/ml, 0.2μl) into the
bilateral vSub. During the same surgery, twooptic fibers (200μmcore,
R-FOC-BL200C-39NA, RWD) were placed over both sides of the vSub
(AP: −3.8mm; ML: ± 3mm; DV: −4.4mm).

To simultaneously activate VMH-projecting vSub neurons and
inhibition of vSub-innervated neurons in the VMH, LS, or NAcSh, we

injected retrograde AAV-Cre into the VMH and delivered Cre-
dependent AAV vector carrying ChR2-EYFP (Addgene, #20298-AAV9)
into the vSub. During the same surgery, we bilaterally injected an
anterograde trans-synaptic AAV1 vector carrying Flpo (Addgene,
#55637-AAV1) into the vSub, and bilaterally inject Flpo-dependent AAV
harboringhM4Di-mCherry (plasmidwas kindly providedbyDr.Huxing
Cui and Dr. Deniz Atasoy, virus was packaged by the Baylor IDDRC
Neuroconnectivity Core, titer: 1 × 1011 GC/ml, 0.2 µl/injection) into the
VMH, LS (AP: 0.7mm; ML: ±0.3mm; DV: −3.5mm), or NAcSh (AP:
0.9mm; ML: ±0.5mm; DV: −4.5mm) in different groups of mice,
respectively. An optic fiber (200μmcore, R-FOC-BL200C-39NA, RWD)
was placed over the vSub; fibers were fixed to the skull using dental
acrylic. To activate VMH-projecting vSub neurons to induce Fos
expression in the VMH, we bilaterally injected retrograde AAV-Cre into
the VMH and AAV-hSyn-DIO-hM3Dq-mCherry (#44361-AAV8,
Addgene, 1 × 1011 GC/ml, 0.2 µl/injection) into the vSub.

For di-synaptic tracing of the OB/vSub/VMH pathway, 0.4 µL ret-
rograde AAV-Cre virus was delivered into the VMH, and the helper
virus AAV8-FLEX-GTB (Salk, #26197-AAV8, titer: 2.12 × 1011 GC/ml,
0.3 µl/injection) was injected into the vSub of wild-type mice. 21 days
later, EnvA-ΔG-Rabies-GFP (Salk, #32635, titer: 6 × 108 GC/ml, 0.3 µl/
injection) was injected into the vSub. Following incubation for 7 days,
mice were perfused, and the GFP expression was checked throughout
the whole brain.

To inhibit vSub-projecting OB neurons, we bilaterally injected
retrograde AAV-Cre into the vSub and injected AAV-EF1a-DIO-Kir2.1-
P2A-tdTOMATO (Addgene, #60661, 3.46 × 1011 GC/ml, 0.2 µl/injection)
into the OB (AP: 3.6mm; ML: ±0.9mm; DV: −1.7mm). To constant
activate the vSub-projecting OB neurons, we bilaterally injected ret-
rograde AAV-Cre into the vSub and injected AAV-EF1a-Flex-EGFP-P2A-
mNaChBac (Plasmid was kindly provided by Dr. Benjamin Arenkiel,
virus was packaged by the Baylor IDDRC Neuroconnectivity Core,
3.24 × 1012 GC/ml, 0.2 µl/injection) into the OB.

RNAscope
We injected retrograde AAV-Cre (Addgene, #105553-AAVrg, titer:
5 × 1012 GC/ml, 0.2μl/injection) into the VMH, and a Cre-dependent
mCherry virus (AAV8-DIO-mCherry, Addgene, #50459, titer:
5 × 1012 GC/ml, 0.2μl/injection) into the vSub to label VMH-projecting
vSub neurons. Four weeks later, mice were anesthetized and perfused
transcardially with 0.9% saline, followed by 10% formalin. Brains were
removed and post-fixed in 10% formalin for 16 h at 4 °C and cryopro-
tected in 30% sucrose for 48 h. Brains were frozen, sectioned at 14μm
using the cryostat, and washed in DEPC-treated phosphate-buffered
saline for 10min. Sections were mounted on DEPC-treated charged
slides, dried for 0.5 h at room temperature, and stored at −80 °C. On
the dayof the RNAScope assay, the slideswere thawed, and slideswere
rinsed 2 times in PBS 1X andplaced in anoven for 30minat 60 °C. After
that, slides were post-fixed in 10% formalin for 15min at 4 °C. Slides
were then gradually dehydrated in ethanol (50, 70, and 100%, 5min
each) and underwent target retrieval for 5min at 100 °C. Slides were
incubated in protease III (#322337, ACDBio) for 30min at 40 °C. Slides
were then rinsed in distilled water and incubated in RNAScope probes
formCherry (#513201, ACDBio),Vglut2 (#319171-C3, ACDBio), and Vgat
(#319191-C2, ACDBio) for 2 h at 40 °C. Sections were then processed
using the RNAscope Fluorescent Multiplex Detection Reagents
(#320851, ACDBio) according to the manufacturer’s instructions.
Slides were cover-slipped and analyzed using a fluorescence micro-
scope. Similarly, to determine the molecular identity of excited VMH
neurons induced by vSub activation, we injected retrograde AAV-Cre
into the VMH and Cre-dependent hM3Dq into the vSub. Four weeks
later, mice were administered CNO (3mg/kg, #16882, Cayman) 45min
prior to perfusion. Following fixation and sectioning, triple RNAscope
for Fos (#584741-C3, ACDBio), Vglut2 (#319171, ACDBio), and Vgat
(#319191-C2, ACDBio) was performed as described above.
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Immunohistochemistry
For FO-induced c-Fos immunostaining,WTmice were exposed to odors
from 5:30 pm to 6:30 pm to capture peak c-Fos expression following FO
exposure. After the odor exposure,mice were anesthetizedwith inhaled
isoflurane and quickly perfused with saline, followed by 10% formalin.
The brain sections were cut at 25 µm and collected into five consecutive
series. The brain sections containing the vSubwere pretreatedwith 0.3%
H2O2 for 30min, then blocked (3% Normal goat serum) for 1 h, incu-
bated with mouse anti-c-Fos antibody (1:2,000; ab208942, Abcam) on
shaker at room temperature for overnight, followed by biotinylated
goat anti-mouse secondary antibody (1:1,000; BA-9200, Vector) for 2h.
Sections were then incubated in the avidin-biotin complex (1:500, ABC;
PK-6101, Vector) and incubated in 0.04% 3,3′-diaminobenzidine and
0.01% hydrogen peroxide. Slides were cover-slipped and imaged using a
bright-field microscope. The numbers of c-Fos positive cells in the vSub
were counted in 5 consecutive brain sections, and the average was used
to reflect the data value for each mouse. Three mice were included in
each group for statistical analyses.

Fiber photometry
Mice receiving GCaMP6m injection into vSub rested for 4 weeks to
allow for adequate recovery and GCaMP6m expression. Then, mice
were habituated for investigator handling and the context of testing
box for 1 week before experiment.Micewere fasted for 24h before the
recordings.During the recordings,micewere allowed to freelymove in
a non-transparent acrylic box (40 cmL× 30 cmW×40 cmH)with 5 cm
deep of clean bedding. In the first experimental paradigm (Fig. 2i), a
small amount of bedding (~1 g) carrying either chow-derived odor,
isoamyl acetate (ISO), or acetic acid with the same appearance as the
clean bedding was put in a random spot of the bedding. In the second
experimental paradigm (Supplementary Fig. 4b),micewere allowed to
freely move in the same box with 4-odor choice by putting four cell
culture dishes (6 cm) with same appearance covered by white filter
paper containing chow pellet, HFD pellet, isoamyl acetate (0.5ml) or
acetic acid (0.5) at four corners of the box. A camerawas put on the top
of the box to monitor the sniffing behavior in recorded mice. Sniffing
events weremanually annotated and defined as close head orientation
and nose towards the odor-containing bedding patch. Only clear
sniffing bouts (≥1 s) were used for Ca2+ signal alignment. Calcium sig-
nals were aligned to the onset of each annotated sniffing event. Con-
tinuous <20μW blue LED at 465 nm and UV LED at 405 nm served as
excitation light sources, driven by a multichannel hub (Doric Lenses),
modulated at 211 Hz and 330Hz, respectively. The digital signals were
then amplified, demodulated, and collected through a lock-in amplifier
(RZ5P, Tucker-Davis Technologies). The fiber photometry data were
collected using Synapse 2.0 (Tucker-Davis Technologies) and down-
sampled to 8Hz. For the long-time recordings,micewerehabituated in
the experimental paradigm used for OE and feeding test (Supple-
mentary Fig. 1c) for 1 week. During the recordings, baseline was
recorded for 10min without 1 kg chow in the bottom container. After
baseline recordings, bottom container was changed to one filled with
1 kg chow diet to record another 30min. Calcium signals were recor-
ded using a dual-color fiber photometry system (Inper Co., Ltd).
GCaMP6swas excited by 470nmchannel to record changes of calcium
activity, and 410 nm channel as control to exclude disturbances of
fluorescent signals caused by artificial factors. The laser power at the
tip of the optical fiber was adjusted to be 30μW for 470 nm excitation
channel and 15μW for the control channel (410 nm) to decrease laser
bleaching of fluorescent signals. Averaged traces of Ca2+ fluorescent
signal changes, area under the curve (AUC) were analyzed and plotted
using Inper Plot (V1.7.9) provided by Inper automatically.

Real-time place avoidance test
Real-time place avoidance tests were performed as previously
described66. Briefly, the same mice used in the excitatory optogenetic

studies were used here. All tests were performed in a dedicated
soundproof behavioral facility. These mice were brought to the pro-
cedure room 1 h before the start of each test and remained in the same
room throughout the test. The conditioned place preference appara-
tus contained two identical conditioning chambers (chambers 1 and 2)
that were connected by an opening (10 cm) in the center. Each
chamber was 30 × 30× 30 cm (length ×width × height) with white
plexiglass walls and floor. Before testing, micewere allowed to explore
the two chambers for half an hour during the light cycle. Then, blue
light (473 nm, 5ms/pulse, 20Hz) was shed when it entered chamber
labeled with light on and ceased when it entered chamber labeled with
light off indicated in the figure. Time spent in each chamber was
recorded and analyzed for chamber preference by experimenters who
were blind to experimental information. At end of these experiments,
all mice were perfused with 10% formalin. Brain sections were col-
lected, and expression of EYFP and the trackwere checked. Only those
with accurate targeting were included for data analyses.

Slice electrophysiology
Electrophysiology recordings were performed as previously
described67. Briefly, mice were anesthetized with isoflurane and brains
were dissected rapidly and immersed in ice-cold and oxygenated
cutting solutions (10mm NaCl, 195mm sucrose, 2.5mm KCl, 1.25mm
NaH2PO4, 7mm MgCl2, 25mm NaHCO3, 5mm glucose, 0.5mm CaCl2,
and 2mm sodium pyruvate, balanced with 95% O2/5% CO2). Coronal
brain slices (220μm) containing the targeted region were cut with a
Microm HM 650 V vibratome (Thermo Scientific) in oxygenated cut-
ting solution. Slices were then incubated in oxygenated artificial CSF
(ACSF; 126mm NaCl, 2.5mm KCl, 2.4mm CaCl2, 1.2mm NaH2PO4,
1.2mm MgCl2, 11.1mm glucose, and 21.4mm NaHCO3, balanced with
95% O2/5% CO2, pH 7.4) to recover ∼25min at 32 °C and subsequently
for ≧1 h at room temperature before recording.

Slices were then transferred to the recording chamber perfused
continuously with 32 °C artificial cerebrospinal fluid bubbled with 95%
O2/5% CO2 to ensure adequate oxygenation of slices. tdTOMATO (+)
neurons were identified by using epifluorescence and IR-DIC imaging
on an upright microscope (Eclipse FN-1, Nikon) equipped with a
movable stage (MP-285, Sutter Instrument). Patch pipettes with resis-
tances of 3–5MΩwere filled with intracellular solution (adjusted to pH
7.3) containing 128mmol/l K gluconate, 10mmol/l KCl, 10mmol/l
HEPES, 0.1mmol/l EGTA, 2mmol/l MgCl2, 0.3mmol/l Na-GTP, and
3mmol/l Mg-ATP. Recordings were made using a MultiClamp 700B
amplifier (Axon Instrument), sampled using Digidata 1440A, and ana-
lyzed offline with pClamp 10.3 software (Axon Instrument). Series
resistance was monitored during the recording, and the values were
generally <10MΩ and were not compensated. The liquid junction
potential was +12.5mV and was corrected after the experiment. Data
were excluded if the series resistance increased >20% during the
experiment or without overshoot for action potential. Currents were
amplified, filtered at 1 kHz, and digitized at 20 kHz. Current clamp was
engaged to test neuralfiring frequency at thebaseline or in response to
light stimulation. For the light-evoked postsynaptic current record-
ings, the internal recording solution contained: 125mM CsCH3SO3;
10mM CsCl; 5mM NaCl; 2mM MgCl2; 1mM EGTA; 10mM HEPES;
5mM (Mg)ATP; 0.3mM (Na)GTP (pH 7.3 with CsOH). The light-evoked
postsynaptic currents were measured in the voltage clampmode with
a holding potential of −70mV 4-AP and TTX were used to confirm that
the light-evoked postsynaptic currents are monosynaptic currents.
DNQX (20μM; an AMPA receptor antagonist) was used to examine
whether the postsynaptic currents are excitatory currents.

Statistics
The minimal sample size was predetermined by the nature of experi-
ments. The data are presented as mean± SEM and/or individual data
points. Statistical analyses were performed using GraphPad Prism to
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evaluate normal distribution and variations within and among groups.
Methods of statistical analyses were chosen based on the design of
each experiment and are indicated in figure legends; P < 0.05 was
considered to be statistically significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data supporting the findings of this study are available within the
article and its supplementary information files. Source data are pro-
vided with this paper.
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