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Abstract

It is crucial for eating behaviours to be sequenced through two distinct seeking and
consummatory phases for survival. Heterogeneous lateral hypothalamus (LH)
neurons are known to regulate motivated behaviours, yet which subpopulation
drives food seeking and consummatory behaviours have not been fully addressed.
Here, fibre photometry recordings demonstrated that LH leptin receptor (LepR)
neurons are correlated explicitly in both voluntary seeking and consummatory
behaviours. Further, micro-endoscope recording of the LHYR neurons
demonstrated that one subpopulation is time-locked to seeking behaviours and the
other subpopulation time-locked to consummatory behaviours. Seeking or
consummatory phase specific paradigm revealed that activation of LH"*"R neurons
promotes seeking or consummatory behaviours and inhibition of LHPR neurons
reduces consummatory behaviours. These results identify neural populations that
mediate seeking and consummatory behaviours and may lead to therapeutic targets

for maladaptive food seeking and consummatory behaviours.

Q0] : Lateral Hypothalamus, Leptin Receptor, Food-seeking, Food-
consumption
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PREFACE

The majority of this thesis is a part of the paper previously published in a scientific
journal by me and other authors (Young Hee Lee, Yu-Been Kim, Kyu Sik Kim,
Mirae Jang, Ha Young Song, Sang-Ho Jung, Dong-Soo Ha, Joon Seok Park,
Jaegeon Lee, Kyung Min Kim, Deok-Hyeon Cheon, Inhyeok Baek, Min-Gi Shin,
Eun Jeong Lee, Sang Jeong Kim, and Hyung Jin Choi, Lateral Hypothalamic
Leptin Receptor Neurons Drive Hunger-gated Food-seeking and Consummatory
Behaviours in male mice, Nature Communications, 14, 1486 (2023). Text and
figures of the publication partially modified.
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Introduction

Eating, without a doubt, stands as the most fundamental and conserved behaviour
across all animals(1-3). The specific behaivours we engage in when it comes to
having a meal: We embark on a quest to find a suitable place to dine, navigate
towards the food, relish the delightful flavors, and finally consume it. Throughout
this sequential process, our brains orchestrate the activation of distinct neurons to

facilitate appropriate actions in a coordinated manner.

1) What is eating behaviour?

Since the early 1900s, Craig has advocated for eating behaviours into two distinct
phases(4): Appetitive behaviour (seeking behaviour) refers to the actions and
behaviours exhibited by an animal in order to obtain a desired goal or reward. It
encompasses the searching, and preparatory actions that occur before the goal is
achieved. Consummatory behaviour, on the other hand, involves behaviours
displayed by an animal after the goal has been attained. This phase typically
includes the food evaluation and ingestion.

For a long period of time, previous researchers have predominantly used
guantitative measures of how much food is consumed, or how much time is spent
in an area with food(5-7). This was largely due to the absence of tools that could
provide scientific significance from series of short actions involved in the process.
Recent advances in neuroscience now allow us to measure neural activity with
remarkable temporal resolution, down to milliseconds. This breakthrough opened
new avenues for addressing fundamental questions: which specific neurons drive

these behaviours?

2) What is boundary between appetitive and consummatory behaviour?

Within the literature, there has been debates regarding the precise boundary
between the appetitive and consummatory phases. Some studies define the
appetitive phase as the period when the animal samples the reward (2, 8, 9) while
others define the consummatory phase as the time when the reward is in proximity

(10, 11). I thought latter definition is more logical. Brain receives and processes
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sensory information to determine the most appropriate subsequent behaviour. Taste
is just one component of this sensory information such as sight, smell, and touch.
When do we begin to motivate to eat? It is not merely when we place the food in
our mouths, but rather when we are tantalized by a delightful favor and visually

perceive the appealing sight of the food.

3) How to measure the food seeking and consummatory phase?

To measure food-seeking behaviour, researchers have traditionally utilized lever-
pressing behaviour in an operant conditioning chamber as a method(12-14).
However, this test has two limitations. Firstly, the proximity between the food port
and the lever results in the temporally overlapping response patterns of the neural
populations responsible for seeking and consummatory behaviours. Secondly, as a
cue-based experimental tool, it primarily assesses cue-response behaviour rather
than voluntary actions. To overcome these limitations, | endeavored to develop an
experimental test capable of measuring voluntary, non-cue-dependent behaviour in
mice. This device was designed with the following features: Firstly, mice were
randomly exposed to electric shocks, presenting them with a choice between the
fear of being shocked and hunger. Secondly, a lengthy corridor was constructed to
long distance between shelter and food port that prolonged behavioural
observations in mice. Through this approach, | successfully correlated the
voluntary seeking behaviours and relevant neuronal activity during seeking phase.
To measure consummatory behaviour without exhibiting any other exploring
behaviour, | should have considered the experimental condition that mice were not
a head fixed position. Head fixed test could facilitate to regulates its movement by
restricting the head, but rather a freely moving mice; consequently, it was
challenging to control other behaviours (exploring or rearing movement) rather
than consummatory behaviour. To minimize other behaviours, | developed a small
chamber with a window and placed the food in the window, so that the mice could

continuously look at the food closely.

4) The role of lateral hypothalamus



The lateral hypothalamus area (LH) is a vast region that makes up 3% of the total
brain and has been studied in relation to eating (15). LH has been investigated as
the critical regulator in feeding for over 70 years(15-19). Electrical stimulation of
LH neurons enhances feeding behaviour(18, 20), whereas lesioning of the LH
decreases feeding in rodents(1) and monkeys(3). Interestingly, in primate studies,
one study has identified neuronal clusters in the LH that show an increase in action
potentials when seeing or smelling food(21), but specific neuronal populations and

their molecular phenotype has not been fully investigated.

5) The role of LH®*8A neurons and LHY®tYT? neurons
The LH consists of a wide range of genetically and functionally distinct types of
cells(19, 22-24). The LH®"®A neuronal population has attracted significant research
attention since the 2000s due to its involvement in various motivated behaviours
(15, 24). Studies have demonstrated that activation of LH®*®A neurons can
immediately increase time spent towards new surroundings or investing
intruder(23). In eating behaviour, activation of LH®*8A neurons drives amount of
food consuming(14). However, activation of LH®ABA neurons also induces aberrant
chewing, licking behaviour such as wood or floor(25). Notably, a recent study
discovered a one subpopulation of these neurons increase during appetitive
behaviour, the other population increase consummatory behaviour(14). These
findings suggest that there could be two distinct eating specific subpopulations of
LH®A8A neurons which are responsible for appetitive and consummatory
behaviours. To elucidate which subpopulations in LH®*8A neurons exclusively
contribute to seeking and /or consummatory behaviours, several studies have been
dedicated to identifying subpopulations and neural circuits(13, 23, 24, 26). The
other specific marker for glutamate neurons, called vesicular glutamate transporter
type (Vglut2), is highly expressed in the LH(27). LHV®"YT2 neurons have known to
inhibitory effect on food intake and be considered aversive valence. The effects of
LHVCLYT2 neurons on eating behaviour vary depending on their projection targets
and duration of palatable stimuli they are exposed to. LHY-YT2 neurons projecting
DMH""R neurons, inhibit agouti-related peptide (AGRP) neurons (28). Inhibition
of LHVCLYT2 neurons projecting lateral habenula showed an immediate increase in
the intake of a pleasurable liquid high in calories. LHVC-YT? neurons were sensitive
.
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to the exposure of high fat diet (HFD) and genetic association with human body
mass index (BMI) (29).

6) The role of LH"*R neurons

LH leptin receptor expressing (LH®PR) neurons are subpopulation of LH®ABA
neurons and has been reported to be associated with eating (12, 13, 26, 30, 31)
(Fig.1). However, the role of LH“®*R neurons is controversial; no effect on eating
(26), decreased eating (13), decreased eating after leptin treatment in the LH(30). A
recent study demonstrated that increased activity of LH-"R neurons correlates with
sustained binge eating in early-life trauma (ELT) mice(32). Activation ventrolateral
periaqueductal gray (VIPAG)-projecting of LH“*R neurons drives HFD
consumption only after repeated cycles of Re-HFD condition. During the first
exposure to HFD, (VIPAG)-projecting of LH"R neurons did not drive food
consumption. In addition, activation of proenkephalin-expressing ventrolateral
periaqueductal gray neurons, which receive inhibitory inputs from LH R neurons,
ameliorates maladaptive eating behaviours induced by ELT. Although the study
demonstrated LH-*"R neurons neural activity during stress evoked binge eating, it
did not prove the cause-and-effect relationship of these neural changes in general

eating conditions in terms of precise temporal resolution.

Employing in vivo calcium imaging and phase specific behavioural tasks,
I identified two distinct LH-*"R neural populations that are separately activated
during seeking and consummatory behaviours, respectively. Further, neural
activation results clearly demonstrated that LH“"R neurons are sufficient for
driving seeking behaviours and consummatory behaviours. Also, neural inhibition
results clearly showed that LH "R neurons are necessary for driving consummatory
behaviours. Collectively, these data highlight the orchestration of seeking and

consummatory phases within the LH circuitry.
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Methods

Animals

All experimental protocols were performed in compliance with the Guide for the
Care and Use of Laboratory Animals from the Seoul National University,and
approved by the Seoul National University Institutional Animal Care and Use
Committee. Mice were housed on a 08:00 to 20:00 light cycle (temperature
22+1 °C, humidity 50£10%) with standard mouse chow (38057, Purina Rodent
chow) and water provided ad libitum, unless otherwise noted. Behavioural tests
were conducted during the light cycle. Adult male mice (at least 8-weeks-old) of
the following strains were used: LepR-Cre (JAX stock no. 008320), Ai-14 Td-
Tomato (JAX stock no. 007914), Vgat-Cre (JAX stock no. 028862)

Stereotaxic virus injection

Mice were anaesthetised with xylazine (20 mg/kg) and ketamine (120 mg/kg). A
pulled-glass pipette was inserted into the LH (400 nl total; AP, -1.5 mm; ML, £0.9
mm; DV, 5.25 mm from the bregma) based on the 2D LH"“*"R distribution (Figure
2). The GCaMP6 virus (AAV1.Syn.Flex.GCaMP6s.WPRE.SV40, Addgene; titre:
1.45x10® genome copies per ml with 1:2 dilution) was utilised for calcium
imaging. The AAV5.EF1a.DIO.hChR2(H134R).EYFP (Addgene 20298; titre:
2.4x10*® genome copies per ml) or AAV5.EF1a.DIO.eNpHR3.0.EYFP (Addgene
26966; titre: 1.1x10® genome copies per ml) or AAV5.EF1a.DIO.EYFP (Addgene
27056; titre: 2.6x10'* genome copies per ml) was utilised for optogenetic

experiments.

Optical fibre/GRIN lens insertion

For fibre photometry experiments, a ferrule-capped optical cannula (400 um core,
NA 0.57, Doric Lenses, MF2.5, 400/430-0.57) was unilaterally placed 0-50 um
above the virus injection site and attached to the skull with Metabond cement
(C&B Super Bond). For optogenetic manipulation, optic fibres (200 um core, NA
0.37, Doric Lenses or Inper) were bilaterally implanted 100-200 pm above the LH
injection site at a 10° angle from the vertical in the lateral-to-medial direction. For

.
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micro-endoscope imaging, a GRIN lens (500 um core, 8.4 length, Inscopix #1050-
004413) was inserted after 3 weeks of recovery following virus injection.
Dexamethasone, ketoprofen, and cefazolin were administered for postoperative

care.

Calcium imaging using fibre photometry and micro-endoscope

For bulk calcium imaging, | used a Doric Lenses fibre photometry system. In the
experiment, 465 nm and 405 nm LED light sources (Doric LED driver) were
delivered continuously through a rotary joint (Doric Lenses, FRJ_1X1 PT-
400/430/LWMJ-0.57_1m) connected to the patch cord (Doric Lenses,
MFP_400/430/1100-0.57_1m), and the GCaMP6 signal was collected back through
the same fibre into the photodetector (Doric Lenses). For single-cell calcium

imaging, | used nVoke (Inscopix).

Optogenetics

Laser stimulation (473-nm for activation and 594 nm or 532 nm for inhibition,
Shanghai DPSS Laser) was delivered through an FC-FC fibre patch cord (Doric
Lenses) connected to the rotary joint, following which the FC-ZF 1.25 fibre patch
cord delivered stimulation to the cannula (200 um core, NA 0.37, Doric Lenses or

Inper). The laser intensity was approximately 10 mW at the tip.

Eating behavioural tests

Animal condition. Prior to the experiments, all mice were habituated to the
experimental cages, and fibre handling was conducted for at least 3 days.
Chocolate-flavoured snack (Oreo O’s, 1/8 aliquot: 0.2g) was utilised during eating
behavioural tests.

Multi-phase test 1. The multi-phase test is a behavioural paradigm test with
seeking and consummatory phases designed to provide sufficient temporal
distinction between seeking and consummatory behaviours. To measure neuronal
activity before and after conditioning with food, fasted (80~90% of the body
weight in the ad libitum state) mice received a chocolate-flavoured snack at the

edge of an L-shaped chamber (60cm x 8.5cm) with a shelter (6cm x 12cm x 18cm
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triangle box). Conditioning sessions (day 1-2) were performed for 15 trials in 2
days to provide sufficient experience for the mice to learn the location of the food
by providing a chocolate-flavoured shack. The test session (day 3) was also
performed for 15 trials. Each trial started when a door was removed (“accessibility
moment”) with scheduled timing from the experimenter. ‘Proximate to food’ was
analysed when the mouse arrived at the top of bridge. ‘Food contact’ was defined
as the moment when the mouse physically contacted the food. Mice usually entered
the shelter spontaneously after each trial (end of consumption). Otherwise, the
experimenter closed the door after gently pushing the mice to the shelter.
Multi-phase test 2. The multi-phase test 2 is a behavioural paradigm test which
mimicked the natural environment of mice in a cave, running to seek and consume
food despite the risk of outdoor threats. To measure the temporal onset of LH"R
neural activity in voluntary behaviour, I eliminated all reward-associated cues (e.g.,
door open, sound) in the experiment. | placed a shelter as cave and delivered an
electrical shock as punishment in a square chamber (30cm x 30 cm square chamber
with narrow corridors sized 6 cm). Electrical shock was given at a mean of 0.2
mA/shock for 7s with a 10-s interval. | adjusted the total duration of shock delivery
to maximise the performance of mice. During conditioning sessions, fasted (80-
90% of the body weight in the ad libitum state) mice received a chocolate-
flavoured snack at the edge of chamber. During the test session, | exclude the shock
and analysed the moment when the mouse’s whole body came out of the shelter
(onset of seeking behaviours). Trials that were successful in consuming food were
analysed. For micro-endoscope experiments, food and no-food trials were
conducted randomly during the test session without shock.

Multi-phase test 3. The multi-phase test 3 is a behavioural paradigm test which
was designed to provide ad libitum accessibility to both seeking and consummatory
behaviours, simultaneously. To measure seeking and consummatory behaviours
during photostimulation, sucrose agarose gel (30% sucrose in 3% agarose gel) was
placed in a food tray (3 cm height) at one side of the open-field box (33x33x33 cm).
Condition of mice were as followed; ad libitum (ChR2)/ fasted (NpHR). The food
zone was defined as the zone that included the food tray. The size of food zone was
defined as approximately 10 cm x 10 cm.

Seeking behaviour test 1. The seeking behaviour test 1 is a seeking specific
B ] g
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behavioural paradigm test which was designed to evoke only seeking behaviours
without any consummatory behaviours. To measure the neural activity during
seeking termination, | randomly presented food cue (vertical stripe) and no-food
cue (horizontal stripe). During conditioning, fasted (80-90% of the body weight in
the ad libitum state) mice received chocolate-flavoured snacks only when the food
cue was presented. The success rate ([S2/W], S1 = number of seeking termination,
S2 = number of consumptions after food cue, W = S1+S2) was recorded during
training until it reached 80%. The duration and amplitude of shocks during training
were optimised for each mouse to achieve the best success rate. During experiment,
fasted mice initiated seeking after presentation of the food cue, but eventually
terminated voluntarily, when the mice realised there was no food.
Seeking behaviour test 2. The seeking behaviour test 2 is a seeking specific
behavioural paradigm test which was designed to evoke sustained seeking
behaviours without any consummatory behaviours. To solely measure seeking
behaviours during photostimulation, 1 conditioned mice to conduct seeking
behaviours but removed food at the test day. For the conditioning sessions,
chocolate-flavoured snacks or raisins were hidden under the wooden bedding at
each edge of the open field box. Twice a day for 3 consecutive days, the ad libitum
mice (ChR2/Control) or fasted mice (NpHR) were allowed to seek the box for
hidden food during the 10 min of the experiment. For the test session, there was
only wooden bedding without food in which ad libitum mice
(ChR2/Control/NpHR) were put to test. Food zone was defined as four corners
divided into 16 zones. Seeking behaviours were analysed in three behaviours
manually: digging with nose, digging with paw, and digging after floor exposure in
food zone.
Consummatory behaviour test 1. The consummatory behaviour test 1 is a
consummatory specific behavioural paradigm test which was designed pfc
to evoke consummatory behaviours with or without swallowing. To measure neural
activity during consummatory behaviours, a chocolate-flavoured snack was placed
in the tray on one side of the wall. During obtainable height (8 cm) sessions, the
fasted (80-90% of the body weight in the ad libitum state) mice engaged in
sequential consummatory behaviours such as rearing toward visible food, biting,
licking, and swallowing. | analysed the moment the mice made physical contact
13 1 =2 H
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with the hanging food. During the unobtainable height (11 cm) sessions, the fasted
mice initiated consummatory behaviour, rearing toward the visible food, but
eventually terminated consummatory behaviours when the mice realised that the
mice could not eat it. | analysed the moment the mice voluntarily terminated the
consummatory behaviours to the hanging food.

Consummatory behaviour test 2. The consummatory behavioural test 2 is a
consummatory behavioural paradigm test which was designed to determine
whether the neural activity is food specific. To measure neural activity during
consummatory behaviour for edible food or inedible non-food objects, fasted (80-
90% of the body weight in the ad libitum state) mice performed chewing behaviour
toward food (chocolate-flavoured snack) or an inedible object (a Lego brick). |
analysed the moment when the mice made physical contact with the food or
inedible object.

Consummatory behaviour test 3. The consummatory behavioural test 3 is a
consummatory specific behavioural paradigm test which was designed to evoke
consummatory behaviours without any seeking behaviours. To solely measure
consummatory behaviours during photostimulation, I minimised chamber size (17
x 6 x 30 cm). Ad-libitum mice (ChR2/Control) or fasted mice (NpHR) were placed
in the chamber with sucrose agarose gel (30% sucrose, 3% agarose). During
photostimulation, consummatory behaviours were measured; food contact, biting,
and chewing.

Consummatory behaviour test 4. The consummatory behavioural test 4 is a
consummatory specific behavioural paradigm test which was designed to evoke
consummatory behaviours without any seeking behaviours.

Consummatory behaviour test 5. The consummatory behavioural test 5 is a
consummatory specific behavioural paradigm test which was designed to evoke
discrete short consummatory bouts using small food portions without any seeking
behaviours. To solely measure consummatory behaviours during photostimulation,
I conducted experiment in a minimised chamber size (13 x 17 x 30 cm). The mice
(fasted 16-24hrs) were given ad libitum chocolate-flavoured snacks. On the test day,
laser stimulation was delivered for 20 min at 2-min intervals.

Water test. Mice were dehydrated for 2 days. The water test was performed using

an open field chamber where a water bottle was placed. | analysed the moment
B ] s ||
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when mice licked the spout of the water bottle.

3D clearing

Fixed tissue was incubated in reflective index matching solution (C Match, Cat.50-
3011) at 37°C for 2 days. Images were obtained using SPIM (LaVision Biotech,
Bielefeld, Germany) and analysed using IMARIS 9.5 (Bitplane AG, Zirich,

Switzerland).

Histology, immunohistochemistry, and imaging

Animals were deeply anesthetized by a mixture of ketamine and xylazine.
Transcranial perfusion was performed using phosphate-buffered saline, followed
by 4% neutral-buffered paraformaldehyde (T&I, BPP-9004). The brains were
extracted, post-fixed in 4% paraformaldehyde at 4°C, and transferred to 10%
sucrose, followed by 30% sucrose for cryoprotection. Cryoprotected brains were
sectioned coronally on a cryostat (Leica Biosystems, CM3050) at 50 um, and their
sections were stained with 4°,6-diamidino-2-phenylindole (DAPI) to visualise the
nuclei. To verify the scientific exactitude, images of viral fluorescence and
fibre/cannula placement were captured using a confocal microscope (Olympus,
F\V3000).

Analysis

Single-cell RNA-sequence analysis

scRNA-sequence data with the LH (GSE125065) were analysed®. Of the initial
7,232 cells (3,439 male and 3,793 female), 598 cells with less than 500 unique
molecular identifiers (UMIs) or >40% of mitochondrial reads were discarded. The
R package Monocle3 was used to classify the cells®. Using Monocle 3, we
subjected single-cell gene expression profiles to uniform manifold approximation
and projection (UMAP) visualisation. Altogether, | identified 4,091 cells as neural
clusters on the basis of cell type—specific marker gene expression(33-35). These
neural clusters containing 4,091 cells were extracted for further clustering using
Monocle 3 as above, which yielded 37 clusters. Clusters were classified as

GABAergic when the median expression of Slc32al was greater than that of
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Slcl17a6 in each cluster and glutamatergic when the median expression of Slc17a6
was greater than that of Slc32al. Consistent with previous result (92%72, 80%%),
most of LH-®"R neurons were GABAergic (70%; 100/141).
Simulated distribution of food-specific LH LepR neurons among LH GABA
neurons
Simulated results of 1,000 LH®*8A neurons. | assumed that 10% of LHSABA
neurons are LH“**R neurons, given that our result and a previous result(12)
indicated that LH“"R neurons constitute 4-20% of LH®*BA neurons. In our result,
among LH®"BA neurons, 8% of LH®"BA neurons were food specific (80 neurons).
Among LH"PR neurons (10% of 1,000 LH®ABA neurons, 100 neurons), 63% of
LHPR neurons were food specific (63 neurons). Therefore, LH-*R neurons
comprise the majority of food-specific LH GABA neurons (79%; 63/80) in this
simulation results.
Behavioural tests. All data analyses were performed using custom-written
MATLAB (MathWords, Natick, MA) and Python codes. Behavioural experiments
were analysed using Observer XT 13 or EthoVision 14 or DeepLabCut.
Fibre photometry imaging. Fibre photometry signal data were acquired using the
Doric Studio software. Two signals from fibre photometry, 465 nm calcium and
405 nm isosbestic signals (for artifact correction), were obtained for correction
before performing any analysis. Signals from fibre photometry were corrected as
follows to minimise artifact recordings: corrected 465 nm signal= (465 nm signal —
405 signal) / 405 signal(36). Signals were decimated to obtain approximately 25
data points in 1s. For photometry experiments, all corrected signals shown were
initially computed to Z-scores before further normalisation. The baseline was
designated as —10 s to —5 s before recording the initiation of behaviour (t=0). The
mean of the baseline (m) and standard deviation (o) of the baseline were computed
to normalise the corrected signals into Z-scores (Z = (corrected 465 nm — m) / o).
The behaviour time point for each test was manually annotated. For the heatmap,
each trial was normalised before visualisation (normalised Z = (Z — minimum Z) /
(max Z — min Z)). Trials were excluded if the trial length exceeded the optimal trial
length (15 s for the multi-phase, 10 s for the rest).
Micro-endoscopic imaging. All data from the micro-endoscope experiments were
recorded using nVoke (Inscopix). The raw signal output from CNMF-E (Craw) was
16 1 =2 H
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converted into Z-scores (Z= (Craw- m)/c), according to the mean (m) and standard
deviation (o) of the baseline (-10 s to -5 s before behavioural initiation).

To discriminate food-specific neurons in Figure 1, | applied the following criteria. |
defined neurons as food-specific responsive(yellow) when they were activated
during all three eating behavioural tests (>4c) and not activated during a non-food
behavioural test (<4c). | defined neurons as non-specific-responsive (grey) when
they were both activated during three eating behavioural tests (>4c) and a non-food
behavioural test (>4c). | defined neurons as non-food-specific responsive (blue)
when they were not activated during all three eating behavioural tests (<4c) but,
activated during a non-food behavioural test (>4c). | defined neurons as no
responsive (white) when they were neither activated during three eating tests nor a
non-food behavioural test (<4c).

To distinguish the distinct populations of LH %R neurons, the neural activity of
LHR neurons was recorded in multi-phase test 2 and processed as described
above. Trials that exceeded 25 s of total trial length were excluded from the test
(seeking moment — food consumption end [food trial] or food zone exit [no food
trial]). Activated neurons were defined as cells with Z-scores of >4c. Otherwise, |
defined non-responsive neurons if neural activity was Z-scores of <4c. Neural
activity was then normalised as follows: (NF0O) = (Craw — minimum Craw) / (max
Craw — minimum Craw). Further analysis was performed with the average
normalised activity of the group of trials that had sufficient length. Seeking-score-1
was defined as NFO at the food contact moment in the seeking with consummatory
behaviour session. Seeking-score-2 was defined as NFO at the food contact moment

in the seeking without consummatory session.

Statistical analysis

All statistical data were analysed using MATLAB or IBM SPSS 25.0 (IBM Corp.,
Armonk, NY). Data in the figures are reported as the mean + standard error of the
mean. Paired t-tests were used to compare data between two groups. Two-way
repeated-measures analyses of variance (ANOVA) were used for multiple
comparisons. P-values for comparisons across multiple groups were corrected
using the Greenhouse—Geisser method in IBM SPSS 25.0. Levels of significance

were as follows: *p < 0.05. *p < 0.01, ***p < 0.001, **=**p < 0.0001.
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Fig. 2 | 2D Distribution of LepR neural population in the lateral
hypothalamus.

a, b, Distribution profile and average quantification of LepR-positive cells in the
LH along the anterior-posterior axis of LepR-tdTomato mice (n = 3 mice). c-h,
Coronal brain sections showing tdTomato+ cells. Scale bar: 500pum. The
experiment was repeated 3 times independently with similar results. fx, fornix; 3V,
the 3rd ventricle; AHC, anterior hypothalamus central; SCh, suprachiasmatic
nucleus; AHP, anterior hypothalamus posterior; VMH, ventromedial hypothalamus;
DMH, dorsomedial hypothalamus; PH, posterior hypothalamus; MTu, medial
tuberal nucleus; mt, mamillothalamic tract; PMD, premamillary nucleus dorsal
part; PMV, premamillary nucleus ventral part. i-k, Representative images
depicting the distribution of LH"®*R tdTomato+ cell bodies (red dot).
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Results

Overview of multiphasic experimental paradigms

To investigate seeking and consummatory behaviours, | developed phase
specific tests to dissect two phases via temporal distinctions. | developed seeking
phase specific tests, which minimised consummatory behaviours (manipulating,
licking, biting, chewing, and swallowing). To exclusively measure consummatory
behaviours, | developed consummatory phase specific tests, which minimised
seeking behaviours (searching, and digging) (Fig.3).

LH PR neurons are the food-specific subpopulation of LH®*BA neurons

To investigate the heterogeneous LHC®ABA neurons and test if LH-R
neurons are part of food-specific LH®*®A subpopulation, 1 first investigated the
anatomical distribution of LH""R neurons via whole-LH three-dimensional (3D)
tissue clearing (Fig.3) and 2D histological mapping using LepR-tdTomato mice
(Fig.2). As a result, LH"*"R neurons were mainly distributed in the middle region (-
1.5 mm from bregma).

According to mapping results (Fig.2), vesicular GABA transporter (Vgat)-
cre (Fig.5) and LepR-cre mice (Fig.6), were injected with cre-dependent adeno-
associated virus (AAV) carrying GCaMP6s and implanted a gradient index (GRIN)
lens in the middle LH. Using micro-endoscopic imaging of calcium dynamics, |
analysed three eating behaviours in fasted mice; running toward expected food
(Fig.7,8 left in the food test), approach toward proximate food (consummatory
behaviour, Fig.7,8 middle in food test,) and chewing the proximate food
(consummatory behaviour, Fig.7,8 right in the food test). I first measured
individual LH®ABA neural activity (Fig. 7) during these tests compared to non-food
behavioural test (chewing behaviour towards inedible Lego brick, Fig.7,8, non-
food test). | defined neurons as food-specific responsive (yellow) when they were
activated during all three eating behavioural tests and not activated during a non-
food behavioural test. Non-food-specific responsive neurons (blue), non-specific
responsive neurons (grey), and no responsive neurons (white) were defined based
on neural activity patterns during the tests (see methods).

Among LH®"BA neurons, most neurons (64%) were activated in non-food

3]
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behavioural tests (Fig.7, grey and blue panels). Instead, only a small subpopulation
of neurons (8%) was food-specific responsive neurons (activated only in eating
behaviour related tests) (Fig.7, yellow panel), suggesting that only a small food-
specific subpopulation exists within the vast total population of LH®ABA neurons
(Fig.9a-c). Of note, when LH"**R-cre mice conducted the same experiments (Fig. 8),
most LH PR neurons (63%) were food-specific responsive (Fig. 9 e-f)

Based on the previous single-cell RNA sequencing data for the LH(33),
LH""R neurons are mostly GABAergic (Fig. 10a), consistent with previous
results(12, 31). Further, LH""R neurons constitute only 4% of LH®"BA neurons
(VGAT positive cells) (Fig.10a). A previous study has reported that LH-**R neurons
constitute less than 20% of LH®ABA neurons®. Although LH“R neurons
represented only a minor portion (4-20%) of LH®ABA neurons (Fig.10a), my results
indicate that most (79%; 63/80) of food-specific responsive LH®ABA neurons are
LHR neurons (Fig.12). Furthermore, LH %R neurons were not activated to non-
food investigation (Fig.13). Compared to the robust response to food, only a minor
response was observed to water (Fig.11). These results suggest that LH-**R neurons

are food-specific population among LH®ABA neurons.

LHPRneurons are activated during seeking and consummatory behaviours

Next, to investigate temporal dynamics of LH-®R neural activity during
eating behaviour, neural activity was measured using fibre photometry at the
population level (Fig. 14a-b). LH"PR neural activity significantly increased at each
eating bout with time-locked temporal dynamics in fasted mice (Fig. 14d-i).
Interestingly, LH*R neural activity increased even before physical contact with
food, implying that LH-*R neurons may also be involved in seeking behaviours.
suggesting that LH™*"R neural activity is associated with voluntary behaviours.

To dissect seeking and consummatory phase, | developed a multi-phase test
to provide sufficient temporal distinction between seeking and consummatory
behaviours (Fig.15 a,b). In the L-shaped chamber, fasted mice sequentially
explored an empty corridor and arrived proximate to food. Before conditioning,
mice explored the whole maze since mice were not aware of the food location
(Fig.15 d). LH“*R neural activity did not increase during this non-goal-directed

locomotion (Fig.15 f). LH"**R neural activity significantly started to increase when
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mice conducted consummatory behaviours at the end of the corridor. However,
after conditioning (Fig.15 €), the mice moved directly to the food at the end of the
corridor (goal-directed seeking; significantly shorter time from accessibility to food
contact) (Fig.15c). When compared with the neural activity results before
conditioning, LH"“**R neural activity started to increase significantly when the mice
initiated seeking, and there was an additional activity increase in the consummatory
phase (Fig.15 g). Additional tests revealed that LH“*® neural activity decreased
when mice voluntarily terminated both seeking or consummatory behaviours (Fig.
16).

Two distinct subpopulations of LH“*"R neurons individually encode seeking
and consummatory behaviours

My photometry data showed that LHYR neural population is activated
sequentially at seeking and consummatory behaviours. | thought that two
hypotheses could be possible; 1) one homogenous LHR neuronal population
encodes both seeking and consummatory behaviours, or 2) two distinct LH“¢PR
neuron populations encode seeking or consummatory behaviours, respectively.
However, individual neural dynamics is not accurately reflected in the fibre
photometry. To prove this hypothesis, | investigated changes in LH“"R neural
activity using micro-endoscope during seeking and consummatory behaviours (Fig.
17 a,b). To distinguish between seeking and consummatory behaviours, | modified
the multi-phase test described above (Fig7a left in food test). During food sessions,
fasted mice sequentially performed seeking and consummatory behaviours (Fig.
17c left). In contrast, during no-food sessions, mice performed seeking, but not
consummatory behaviours since food was not present in food zone (Fig. 17c¢ right).
| identified two distinct neural populations that specifically responded to seeking or
consummatory behaviours (Fig. 17d, Fig.18), which was robustly consistent across
numerous trials (Fig.17e).

One population of neurons were activated only during seeking and not
during consummatory behaviours (seeking LH“P? neurons) (Fig.19a-c). Another
population of neurons were activated only during consummatory and not during
seeking behaviours (consummatory LHYPR neurons) (Fig.19d-f). Geographic

location of seeking and consummatory encoding neurons are intermingled within
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field of view. Among the population of LH "R neurons, 25% were seeking neurons,
and 39% were consummatory neurons (Fig.17f).

Collectively, my micro-endoscope data showed that seeking LHMR
neurons and consummatory LH“"R neurons; 1) respectively encode seeking or
consummatory behaviours 2) are sequentially activated (Fig.18) and are

exclusively activated (not simultaneously activated).

LH™PR neurons fail to evoke eating behaviours in experiments with
combination of seeking and consummatory phases

Optogenetic stimulation induces simultaneous activation of both seeking
and consummatory LH“*R neurons, which are unphysiological in contrast to my
physiological micro-endoscope results. These results imply that optogenetic
activation of both seeking and consummatory LH"R neurons will not induce
effective behavioural changes if the mice have choice of both seeking and
consummatory behaviours due to competition between two distinct behavioural
choices.

To examine this hypothesis, LepR cre-mice were injected with cre-
dependent channelrhodopsin 2 (ChR2)/halorhodopsin (NpHR) or enhanced yellow
fluorescent protein (EYFP) AAV vector, and an optic fibre was implanted in the LH
(Fig.20a, b). I conducted a multi-phase test, in which ad-libitum mice had choice of
both seeking and consummatory behaviours in a large chamber (33 x 33 x 33cm)
(Fig. 20c). As expected, unphysiological simultaneous activation/inhibition of both
seeking and consummatory LH“"R neurons failed to show any change in seeking
(food zone duration and food zone entry number) or consummatory (food contact

number and food intake) behaviours (Fig. 20d-g, Fig.21).

LH PR neurons evoke seeking or consummatory behaviours in phasic specific
conditions

My micro-endoscope data distinguished two distinct subpopulations (seeking
and consummatory LHR neurons that drive respective behaviours, which are
sequentially activated and not simultaneously activated. Therefore, | hypothesised
that activation of LH""R neurons could evoke respective seeking or consummatory

behaviours, when the seeking or consummatory phase was isolated so that mice
B ] s ||
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only had a choice of one specific behaviour.

To isolate the seeking phase, mice were conditioned to seek hidden foods in
the four corners of an open-field chamber filled with bedding (Fig.22a). On the
photo-stimulation day, ad libitum mice were placed in the same chamber covered
with bedding without food to only evoke sustained seeking behaviour. Activation
of LH™R neurons significantly increased seeking behaviours (digging with the
nose, digging with the paw, and digging after floor exposure), entry into the food
zones, and seeking locomotion compared to no-stimulation (Fig. 22c-g) or control
conditions (Fig.23a-d). However, inhibition of LHPR neurons failed to show
significant differences in seeking behaviours (Fig.23e-h). Collectively, these results
show that LH“R neurons are sufficient to drive seeking behaviours when the
seeking phase is isolated.

To isolate the consummatory phase, ad-libitum mice were placed in a chamber
of minimised size (17 x 6 x 30cm) and were provided with ad-libitum food at
proximate range. Of note, activation of LH""R neurons significantly increased the
number and total duration of consummatory behaviours and food intake when
compared to no stimulation (Fig. 24a-e). EYFP control mice did not show any
significant change in consummatory behaviour (Fig.24f-j). | further performed
closed-loop stimulation of LH“P? neurons when mice were proximate to food
significantly increased consummatory behaviours compared to no stimulation
conditions (Fig.25).

Next, | hypothesised that inhibition of LHY"® neurons decreases
consummatory behaviours. Fasted mice were tested in a small chamber where the
mice could perform only consummatory behaviours rather than seeking (Fig 26a
left). To quantify the consummatory behaviour, multiple small snacks were
presented during several interleaved photoinhibition blocks (Fig. 26b right). During
the session, the mice exhibited consummatory behaviours (sniffing, biting and
chewing). NpHR mice, but not EYFP control mice, significantly decreased
consummatory behaviours (total duration and bout duration) (Fig.26, Fig.27).
Collectively, these results show that LH“*? neurons are sufficient and necessary for

driving consummatory behaviours when the consummatory phase is isolated.
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Fig. 3 | Experimental paradigms for seeking and consummatory behaviours.
a, Comprehensive summary of behavioural experiments to observe specific phases

of feeding behaviours
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Fig. 4 | 3D Distribution of LepR neural population in the lateral hypothalamus.
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Fig. 5 |Micro-endoscopic imaging of GABAergic neurons in the lateral
hypothalamus.

a, b, Schematic of micro-endoscopic calcium imaging. ¢, image of GCaMP6s
expression in the LH from Vgat-cre mice. The experiment was repeated 6 times
independently with similar results. fx, fornix; 3V, the 3rd ventricle d, Spatial map
of raw data (left), accepted cells using CNMFe (middle), and cells that only
respond to food-related behaviour (right) from LH®ABA neurons. Cells are coloured
according to the maximum Z-score. Scale bar: 50um. Yu-been Kim jointly

contributed to micro-endoscope surgery.
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Fig. 6 |Micro-endoscopic imaging of LepR neurons in the lateral

CNMFe-accepted Neuron

L

hypothalamus.

a, b, Schematic of micro-endoscopic calcium imaging. ¢, image of GCaMP6s
expression in the LH from LepR-cre mice. The experiment was repeated 4 times
independently with similar results. fx, fornix; 3V, the 3rd ventricle d, Spatial map
of raw data (left), accepted cells using CNMFe (middle), and cells that only
respond to food-related behaviour (right) from LH %R neurons. Cells are coloured
according to the maximum Z-score. Scale bar: 50um. Yu-been Kim jointly

contributed to micro-endoscope surgery.
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Fig. 7 | Heatmap of LH®BA neurons related to micro-endoscopic imaging

Schematic of the multi-phase test 2, consummatory behaviour test 1,
consummatory behaviour test 2 (food and non-food) (top). Heatmap depicting
calcium signals aligned to the onset of eating behaviours (running to food, rearing
to food, contact with food, contact with edible object) (below). Four populations
are discriminated: food-specific responsive (yellow), non-specific responsive
(grey), non-food-specific responsive (blue), and non-responsive (white) cells.

(LH®ABA neurons 218 cells, 6 mice). Kyu Sik Kim contributed to data visualization.
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Fig. 8 | Heatmap of LH“*"R neurons related to micro-endoscopic imaging

a, Schematic of the multi-phase test 2, consummatory behaviour test 1,
consummatory behaviour test 2 (food and non-food) (top). Heatmap depicting
calcium signals aligned to the onset of eating behaviours (running to food, rearing
to food, contact with food, contact with edible object) (below). Four populations
are discriminated: food-specific responsive (yellow), non-specific responsive
(grey), non-food-specific responsive (blue), and non-responsive (white) cells.

(LH¢PR neurons 48 cells, 4 mice). Kyu Sik Kim contributed to data visualization.
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Fig. 9 | Individual neuronal trace and proportion of LH®*®* neurons and
LH PR neurons related to micro-endoscopic imaging

a,d, Representative traces of four populations from LH®ABA neurons (a) and LH"“¢PR
neurons (d). The dotted line separates each behavioural experiment. b,e, Venn
diagram of food responsive and non-food responsive neurons. Percentage of food-

responsive neurons are as follows (LH®*BA neurons 8% (18 / 218 cells) (b), LA\HL*’F’R
37
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neurons 63% (30 / 48 cells) (e). c, f, Proportion of food-specific responsive
(yellow), non-specific responsive (grey), non-food-specific responsive (blue), and
non-responsive (white) cells from LH®*BA neurons (c) and LHPR neurons (f). Yu-
been Kim and Kyu Sik Kim contributed to data visualization and behavioural

experiment.
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Fig. 10 | Molecular identity of LepR neural population in the lateral
hypothalamus.

a, enn diagram of molecular characteristics (GABA, NPYR, LepR) of the LH
neurons based on single-cell RNA sequencing data. b, Proportion of LepR-positive
(yellow) and LepR-negative (grey) neurons among GABA-positive neurons based

on single-cell RNA sequencing data.
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Fig. 11 | Activity of LH"®"R neurons is food-specific.

a, Schematic of the behavioural test for drinking water in the dehydration state. b,
Representative single-cell traces of LH-®R neurons. The blue shaded box indicates
each bout of drinking. ¢, Heatmap depicting calcium signals aligned with drinking

behaviour. Water-responsive cells (blue) activated (>40) during drinking water.
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(LH"R neurons 48 cells, 4 mice). d, Proportion of water-responsive cells (blue,
23%) and no responsive cells (white, 77%). e, Average Z-score from the LH"PR
calcium signal aligned to drinking behaviour for water (blue) and feeding

behaviour for food (yellow). Kyu Sik Kim contributed to data visualization.
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Fig. 12 | Comparison neuronal activity of LH®*®A neurons and of LH-*"R
neurons related to micro-endoscopic imaging

a, Venn diagram simulating the number of LH“"R positive (yellow) and food-
specific (grey) neurons when the total number of LH A neurons is simulated as
1,000. b, Comparison between the proportion of LH ¢4 neurons and proportion
of LH "R neurons for food-specific neurons responsive (yellow), non-specific
responsive (grey), non-food-specific responsive (blue), and non-responsive (white)

cells. Chi-square statistic of cross-tabulation table; **** p < 0.0001
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Fig. 13 | LH™*"R neurons are response to food.

a, Schematic of consummatory behaviour test 2 (food/non-food). b, Representative
calcium traces from the LH*R calcium signal during (a). The yellow shaded box
indicates behaviour from food contact to end of consumption, and the grey line
indicates contact with non-food. c, Average Z-score from the LH"®PR calcium signal
aligned to contact with food (yellow) and non-food (grey). d, Quantification of the
Z-score in calcium signal changes from (c). Comparison between baseline (-8 to -
7s) and after contact (4 to 5s). (4 mice; 32 trials). e, Heatmap depicting the
normalised LH“"R calcium signal aligned to contact with non-food and food. Yu-

been Kim and Kyu Sik Kim jointly performed behavioural tests.
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Fig.14 | Activity of LH"**R neurons is time locked to eating behaviours.

a,b, Schematic of virus injection/fibre insertion for fibre photometry in LH from
LepR-cre mice. ¢, A representative image validates GCaMP6s expression in LepR
neurons and optical fibre tract above the LH. Scale bar: 500um. The experiment
was repeated 5 times independently with similar results. fx, fonix. d, Schematic of
the consummatory behaviour test 1 (obtainable). e, Representative calcium traces
from LH"“*PR neurons. Yellow shaded box: from the moment of food conf‘act_xo the
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end of food consumption. f, Average Z-score from LH®R calcium response aligned
to contact with food (5 mice, 22 trials). g, Quantification of Z-score in calcium
signal change from (e). Comparison between baseline (-8 to -7s) and after contact
(9 to 10s). h, Heatmap depicting normalised LHR neural activity aligned to the
moment of contact with food. i, Representative behavioural test and calcium traces
from LH“*R peurons. Yu-been Kim and Kyu Sik Kim contributed to data

visualization.
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1 e e
Food Contact

Fig.15 | Activity of LH"PR neurons is time-locked to seeking and
consummatory behaviours.

a,b, Schematic and schedule of the multi-phase test 1. ¢, Time from food
accessibility to food contact before and after conditioning (n = 4 mice). d, e, Eating
phase before conditioning (d) and after conditioning (e). f,g, Representative
calcium signal of LH“P® neurons aligned to food accessibility (left) and
quantification of Z-score in calcium signal change (right) before (d) and after (e)
conditioning. Comparison between baseline (-2 to -1s) and after locomotion or
seeking behaviour (1 to 2s). Two-sided paired t-test; n.s., p > 0.5 (f), * p = 0.02 (g).
Data are mean £s.e.m. Yu-been Kim and Kyu Sik Kim contributed to data

visualization.
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consummatory behaviours.

a, f, Schematic of the seeking behaviour test 1 (a) and consummatory behaviour
test 1 (unobtainable) (f). b, g, Representative calcium signal of LH-®R neurons
aligned to the termination moment of seeking (b) and consummatory (Q)
behaviours. c, h, Average Z-score from LH“"R neurons aligned to the termination
moment of seeking (c) and consummatory (h) behaviours. d, i, Quantification of
the Z-score from (c, h). Comparison between the before (0 to 1s) and (9-10s) after
behavioural termination. (d: 1 mouse, 5 trials) (i: 5 mice, 37 trials). e, j, Heatmap
depicting the normalised LH"*R calcium signal aligned to the termination moment
of seeking (e) and consummatory (j) behaviours. Data are mean * s.e.m. Source
data are provided as a Source Data file. The schematics in a and f were created

using BioRender. Kyu Sik Kim performed behavioural tests.
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Fig. 17 | Two distinct populations of LH-"R neurons encode seeking and
consummatory behaviours.

a,b, Schematic of virus injection/GRIN lens insertion for micro-endoscopic
calcium imaging in the LH from LepR-cre mice. ¢, Schematic of the multi-phase
test 2. Seeking with consummatory behaviours, in the presence of food (left).
Seeking without consummatory behaviours, in the absence of food (right).
d,e,Representative single cell traces of LH“*"R neurons within one trial (d) and
several trials (e). Green shaded box indicated seeking behaviours and purple
shaded box indicated consummatory behaviours. e, Proportion of cell populations.
Yu-been Kim and Kyu Sik Kim jointly contributed to data visualization.
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Fig. 18 | Two distinct populations of LH“**R neurons encode seeking and
consummatory behaviours. Representative video of multi-phase test 2. Yu-been

Kim and Kyu Sik Kim jointly contributed to data visualization.
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Fig. 19 | Two distinct populations of LH“"R neurons encode seeking and
consummatory behaviours.

Representative contour map of seeking (a, green) and consummatory (d, purple)
neurons of an accepted cell (top). The degree of colour brightness represents the
cell activity degree (max Z-score) (bottom). b, e, Representative single cell traces
of LH"“*PR neurons of seeking (b) and consummatory () neurons during food and
no-food trials. c,f, Heatmap depicting the calcium signals (top) and average Z-
scores (bottom) of seeking neurons (¢) or consummatory neurons (f). The
magnitude of the calcium signals corresponds to its colour density. (4 mice, 15
cells (h,i), 4 mice, 25 cells (I,m)). Data are mean £ s.e.m. Source data are provided
as a Source Data file. The schematics in a and b were created using BioRender. Yu-

been Kim and Kyu Sik Kim contributed to data visualization.
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Fig. 20 | Activation of LH“*"R neurons did not drive eating behaviours during

phase combination tests

a, b, Schematic of optogenetic activation and image of ChR2 expression in LH-"R
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Number of food zone entries (d), duration in the food zone (e), number of food
contacts (f) and food intakes (g) (n = 4 mice). Two-sided paired t-test; n.s., p > 0.5.

Kyu Sik Kim jointly performed behavioural tests.
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food zone entries (g), duration in the food zone (h), number of food contacts (i) and
food intakes (j) from NpHR-injected mice (n = 4 mice). Two-sided paired t-test;

n.s., p>0.5.
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Fig. 22 | Activation of LH"®"R neurons drives seeking behaviours

a, Schematic and schedule of the seeking behaviour test 2. b, Raster plot during (a).
¢, Behavioural probability from (b). d-g, Quantification of distance moved (d),
total digging duration (e), number of digging behaviours (f) and frequency of food
zone entries (g) (n = 7 mice). Two-sided paired t-test; * p = 0.02 (d, pre vs laser),
*p =0.04 (e, pre vs laser), ** p = 0.003 (e, laser vs post), ** p = 0.002 (f, pre vs
laser), *** p = 0.00018 (f, laser vs post), * p = 0.04 (g, pre vs laser).
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Fig. 23 | Control test of Figure 22.
a, e, Raster plot from EYFP-injected mice (a) and NpHR-injected mice (e) during
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the seeking behaviour test 2. (n = 5 mice ; n = 4 mice). b-d, Quantification of
distance moved (b), total digging duration (c), and frequency of food zone entries
(d) from EYFP-injected mice. Two-sided paired t-test; n.s., p > 0.05. f-h,
Quantification of distance moved (f), total digging duration (g), and frequency of
food zone entries (h) from NpHR-injected mice. Two-sided paired t-test; n.s., p >
0.05

63 A 2-tH



=

Individual Mouse
L) w

Consummatory
Behaviours Test 3

e

1l

C =

T 50

@

£

ek *

S40| —

»

3 a
230 2

]

5

@ 20 d-‘

ol

o £

2

o

g 10

5

® -
5

o pre chRZ post
5

i

300

-
0
8,
c
Q
2
lud
g
F]
[=]
@
a
F]
2
>
o
=
©
m
&
o
8
o
£
£
3
@
c
o
Q

N
o
o

»
=3
o

iy
o
o

-
=]
o

©om
o

B Consummatory behaviours

*k

pre chR2 post

B Consummatory behaviours

L '

Laser On
900
Time(s)
e 1.2
*k sk
1
S8
@
2
(]
=06
T
o
u? 0.4
0.2
pre chR2Z post
Laser On g—
50
ns. ns.

W

N
=]

W
=

-
o

300

Time(s)

600

64

Consummatory Behaviours Number (#
[*]
(=]

pre gYFP post




) i J

g 300 ns. n.s. 12 1

:'E 250 1 n.s. n.s g.

E £0.8

v S i

5 200 Zos s

o L] 20.6

s - a

S150 £ 0.6 o

3 k-] = 0.4 dkkk

2100 3 0.4 2

s s £

© 502

g 5]

£ 50 0.2

3

2 0

s 0 P a—y 0 P ——y 0 300 600 900
re gY 0S e gY S

[x) pre g P pPre g Po! Time(s)

Laser Off Laser On

Fig. 24 | Activation of LH"®R neurons drives consummatory behaviours

a, Schematic of the consummatory behaviour test 3. b, Raster plot during (a). c-e,
Number (c) and duration (d) of consummatory behaviours, and food intake (e) (n =
5 mice). Two-sided paired t-test; ** p = 0.007 (c, pre vs laser), * p = 0.0105 (c,
laser vs post), * p = 0.0105 (d, pre vs laser), ** p = 0.005 (d, laser vs post), * p =
0.015 (e, pre vs laser), * p = 0.017 (e, laser vs post). Yu-been Kim and Kyu Sik
Kim jointly contributed data visualization.
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Fig. 25 | Activation of LH"**R neurons drives consummatory behaviours in
closed loop test

a, Schematic of the consummatory behaviour test 4. The laser is stimulated when
the head of the mouse is in the food zone (blue). b, c, Raster plot (b) and
behavioural probability (c) of consummatory behaviours (n = 6 mice, 65 trials). d,
Quantification of consummatory behaviours from (c). Two-sided paired t-test; ** p
= 0.0014 (pre vs laser), ** p = 0.0013 (laser vs post). Yu-been Kim and Kyu Sik
Kim jointly contributed data visualization and behavioural tests.
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Fig.26 | Inhibition of LH"R neurons decreases consummatory behaviours.

a, Schematic of optogenetic inhibition (left, middle) and image of NpHR
expression in LHYR neurons (right). The experiment was repeated 8 times
independently with similar results. 3V, the 3rd ventricle; STN, subthalamic
nucleus; cp, cerebral peduncle. b, Schematic of the consummatory behaviour test 5
and schedule of laser stimulation. c, Raster plot of consummatory behaviours
during (b) (n = 8 mice). d, Average duration of consummatory behaviours (top).
Calibrated graph (bottom) of the top. Two-sided paired t-test; ** p = 0.006 (time
bin 2-4 min vs 4-6 min), *** p = 0.0007 (time bin 4-6 min vs 6-8 min), *** p =
0.0009 (time bin 10-12 min vs 12-14 min), * p = 0.02 (time bin 12-14 min vs 14-16
min), * p = 0.019 (time bin 14-16 min vs 16-18 min), e-j, Total duration (e), bout
duration (f), and number (g) of consummatory behaviours (e-g). Two-sided paired
t-test; **** p < 0.0001 (e), *** p = 0.0009 (f), n.s., p =0.93 (g). Data are mean +
s.e.m. Source data are provided as a Source Data file.The schematics in a left and b

were created using BioRender.
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Fig.27 | Control of Figure 26
a, Raster plot of consummatory behaviours from EYFP-injected mice during
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behaviours (top). Calibrated graph (bottom) of top. c-e, Quantification from (a).
Total duration (c), bout duration (d), number (e) of consummatory behaviours.
Two-sided paired t-test (b-e); * p = 0.04 (b, time bin 10-12 min vs 12-14 min), n.s.,
p=0.0502 (c), p=0.12 (d), p = 0.2 (e). Data are mean +s.e.m.
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Discussion

I demonstrated that two distinct LH-"? neuronal populations are activated
sequentially and exclusively during the seeking and consummatory eating phases.
Further, activation of LH"*"R neurons evoked seeking or consummatory behaviours.
Collectively, 1 suggest that two distinct LH-*"R neuronal populations drive seeking
and consummatory behaviours.

Previous studies have attempted to investigate seeking or consummatory
behaviour. To investigate seeking behaviour, several studies have been recently
published regarding the prey related hunting behaviours(37, 38). During hunting,
superior colliculus to the zona incerta (ZI) neurons temporally correlates with
predatory attacks but not the prey consumption phase. Activation of ZI GABAergic
neurons strongly increase hunting of both live and artificial prey(37). However,
these behaviours are more of predatory chasing behaviour rather than food-seeking
behaviour. To investigate consummatory behaviour, several studies usually had
been measured by the amount of food (or liquids) that has been consumed during
certain amount of time (seconds, minutes, and hours). The difference in the weight
of food (or food bowel) before and after the consummatory behaviour is most
frequently used method to measure the quantity of food consummatory behaviour.
However, these methods are intermingled with consummatory (licking, biting,
chewing and swallowing) and seeking (searching, and digging) behaivours.
Therefore, to solely investigate seeking and consummatory behaviours, | developed
eating phase specific tests. Using in phase specific tests and vivo micro-endoscope
imaging, | clearly demonstrated that LH-"R neurons comprise 1) two distinct
populations (seeking and consummatory LHYR neurons), which are sequentially
activated during seeking and consummatory behaviours and 2) encode the
voluntary drive for eating behaviours. | discovered findings compared to previous
literature, as follows. A previous micro-endoscope study concluded that LH-PR
neurons are one specific population that discriminates between reward cues and
non-reward cues(26). However, this paper did not provide a conclusion regarding
different subpopulations among LH"PR neurons. Another previous micro-

endoscope study on LH-*R neurons did not classify subpopulation heterogeneity of

3]
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LHPR neurons and did not differentiate the different phases of eating(31). In
contrast, applying my comprehensive eating behavioural paradigm, | could
successfully distinguish the two distinct populations. In my study, one population
of LH"R neurons (seeking LH"R neurons) were only activated during seeking
behaviours, not with those for consummatory behaviours. Further, the LHPR
neural activity onset precedes the voluntary seeking behaviour initiation onset,
which suggests that LH""? neurons are drivers of seeking behaviour rather than the
consequence of seeking behaviour. The other population of LHYR neurons
(consummatory LHYR neurons) is only activated during consummatory
behaviours, not during seeking behaviours. This population robustly starts to be
activated when animals are proximate to food and sustain its activity during
consummatory behaviours. These two distinct populations are sequentially
activated within the two distinct behavioural phases in eating. For survival, it is
crucial for eating behaviours to be correctly sequenced and successfully executed
through two distinct phases: seeking (appetitive) and consummatory phases(10, 39).
This is equivalent to other motivated behaviours such as social or mating
behaviours(9, 40).

Optogenetics results clearly demonstrated that the causal role of LHR
neurons in driving seeking and consummatory behaviours via eating phase specific
paradigms. Previous studies reported controversial results that activation of LH-PR
neurons decrease eating(13) or fails to drive eating(26). Another study showed that
activation of LH"PR -vIPAG neurons drive eating(31). To investigate the
underlying mechanism of these controversial results, 1 conducted the following
experiments with three phase specific designs. Since my single-cell resolution
results of LH""R neuron using micro-endoscope robustly distinguished two distinct
subpopulations (seeking and consummatory behaviours), | hypothesised that
optogenetic stimulation of LH“"R neurons should be conducted during each phase
specific design. As expected, in seeking phase-specific experiments (when only
seeking behaviours are possible), LH"*R neurons were sufficient to drive seeking
behaviours (searching and digging for expected food). This is consistent with
previous results showing that activation of LH-®R neurons increase operant
behaviour (lever presses) for food since the operant conditioning test is a one of the

seeking-phase-specific experiments(12). Regarding the consummatory phase
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specific experiments (when only consummatory behaviours are possible), as
expected, LHSPR neurons are sufficient and necessary for consummatory
behaviours only in consummatory phase specific experiments. On the other hand,
in experiments with combination of seeking and consummatory phases (when both
seeking and consummatory behaviours are possible), activation of LH"R neurons
failed to evoke seeking or consummatory behaviours (Fig.20, 21), similar to the
previous studies(26, 41). These phase context-specific optogenetics results provide
the neural mechanistic explanation why previous research failed to show increase
food intake with large chamber (standard rat/mouse housing cage) experiments
where both seeking and consummatory behaviours are possible(26, 41). These
phase context-specific optogenetics results are consistent with my micro-endoscope
results regarding two distinct phase specific activation patterns. These results
provide wider understandings of how LH“R neurons regulate seeking and
consummatory behaviours.

Collectively, | clearly showed that LH™*R neurons fulfil the major criteria
necessary to identify them as eating phase specific neurons(42, 43); they are
sufficient to drive seeking/consummatory behaviour; they are necessary for
consummatory behaviours LH“PR neurons are activated during seeking and
consummatory behaviours. | suggest that the two distinct types of seeking and
consummatory LHYPR neurons could have different molecular or connectivity
identities. Since voluntary seeking and consummatory behaviours must precede
decision-making through the integration of sensory modality information, the
medial prefrontal cortex (mPFC) or insular cortex might mediate this process by
communicating with LHPR neurons(44, 45). Seeking and consummatory LHPR
neurons should have distinct upstream and downstream neurons to specifically
drive seeking or consummatory behaviours, respectively. Since LHC®ABA -\entral
Tegmental Area (VTA)(19, 46), LH®®A -vIPAG(31, 47), and LH®"®A -Locus
Coeruleus (LC)(46) have been known to mediate eat behaviour, LH""R seeking or
consummatory neurons may innervate VTA, VIPAG or LC. Further, the LH is
known to receive input from mPFC, Orbitofrontal Cortex (OFC), Nucleus
Accumbens (NAc), Arcuate Nucleus (ARC) and Nucleus Tractus Solitarii
(NTS)(48). LH"*"R neurons also received monosynaptic input from diverse regions
such as intra LH, Anterior Cingulate (ACC), Diagonal Band of Broca (DBB),
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Tuberomammillary Nucleus (TMN) and Ventral Premammillary Nucleus
(PMV)(49).

Interestingly, there were no spatial differences between seeking and

consummatory encoding neurons in single cell resolution.
Future studies involving behaviour dependent neuronal labeling could elucidate
neural circuits mechanisms of LH“PR food-seeking and consummatory
subpopulations. High temporal precision behavioural tagging(50, 51) would be
essential for future studies since the time resolution for food-seeking or
consummatory behaviour is a second rather than several hours. In addition,
identifying food-seeking and consummatory molecular characteristics would
provide a crucial scientific foundation for the development of novel
pharmaceuticals tailored to specific eating behaviours in the market for apetite and
obesity, which is currently in the spotlight.

Previously, it was believed that AQRP/NPY neurons directly drive the
whole phase of eating behaviours(6, 7). However, recent research has indicated that
AgRP/NPY neurons deactivate even in response to a food cue(52). This suggests
that, after the inactivation of AgRP/NPY neurons, another set of neuron drive
seeking or consummatory behaviours(2, 53). | did not investigate the in vivo
relationship between AgRP/NPY neurons and LH-*R neurons, despite | elucidate
the function of two distinct LH"PR neurons drive seeking and consummatory
behaviours. Future research should clarify the temporal distinction, the distinct role
of eating behaviour, and the cause-and-effect relationship between AgRP/NPY
neurons and LH“"R neurons.

I provide insight into the role of two distinct LHY"R neurons in
orchestrating seeking and consummatory behaviours. Understanding the neural
circuit mechanism for multi-phase eating behaviours may provide specific
treatment options for patients with maladaptive food seeking and consummatory

behaviours.
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