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SUMMARY
Glucagon-like peptide-1 receptor (GLP-1R) agonists promote nicotine avoidance. Here, we show that the
crosstalk between GLP-1 and nicotine extends beyond effects on nicotine self-administration and can be
exploited pharmacologically to amplify the anti-obesity effects of both signals. Accordingly, combined
treatment with nicotine and the GLP-1R agonist, liraglutide, inhibits food intake and increases energy
expenditure to lower body weight in obese mice. Co-treatment with nicotine and liraglutide gives
rise to neuronal activity in multiple brain regions, and we demonstrate that GLP-1R agonism increases
excitability of hypothalamic proopiomelanocortin (POMC) neurons and dopaminergic neurons in the
ventral tegmental area (VTA). Further, using a genetically encoded dopamine sensor, we reveal that lira-
glutide suppresses nicotine-induced dopamine release in the nucleus accumbens in freely behaving
mice. These data support the pursuit of GLP-1R-based therapies for nicotine dependence and encourage
further evaluation of combined treatment with GLP-1R agonists and nicotinic receptor agonists for
weight loss.
INTRODUCTION

The prevalence of obesity has nearly tripled since 1975,

and obesity is now estimated to affect more than 764 million

individuals globally.1 Excess body fat increases the risk of

several non-communicable diseases, including type 2 dia-

betes and cardiovascular disease, and is associated with

decreased life expectancy.2–4 Recent progress in anti-obesity

drug development has pioneered a series of effective anti-

obesity medicines based on pharmacokinetically optimized

gut peptide hormones, delivering 15%–20% weight loss in

human subjects with obesity.5,6 However, dose-dependent

gastrointestinal adverse events limit the maximal efficacy

that can be achieved with the current glucagon-like

peptide-1 (GLP-1)-based therapies, and combinatorial treat-

ment approaches are likely required to amplify weight loss

efficacy without compromising safety.7–10 Smoking affects

energy balance, and the prospect of weight gain is reported

to discourage smoking cessation.11 Nicotine is the principal

component underlying the effects of smoking on energy
This is an open access article under the CC BY-N
balance,12 and nicotine reduces appetite and increases en-

ergy expenditure via activating central and peripheral nicotinic

acetylcholine receptors (nAChRs).12 Pharmacological stimula-

tion of neuronal nAChRs affects both homeostatic feeding

pathways and circuits involved in food reward,13–16 and both

central and peripheral nAChRs promote adipose tissue ther-

mogenesis.14,17,18 Despite the pleiotropic effects of nAChR

agonism on energy balance and feeding behavior, the poten-

tial therapeutic virtues of nicotine analogs for treatment of

metabolic diseases have received relatively little attention,

likely because of nicotine’s infamous role in tobacco addic-

tion. GLP-1R activation enhances nicotine-induced neuronal

excitability and diminishes nicotine self-administration in ro-

dent models.19 This observation raises the possibility that

GLP-1R activation might act as a universal sensitizer of nico-

tine pharmacology, including sensitization of the effects of

nicotine on energy balance. Herein, we explore this hypothe-

sis, and we scrutinize the molecular crosstalk between nAChR

and GLP-1R signaling in brain regions involved in regulation of

homeostatic and reward-based feeding.
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RESULTS

GLP-1 and nicotine co-treatment reverses metabolic
abnormalities in obese mice
To determine the therapeutic effects of nicotine and GLP-1 com-

bination therapy on energy balance, we treated diet-induced

obese (DIO) mice once daily with nicotine (1 mg/kg), the pharma-

cokinetically optimized GLP-1R agonist liraglutide (10 nmol/kg),

co-administration of both (nicotine [1 mg/kg] and liraglutide

[10 nmol/kg]), or vehicle over the course of 16 days (Figure 1A).

The study was conducted at submaximal doses of the com-

pounds to ensure a therapeutic windowwith opportunity for eval-

uating weight loss additivity or synergy.14,20 The co-administra-

tion treatment synergistically lowered body weight over 16 days

relative to the individual monotherapies (Figures 1B and 1C).

Assessment of body composition showed that the additional

weight loss from co-administration treatment was primarily gov-

erned by a reduction in fat mass with a minor reduction in lean

mass (Figure 1D). A significant reduction in food intake over the

course of the 16-day study showed that the weight loss following

treatment with the combination of liraglutide and nicotine is, at

least partially, driven by potentiated anorexia (Figures 1E and

1F). Togain insight intowhether also an increase in energy expen-

diture is contributing to the observed weight loss following treat-

ment with the co-administration, we conducted a 16-day pair-

feeding study inDIOmice (Figure 1G). Co-administration resulted

in a pronounced weight loss in DIO mice, which was significantly

greater compared with the pair-feeding control group, suggest-

ing a contribution from increased energy expenditure to the

weight loss (Figures1Hand1I). These findingswerecorroborated

by theobservation of an increase in uncoupling protein-1 (UCP-1)

immunoreactivity in inguinal white adipose tissue (iWAT) indica-

tive of increased thermogenic capacity (Figures 1J and 1K).

Collectively, these findings suggest that co-administration of lir-

aglutide and nicotine synergistically lowers body weight through

concerted actions on energy expenditure and food intake.

The pronounced weight loss following co-administration of lir-

aglutide and nicotine also coincided with several metabolic ben-

efits.Mice treatedwith the drug combination displayed improved

insulin sensitivity (Figures 1L, S1A, and S1B), and reductions in

white adipocyte size and lipid content in the liver and brown ad-

ipose tissue (Figures S1C–S1H). Importantly, no differences in

general locomotor activity orbehaviorwereobserved in response

to any of the treatments (Figures 1M and 1N). This was further

corroborated by a chronic treatment study in chow-fed lean

mice. The leanmicedefended theirweight against thepharmaco-

logical treatments and displayed no sign of aberrant behavior as-

sessed by an open field test (Figures S1I–S1N). Notably, the

weight lowering and hypophagic effects of the co-treatment

were similar in DIO nAChR b4 knockout (KO) and DIO wild-type

mice, suggesting that the crosstalk between nAChRs and GLP-

1R implicates pathways independent of b4-containing nAChRs

(Figures S1O–S1Q).

Homeostatic and hedonic brain circuits are engaged by
nicotine and liraglutide co-treatment
Given that both the GLP-1R and nAChRs are expressed

throughout the mammalian brain, we performed unbiased
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whole-brain c-Fos three-dimensional imaging to map the global

neuronal activity signature in response to a single administration

of either vehicle, nicotine, liraglutide or co-administration in DIO

mice (Figure 2A). Interestingly, liraglutide and nicotine co-adminis-

tration seemed to reciprocally potentiate the neuronal response to

each individual compound across multiple brain areas involved in

body weight regulation (Figures 2B–2F and S2A–S2L), in agree-

ment with the synergistic relationship observed from the pharma-

cological weight loss studies. Nicotine treatment led to increased

neuronal activity in brainstem (area postrema [AP], nucleus of the

solitary tract [NTS], and dorsal motor nucleus of the vagus nerve

[DMX]), dorsomedial nucleus of the hypothalamus (DMH), ventral

tegmental area (VTA), and paraventricular hypothalamic nucleus

(PVH), whereas liraglutide most prominently engaged neurocir-

cuits in the brainstem and in the hypothalamus. In contrast, co-

administration of nicotine and liraglutide potently induced c-Fos

expression in all the designated sub-regions of the hypothalamus

(PVH, DMH, arcuate nucleus of the hypothalamus [ARC], and

lateral hypothalamic area [LHA]), as well as in three designated

sub-regions of the brainstem (NTS, DMX, and parabrachial nu-

cleus [PB]), theVTA, thenucleusaccumbens (NAc), and thecentral

amygdala (CEA). Together, these data indicate that simultaneous

activation of GLP-1R and nAChRs powerfully engages several

brain regions, and that the synergistic pharmacological weight

lossbenefitsmayemergeasaconsequenceof increasedneuronal

crosstalk between homeostatic and hedonic pathways in brain re-

gions involved in appetite regulation.

Effect of GLP-1 and nicotine co-treatment on POMC
neurons
The individual pharmacological effects of nicotine and liraglutide

on body weight have been, at least partially, attributed to direct

activation of POMC neurons situated in the ARC.13,21,22 Consis-

tent with these findings, our c-Fos data demonstrate that co-

treatment synergistically increases neuronal activity in the

arcuate nucleus (Figures 3A–3C), implying that the enhanced

weight loss efficacymay be consequential to coordinated activa-

tion of POMC neurons. To elucidate whether the GLP-1R may

serve as a sensitizer to potentiate the neuronal activity of nicotine

pharmacology,weperformedbrain-slice electrophysiological re-

cordings on immune-validated POMC neurons from ARC

(Figures 3D and S3A). Bath application of liraglutide had no effect

on the membrane potential, whereas puff application of nicotine

led to depolarization of ARC POMC neurons. Co-application of

liraglutide and nicotine increased POMC excitability and firing

rate, signifying that liraglutide sensitizes POMC neurons to nico-

tine. Thepotentiationof neuronal excitability to nicotineby liraglu-

tide is evident from the observation that liraglutide itself increases

the frequency, number, and amplitude of spontaneous excitatory

post-synaptic events (Figures 3E–3H). Next, dynamic changes in

intracellular calcium were assessed, using single-cell fluores-

cence imaging. Application of liraglutide evoked a slow and pro-

gressive increase in intracellular calcium transients, whereas

nicotine led to an acute and rapid response (Figures 3I, 3J,

S3B, and S3C). When nicotine was applied at the plateau of the

liraglutide response, the calcium influx was significantly

augmented, corroborating that GLP-1R agonism sensitizes

POMC neurons to nicotinic actions.



Figure 1. Liraglutide and nicotine combination therapy lowers body weight in obese mice

(A) Illustration of study in high-fat-diet (HFD)-induced obese C57BL/6J male mice treated with once-daily subcutaneous (s.c.) injections of vehicle, liraglutide

10 nmol/kg, nicotine 1 mg/kg, or co-administration of liraglutide 10 nmol/kg and nicotine 1 mg/kg for 16 days.

(B) Change in body weight (n = 8, biological replicates). Data were analyzed by two-way RM ANOVA with Bonferroni multiple comparison test, ****p < 0.0001

comparing co-administration and liraglutide treatment groups.

(C) Change in body weight at day 16 (n = 8, biological replicates). Data were analyzed by one-way ANOVA with Bonferroni multiple comparison test, **p < 0.01,

***p < 0.001, ****p < 0.0001.

(D) Change in body composition (n = 7–8, biological replicates). Onemouse was excluded in the vehicle group because of technical error in data acquisition. Data

were analyzed by two-way RM ANOVA with Bonferroni multiple comparison test, **p < 0.01, ***p < 0.001, ****p < 0.0001.

(E) Daily food intake (n = 4–5, biological replicates). Data were analyzed by two-way RM ANOVA with Bonferroni multiple comparison test.

(F) Cumulative food intake at day 16 (n = 4–5, biological replicates). Data were analyzed by one-way ANOVA with Bonferroni multiple comparison test, **p < 0.01.

(G) Illustration of pair-feeding study in HFD-induced obese C57BL/6Jmalemice treatedwith once-daily s.c. injections of vehicle or co-administration of liraglutide

10 nmol/kg and nicotine 1 mg/kg, and a group pair-fed to the co-administration group for 16 days.

(H) Change in body weight (n = 8, biological replicates). Data were analyzed by two-way RM ANOVA with Bonferroni multiple comparison test, ***p < 0.001

comparing co-administration and pair-fed groups.

(I) Daily food intake (n = 4–5, biological replicates). Data from vehicle and one mouse in co-treatment group were excluded because of technical error in food

intake measurements. Data were analyzed by two-way RM ANOVA with Bonferroni multiple comparison test.

(J) Representative images showing UCP-1 immunoreactivity in iWAT from mice in study in (A). Scale bar, 100 mm.

(K) Quantification of immunoreactivity in (J) (n = 6–8, biological replicates). Data were not collected from two samples in vehicle and one sample in nicotine group

because of low sample quality. Data were analyzed by one-way ANOVA with Bonferroni multiple comparison test, **p < 0.01.

(L) HOMA-IR (homeostasis model assessment of insulin resistance) measurements at day 16 from mice in (A) (n = 7–8, biological replicates). One sample in

nicotine group was not calculated because of non-determinable plasma insulin levels. Data were analyzed by one-way ANOVA with Bonferroni multiple com-

parison test, **p < 0.01.

(M) Illustration of open field test in HFD-induced obese C57BL/6J male mice treated with a single s.c. injection of vehicle, liraglutide 10 nmol/kg, nicotine 1mg/kg,

or co-administration of liraglutide 10 nmol/kg and nicotine 1 mg/kg.

(N) Distance traveled during 10min of open field test (n = 7–8, biological replicates). Data were analyzed by one-way ANOVAwith Bonferroni multiple comparison

test. All data are reported as mean ± SEM.
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Figure 2. Three-dimensional whole-brain activity signature in response to liraglutide and nicotine co-treatment

(A) Illustration of study in HFD-induced obese C57BL/6J male mice treated with a single s.c. injection of vehicle, liraglutide 10 nmol/kg, nicotine 1 mg/kg, or co-

administration of liraglutide 10 nmol/kg and nicotine 1 mg/kg. Brains were harvested 2 h after injection and subjected to tissue clearing, c-Fos immunohisto-

chemistry, and quantification.

(B) Heatmap showing log2fold changes in c-Fos expression in common brain areas involved in appetite regulation relative to vehicle (n = 5–7, biological repli-

cates). Numerical values outside the scale are denoted on the figure.

(C) Dorsal view of heatmap showing regulated brain regions in response to treatments.

(D) Top 20 regulated brain areas in response to a single injection of 1 mg/kg nicotine treatment represented as log2 fold change relative to vehicle (n = 7, biological

replicates). Data were analyzed by one-way ANOVA,multiple comparison, Dunnett’s post hoc test, negative binomial generalized linearmodel in comparisonwith

vehicle group, **p < 0.01, ***p < 0.001 comparing compound injections with vehicle.

(E) Top 20 regulated brain areas in response to a single injection of 10 nmol/kg liraglutide treatment represented as log2 fold change relative to vehicle (n = 6,

biological replicates). Data were analyzed by one-way ANOVA, multiple comparison, Dunnett’s post hoc test, negative binomial generalized linear model in

comparison with vehicle group, *p < 0.05, **p < 0.01, ***p < 0.001.

(F) Top 20 regulated brain areas in response to a single injection of 10 nmol/kg liraglutide treatment represented as log2 fold change relative to vehicle (n = 7,

biological replicates). Data were analyzed by one-way ANOVA, multiple comparison, Dunnett’s post hoc test, negative binomial generalized linear model in

comparison with vehicle group, ***p < 0.001.

Brain region abbreviations can be found in STAR Methods section ‘‘unbiased whole-brain c-Fos imaging’’. All data are reported as mean ± SEM.
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To further understand the molecular crosstalk between coordi-

nated activation of GLP-1R and nAChRs, we performed unbiased

transcriptional profiling (bulk mRNA sequencing) of ARCmicrodis-

sected fromDIOmice treatedwith nicotine, liraglutide, co-adminis-
4 Cell Reports 42, 112466, May 30, 2023
tration, or vehicle for 3days (Figures3KandS3D).Afteradjusting for

multiple testing, no significantly regulated transcripts were de-

tected following nicotine treatment. In contrast, 8 transcripts were

significantly regulated by liraglutide treatment, and 538 transcripts



Figure 3. Coordinated GLP-1R and nicotinic receptor agonism increases neuronal activity in the ARC

(A) Coronal view of mouse brain with the arcuate nucleus (ARC) highlighted.

(B) Coronal view of representative images of c-Fos expression profiles in ARC from unbiased whole-brain c-Fos expression imaging of HFD-induced obese

C57BL/6J male mice treated with a single s.c. injection of vehicle, liraglutide 10 nmol/kg, nicotine 1 mg/kg, or co-administration of liraglutide 10 nmol/kg and

nicotine 1 mg/kg. Brains were harvested 2 h after injection and subjected to tissue clearing, c-Fos immunohistochemistry, and quantification.

(C) Quantification of c-Fos-positive cells in ARC (n = 5–7, biological replicates). Data were analyzed by one-way ANOVAwith Bonferroni multiple comparison test,

*p < 0.05, **p < 0.01.

(D) Representative voltage-clamp recordings of POMC+ neurons identified by immunohistochemistry from microdissected ARC brain slices in response to bath

application of 100 nM liraglutide, puff application of 10 mM nicotine, or combined bath application of 100 nM liraglutide and puff application of 10 mM nicotine.

(E) Amplitude changes in inward current induced by nicotine (n = 7, technical replicates). Data were analyzed by paired t test with two-tailed comparison test,

**p < 0.01.

(F) Changes in synaptic events frequency (n = 7, technical replicates). Data were analyzed by one-way ANOVAwith Bonferronimultiple comparison test, *p < 0.05,

****p < 0.0001.

(G) Number of synaptic events (n = 7, technical replicates). Data were analyzed by one-way ANOVA with Bonferroni multiple comparison test, ****p < 0.0001.

(H) Changes in amplitude of synaptic events (n = 7, technical replicates). Data were analyzed by one-way ANOVA with Bonferroni multiple comparison test,

**p < 0.01, ****p < 0.0001.

(I) Representative Ca2+ imaging recordings of POMC+ neurons identified by immunohistochemistry from microdissected ARC brain slices in response to bath

application of 100 nM liraglutide, puff application of 10 mM nicotine, or combined bath application of 100 nM liraglutide and puff application of 10 mM nicotine.

(J) Area under the curve from Ca2+ imaging (n = 7, technical replicates). Data were analyzed by one-way ANOVA with Bonferroni multiple comparison test,

****p < 0.0001.

(legend continued on next page)
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were regulated following the co-treatment (Figure 3L). Using a vol-

canoplot tovisualize the top transcripts regulated in response to the

co-treatmentwith nicotine and liraglutide,we identified anumber of

top regulated hits with well-established roles in energy balance

regulation, including Egr1, Oprm1, and Mc4r23–25 (Figure 3M).

Pathway analyses of the enriched genes indicated that the syner-

gistic metabolic effects of co-treatment of liraglutide and nicotine

may involve changes in neuroplasticity in the ARC as envisaged

from the top Gene Ontology (GO) terms (Figure 3N). Finally, visual-

ization of the top 20 most enriched transcripts underlying the top

fiveGO terms further emphasized the powerfulmolecular crosstalk

between GLP-1 and nicotine pharmacology (Figure 3O). The func-

tional importanceofGLP-1Rsignaling in theARCwasconfirmedby

pre-infusing the natural GLP-1R antagonist, exendin 9-39, directly

into the ARCof DIOmice immediately prior to co-treatment with lir-

aglutide and nicotine. Pharmacologically blocking the GLP-1R in

the ARC attenuated the weight loss efficacy of the combination

therapy (FiguresS3E–S3H), suggesting that theweight-loweringef-

fects are partially driven by hypothalamic GLP-1R signaling.

Liraglutide and nicotine co-treatment augments
dopaminergic reward signaling
The unbiased assessment of whole-brain neuronal activity re-

vealed that co-treatmentwithnicotineand liraglutide alsoengages

brain regions associated with food reward, including the VTA

(Figures 4A–4C). Activation of the mesolimbic dopaminergic

reward pathway is central to the rewarding value of nicotine,

including its addictive properties.26 Similarly, there is evidence

supporting both direct and indirect actions ofGLP-1R tomodulate

dopaminergic projections from the VTA toNAc.27 Complementary

to the experiments onARCPOMCneurons, we used slice electro-

physiology toevaluate theeffectsofnicotineand liraglutideand the

combinationof the twomoleculesondopaminergicneuronalactiv-

ity in the VTA (Figure 4D). Bath application of liraglutide did not

affect membrane potential, whereas application of nicotine led to

depolarization of VTA dopaminergic neurons. GLP-1R agonists

have previously been reported to induce membrane depolariza-

tion,22 but this might be dose related and here we show that

100nMliraglutidedoesnotelicit changes insynapticcurrent.How-

ever, uponco-application of liraglutide and nicotine, an increase in

dopaminergic excitability, amplitude, and firing ratewas observed

relative to themonoagonist control applications, signifying that lir-

aglutide sensitizes dopaminergic neurons tonicotineactions in the

VTA (Figures 4E–4H). Next, we used calcium imaging to probe dy-

namic changes in intracellular calcium levels in VTA neurons and

found that co-application gave rise to a significant increase in cal-

cium levels in dopaminergic neurons in the VTA relative to the

respective monotherapies (Figures 4I, 4J, S4A, and S4B). The
(K) Illustration of bulk RNA sequencing study of microdissected ARC nuclei from H

liraglutide 10 nmol/kg, nicotine 1 mg/kg, or co-administration of liraglutide 10 nm

injection on day 3 (n = 5–6, biological replicates).

(L) Venn diagram presentation of differentially expressed genes in response to tr

(M) Volcano plot for differentially expressed genes in response to liraglutide 10 n

represents a Benjamini-Hochberg adjusted p < 0.05. Light gray represents an Be

(N) Top 20 differentially expressed genes within top 5 GO terms in (O). Dot size i

(O) Top fivemost enriched GO terms for the 558 uniquely differentially expressed g

treatment group and vehicle. All data are reported as mean ± SEM.

6 Cell Reports 42, 112466, May 30, 2023
fact that depolarization was uncoupled from the elevated intracel-

lular calcium levels suggests that the calcium influx could bemedi-

ated via AMPA receptors rather than voltage-gated calcium chan-

nels. To delineate a possible functional contribution from AMPA

receptors, we infused the AMPA receptor antagonist, NBQX,

directly into the VTA prior to subcutaneous administration of

nicotine and liraglutide, andwe found that pharmacological antag-

onism of VTA AMPA receptor signaling attenuated the weight-

lowering effects of nicotine and liraglutide co-treatment

(Figures S4C–S4F). Next, we explored the necessity of VTA

GLP-1R signaling for the weight loss benefits of nicotine and lira-

glutide co-treatment by infusionof theGLP-1Rantagonist exendin

9-39 to the VTA (FiguresS4G–S4J). Pre-infusionwith exendin 9-39

substantially attenuated the effect of the co-administration to

lower body weight, emphasizing that the anti-obesity benefits of

liraglutide and nicotine co-treatment implicateGLP-1R in themes-

olimbic reward system.

GLP-1 counteracts nicotine-induced dopamine
signaling in the NAc
To further characterize the pharmacological effects of nicotine

and liraglutide co-administration treatment on the mesolimbic

reward system, we evaluated the neuronal response in the

NAc. Our unbiased whole-brain imaging data revealed a signifi-

cant increase in c-Fos in the NAc exclusively following the com-

bination therapy (Figures 5A–5C). This prompted us to dissect

the functional consequences of the pharmacological interven-

tion on NAc dopamine signaling in vivo, by viral-mediated

expression of the genetically encoded dopamine sensor

dLight1.3b for optical detection of acute dopamine release

(Figures 5D and S5).28,29 Nicotine administration elicited a rapid

and sustained increase in dLight1.3b fluorescence consistent

with an increase in NAc dopamine release. Interestingly, the

nicotine-induced increase was dampened by co-treatment

with liraglutide that by itself had no influence on the fluorescent

signal (Figures 5E and 5F). Whether these opposing actions of

GLP-1R agonism and nicotine on mesolimbic dopaminergic

reward signaling in vivo are important for weight loss benefits

of their combined treatment remains to be addressed. Further,

it could be speculated that the GLP-1R-induced blunting of nico-

tine-induced dopamine signaling in the NAc may circumvent

some of the addictive properties of nicotine and thus enhance

the safety profile of the combination approach.26,30

DISCUSSION

In this study, we demonstrate that combinatorial treatment with

nicotine and the long-acting GLP-1R agonist, liraglutide,
FD-induced obese C57BL/6J male mice treated with s.c. injections of vehicle,

ol/kg and nicotine 1 mg/kg for 3 days. Brains were harvested 2 h after the final

eatment relative to vehicle. Benjamini-Hochberg adjusted p < 0.05.

mol/kg and nicotine 1 mg/kg co-administration relative to vehicle. Light blue

njamini-Hochberg adjusted p < 0.05. Selected genes are labeled.

ndicates the significance level. Dot color indicates the log2 fold change.

enes between co-administration of liraglutide 10 nmol/kg and nicotine 1mg/kg



Figure 4. Coordinated GLP-1R and nicotinic receptor agonism potentiates the activity of dopamine neurons in the ventral tegmental area

(VTA)

(A) Coronal view of mouse brain with the VTA highlighted.

(B) Coronal view of representative images of c-Fos expression profiles in VTA from unbiased whole-brain c-Fos expression imaging of HFD-induced obese

C57BL/6J male mice treated with a single s.c. injection of vehicle, liraglutide 10 nmol/kg, nicotine 1 mg/kg, or co-administration of liraglutide 10 nmol/kg and

nicotine 1 mg/kg. Brains were harvested 2 h after injection and subjected to tissue clearing, c-Fos immunohistochemistry, and quantification.

(C) Quantification of c-Fos-positive cells in VTA (n = 5–7, biological replicates). Data were analyzed by one-way ANOVAwith Bonferroni multiple comparison test,

**p < 0.01.

(D) Representative voltage-clamp recordings of microdissected VTA brain slices in response to bath application of 100 nM liraglutide, puff application of 10 mM

nicotine, or combined bath application of 100 nM liraglutide and puff application of 10 mM nicotine.

(E) Amplitude changes in inward current induced by nicotine (n = 7, technical replicates). Data were analyzed by paired t test with two-tailed comparison test,

***p < 0.01.

(F) Changes in synaptic events frequency (n = 7, technical replicates). Data were analyzed by one-way ANOVAwith Bonferronimultiple comparison test, *p < 0.05,

***p < 0.001, ****p < 0.0001.

(G) Number of synaptic events (n = 7, technical replicates). Data were analyzed by one-way ANOVA with Bonferroni multiple comparison test, ****p < 0.0001.

(H) Changes in amplitude of synaptic events (n = 7, technical replicates). Data were analyzed by one-way ANOVA with Bonferroni multiple comparison test,

*p < 0.05, ***p < 0.001, ****p < 0.0001.

(I) Representative Ca2+ imaging recordings of POMC+ neurons identified by immunohistochemistry from microdissected ARC brain slices in response to bath

application of 100 nM liraglutide, puff application of 10 mM nicotine, or combined bath application of 100 nM liraglutide and puff application of 10 mM nicotine.

(J) Area under the curve from Ca2+ imaging (n = 7, technical replicates). Data were analyzed by one-way ANOVA with Bonferroni multiple comparison test,

****p < 0.0001. All data are reported as mean ± SEM.
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synergistically reverses obesity and metabolic defects in mice.

The pronounced negative energy balance elicited by combining

nicotine and liraglutide is mediated by dual effects on food

intake and energy expenditure. Using whole-brain three-dimen-

sional imaging, electrophysiology, transcriptomics, and fiber

photometry, we reveal neuronal and molecular crosstalk be-

tween nicotine and GLP-1R agonism in brain regions linked

to homeostatic regulation of food intake and in the mesolimbic

reward pathway. These findings suggest a therapeutic potential

associated with introducing nicotinic receptor agonism as an

adjunct to GLP-1R agonism for the treatment of metabolic dis-

eases. The rationale for pursuing metabolic benefits of com-

bined nicotinic receptor agonism and GLP-1R agonism is

supported by previous work identifying GLP-1 as a nicotine-

sensitizing agent.19 In agreement, we here identify several

layers of signaling crosstalk between liraglutide and nicotine.

By using whole-brain three-dimensional imaging, we demon-
strate that when nicotine and liraglutide are co-administered,

the signaling properties of each compound appear to be mutu-

ally potentiated in key feeding regions important for regulation

of both homeostatic feeding (ARC) and reward (VTA and

NAc)-based feeding behavior. We go on to demonstrate that

GLP-1R agonism increases neuronal excitability to nicotine in

both hypothalamic POMC neurons and in dopaminergic neu-

rons in the VTA, and we further establish functional interaction

between GLP-1R signaling and nicotinic signaling in the NAc. It

remains to be determined, however, if the liraglutide-mediated

inhibition of nicotine-induced dopaminergic signaling in the

NAc is contributing to the weight-lowering benefits of the com-

bination. Also, because nicotine’s effect on dopamine neurons

in the VTA is considered key to the rewarding and addictive as-

pects of smoking,26,31,32 another fascinating probability is that

liraglutide appropriately circumvents this vice of nicotine

administration.
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Figure 5. Liraglutide attenuates nicotine-

induced dopamine release in nucleus accum-

bens (NAc)

(A) Coronal view of mouse brain with the NAc high-

lighted.

(B) Coronal view of representative images of c-Fos

expression profiles in NAc from unbiased whole-

brain c-Fos expression imaging of HFD-induced

obese C57BL/6J male mice treated with a single

s.c. injection of vehicle, liraglutide 10 nmol/kg,

nicotine 1 mg/kg, or co-administration of liraglutide

10 nmol/kg and nicotine 1 mg/kg. Brains were har-

vested 2 h after injection and subjected to tissue

clearing, c-Fos immunohistochemistry, and quanti-

fication.

(C) Quantification of c-Fos-positive cells in NAc (n =

5–7, biological replicates). Data were analyzed by

one-way ANOVA with Bonferroni multiple compari-

son test, *p < 0.05.

(D) Illustration of study showing viral expression of

adeno-associated virus serotype 9 (AAV9)-hSyn-

dLight1.3b and fiber photometry recording of

dopamine in NAc from mice receiving a single s.c.

injection of liraglutide 10 nmol/kg, nicotine 1 mg/kg, or co-administration of liraglutide 10 nmol/kg and nicotine 1 mg/kg.

(E) Real-time in vivo recording of dopamine release before and after compound administration at t = 0 (n = 7–8, biological replicates). Signal normalized to a 20-min

period immediately before injection of experimental compounds. Shaded area indicates ±SEM.

(F) Mean DF/F0 traces before and after administration of experimental compounds represented as 20-min intervals (n = 7–8, biological replicates). Signal

normalized to a 20-min period immediately before injection of experimental compounds. Data were analyzed by one-way ANOVA within each time point with

Bonferroni multiple comparison test, *p < 0.05, **p < 0.01, ***p < 0.001. All data are reported as mean ± SEM.
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One challenge associated with targeting nicotinic receptors

for metabolic disease is the fact that nicotine consumption has

been associated with hyperglycemia and increased risk of type

2 diabetes.33 Importantly, GLP-1R agonism counterbalances

any potential metabolic adverse effects of nicotine, demon-

strated by improved insulin sensitivity and reduction in hepatic

fat content following the combined treatment. Whether

the effect of GLP-1 to counter metabolic derangements of nico-

tine implicates targeting of a previously identified habenula-

pancreas axis linking nicotine consumption to hyperglycemia re-

mains to be determined,34 but it is plausible based on the known

actions of GLP-1R signaling in the habenula.19

Although our data support a combinatorial use of nicotine with

a GLP-1R agonist for treatment of obesity and its associated

metabolic complications, nicotine is not an appropriate weight

loss drug candidate. However, given that �1.3 billion people

already self-administer nicotine in the form of tobacco,35 it

should be intriguing to explore whether smokers with obesity

respond particularly well to the weight-lowering effects of GLP-

1R agonists. Indeed, pharmaceutical companies with clinical

GLP-1 programs may already have access to data that allow

stratification of weight loss data based on smoking status, distin-

guishing between smokers and non-smokers. If such a post hoc

analysis supports translational benefits of combining nicotine

with GLP-1R agonism, the motivation for further drug develop-

ment to engineer safe and efficacious nAChR agonists might

be heightened. In context, we have previously rationalized that

agonists specifically targeting b4-containing nAChR sub-

types14,36 may be advantageous for treatment of obesity and

diabetes. Unexpectedly, we found in this study that the meta-

bolic effects of combined liraglutide and nicotine treatment

emerge independently of b4-containing nAChRs, underlining
8 Cell Reports 42, 112466, May 30, 2023
that other nAChR subtypes are governing the interaction with

GLP-1R signaling to drive weight loss. The safety of future

nAChR-targeting approaches could be bolstered by employing

tissue-targeting approaches, for example, by using GLP-137,38

to deliver nAChR small molecule ligands specifically to GLP-

1R-positive neurons.39 Whereas a restricted delivery of nicotinic

receptor agonists might compromise some of the wide-ranging

metabolic benefits of the two compounds when co-adminis-

tered, it potentially solves the concerns pertaining to unwanted

effects of nicotinic receptor ligands.

Pharmacological approaches that safely target motivational

aspects of feeding and palatable food reward have been a key

focus area for weight loss research for decades. For example,

naltrexone/bupropion combination has been promoted to

exhibit dual effects on satiety and food reward.40 However, the

discontinuation of rimonabant, a type 1 cannabinoid receptor

(CB1R) antagonist, as a result of severe adverse psychiatric ef-

fects,41 serves as an important reminder to carefully ensure

that the pharmacological benefits on reward and motivation

are uncoupled from adverse effects on anxiety and mood. It is

increasingly evident that hypothalamic circuits are intercon-

nected with midbrain-controlled motivation,42 and that exposure

to a palatable diet devaluates a healthy diet throughmechanisms

involving both hypothalamic and mesolimbic circuits.43 Accord-

ingly, it might be possible to dampen food reward indirectly

through targeting receptors in the hypothalamus and/or in the

brainstem. The data presented here support that the combina-

tion of nicotine and GLP-1 could exert both direct and indirect

actions on neurons in the hypothalamus, brainstem, and VTA.

In summary, we demonstrate neuronal cross-sensitization be-

tween nicotinic receptor agonism and GLP-1R agonism and

show that this neurobiological interplay can be exploited
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pharmacologically for the treatment of obesity in preclinical

models. Of note, we reveal that coordinated targeting of nAChRs

and GLP-1Rs lowers body weight via pathways involving appe-

tite suppression, reward modulation, and increased energy

expenditure. Critical translational work lies ahead in determining

whether nicotinic receptor targeting holds promise to safely

potentiate weight loss efficacy of GLP-1-based therapies in pa-

tients with obesity.

Limitations of the study
The data presented here suggest that the metabolic benefits

from liraglutide and nicotine co-treatment are consequential to

molecular synergy across multiple brain regions. Although we

functionally validate the contribution from GLP-1R signaling in

ARC and VTA, several unknowns regarding the neurocircuitry

and molecular mechanisms of action are left unaddressed. For

example, it may be that the drug-induced effects on dopami-

nergic signaling in the NAc are consequential to feedforward

signaling propagated from the brainstem or the hypothalamus.

This should be evaluated in future studies. Additional experi-

ments are also required to determine the implications of GLP-

1R-induced attenuation of nicotine-induced dopamine release.

Whereas we believe that this finding encourages further work

on GLP-1R agonism for tobacco addiction, it does not neces-

sarily reflect an essential interaction in the context of weight

loss and metabolic disease. In contrast, it should be interesting

to experimentally address whether chronic co-treatment with

GLP-1 and nicotine alters the dopaminergic response to (palat-

able) food presentation, for example, following a period of food

deprivation. Finally, high doses of nicotine can be aversive,

and previous work has demonstrated that GLP-1R agonism pro-

motes nicotine avoidance.19 Thus, it cannot be excluded that the

benefits on body weight loss following combined treatment with

nicotine and GLP-1 are partially mediated through a potentiated

aversive effect of both signals.
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Antibodies

Rabbit anti-mouse UCP-1 primary antibody Alpha Diagnostics CAT# #UCP11-A

Biotinylarted goat anti-mouse IgG secondary antibody Vector Laboratories CAT# #BA-1000

Rabbit anti c-Fos antibody Cell Signaling Technologies CAT# 2250

Donkey anti rabbit Cy-5 antibody Jackson ImmunoResearch CAT# 711-175-152

Anti-GFP primary antibody Abcam CAT# ab13970

Goat anti-chicken IgY H&L (Alexa Fluor� 488) Abcam CAT# ab150173

POMC (27–52) (Porcine) primary antibody Phoenix Pharmaceuticals CAT# H-029-30

Donkey anti-rabbit IgG (H + L) (Alexa FluorTM 488) Thermofischer Scientific CAT# A21206

Biological samples

Mouse plasma samples (C57BL/6J) In house, UCPH N/A

Mouse tissue samples (C57BL/6J) In house, UCPH N/A

Goat serum Sigma-Aldrich CAT# G9023

Coronal brain slices In house, UCPH N/A

Bacterial and virus strains

AAV9-hSyn-dLight1.3b-WPREpA In house, UCPH44 Patriarchi et al. 201829

Chemicals, peptides, and recombinant proteins

High-fat, high-sugar rodent diet (58 kcal%

fat, 25.5 kcal% carbohydrate, 16.4 kcal% protein)

Research Diets CAT# D12331i

Rodent chow diet Brogaarden CAT# V1534-300

(�)-nicotine hydrogen tartrate salt dihydrate Sigma-Aldrich CAT# 1463304

Victoza (liraglutide) pen, 6 mg mL�1 Novo Nordisk A/S N/A

NBQX disodioum salt hydrate Sigma-Aldrich CAT# N183

Exendin 9-39 Novo Nordisk A/S N/A

Paraformaldehyde (PFA) Sigma-Aldrich CAT# 158127

Phosphate buffered saline (PBS) Substrate department, UCPH N/A

Hematoxylin solution, Mayer’s BioOptica CAT# 05–06002/L

Eosin Y BioOptica CAT# 05–10007/L

Sodium cirtrate dihydrate Sigma-Aldrich CAT# W302600

Hypnorm-Dormicum Roche N/A

Heparinized PBS (15.000 U/L) Leo Pharma N/A

10% neutral buffered formalin CellPath CAT# BAF-0010-25A

Sodium Azide Sigma-Aldrich CAT# 438456

RNAlater Sigma-Aldrich CAT# #R0901

Lidocaine Supelco N/A

Rimadyl Pfiizer N/A

Isoflurane Baxter N/A

Tetric EvoFlow dental cement Ivoclar Vivadent N/A

Optibond FL sealing primer Kerr N/A

Optibond FL Adhesive Kerr N/A

Bovine serum albumin (BSA) Sigma-Aldrich CAT# A7030

TritonTM X-100 Sigma-Aldrich CAT# 11332481001

ProlongTM gold antifade mounting medium Thermofischer Scientific CAT#P36934

Artificial cerebrospinal fluid (ACSF) Tocris CAT# 3525

(Continued on next page)

12 Cell Reports 42, 112466, May 30, 2023



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Bis-Fura Molecular Probes CAT# F6774

Alexa 594 Molecular Probes CAT# A37572

DAPI Sigma-Aldrich CAT# D9542

Critical commercial assays

ABC peroxidase staining kit Thermofischer Scientific CAT# #32020

Mouse/rat insulin kit Meso Scale Discovery CAT# L452BZA-1

RNeasy mini kit Qiagen CAT# 74106

TruSeq RNA Library Prep Kit v2 Illumina CAT# RS-122-2001/CAT#

RS-122-2002

Superscript III reverse transcriptase Thermofischer Scientific CAT# 12574026

AMPure XP Reagent Beckman Coulter CAT# A63880

Deposited data

RNA sequencing data This paper GEO: GSE229789

RNA sequencing ARC This paper Zenodo: https://doi.org/10.5281/

zenodo.7823574

Fiber photometry data and scripts This paper Zenodo: https://doi.org/10.5281/

zenodo.7819630

Experimental models: Organisms/strains

C57BL/6J mice Janvier laboratories C57BL/6J mice

NMRI mice Charles river laboratories NMRI mice

Global CHRNB4 KO Xu et al. 199945 Chrnb4 KO mice

Software and algorithms

ImageJ ImageJ https://imagej.nih.gov

Noldus EthoVision XT 14TM Noldus https://noldus.com

GraphPad Prism 9.4.1 GraphPad https://graphpad.com

TILL-VISION Till Photonics N/A

MiniAnalysis Synaptosoft https://synaptosoft.com

ImageJ MIST Chalfoun et al. 201746 https://imagej.nih.gov

MATLAB2019b MathWorks https://mathworks.com

Python 3.6.10 Python https://python.org

SciPy v1.5.2 Python plugin N/A

Numpy v1.18.1 Python plugin N/A

Pulse 9.0 HEKA https://heka.com

AxoScope 10.2 Molecular Devices Corporation https://moleculardevices.com

Axiovision 4.6 Zeiss https://zeiss.com

Clampfit 10.3 Molecular Devices Corporation https://moleculardevices.com

Other

EchoMRITM-4in1 body composition analyzer EchoMRI N/A

10x light sheet microscope Bruker N/A

Contour XT glucometer Bayer N/A

Logitech C920 pro camera (1080x1080 pixels) Logitech software N/A

Leica cryostat Leica biosystems CM 3050S

HiSeq 1500 System Illumina N/A

Fragment analyzer Agilent Technologies N/A

NovaSeq 6000 Illumina N/A

Guide-cannula Invivo1 CAT#C235GS-5-1.2/SPC

Internal-cannula Invivo1 CAT#C235IS-5/SPC

Fiber optic cannula Doric Lenses CAT#D148-0388

Neurophotometrics FP3001 system Neurophotometics N/A

(Continued on next page)
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Branching fiber optic patch cord Doric Lenses N/A

Bronze mating sleeve Thorlabs CAT#ADAL4-5

Epifluorscent microscope FEI CorrSight, UCPH N/A

Leica vibratome Leica biosystems VT1200S

Microscope recording chamber Warner Instruments RC27

40x water immersion objective Olympus NA 0.8

Sutter P-97 horizontal puller Sutter Instruments N/A

Patch clamp EPC9 amplifier HEKA N/A

Axon Digidata 1440A digitizer Molecular Devices Corporation N/A

12-bit CCD fluorescent camera PCO Instruments Sensicam

Emission filter of 510 nm Till Photonoics Chroma Fura-2 cube filter sets

Axioskop 2 Zeiss N/A

Axiocam MRM Zeiss N/A
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Lead contact
Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Christoffer Clemmensen

(chc@sund.ku.dk).

Materials availability
The study did not generate new unique reagents.

Data and code availability
d RNA-seq data have been deposited at GEO and are publicly available as of the date of publication. Accession numbers are

listed in the key resources table.

d All original code has been deposited at Zenodo and is publicly available as of the date of publication. DOIs are listed in the key

resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODELS AND SUBJECT DETAILS

Animals
All in vivo experiments were conducted at the University of Copenhagen, Denmark, according to internationally accepted principles

for animal care and under approval from the Danish Animal Experiments Inspectorate, Danish Ministry of Food, Agriculture and Fish-

eries (permit number: 2018-15-0201-01457). The mice were single- or double-housed in an enriched and temperature-controlled

environment (21-23�C) maintained on a 12-h light-dark cycle (light: 6:00 am - 6:00 pm; dark: 6:00 pm–6:00 am) with ad libitum access

to food and drinking water, unless otherwise specified. All in vivo experiments were conducted using male mice. Unless otherwise

specified, experiments were conducted using C57Bl/6J mice (Janvier, FR) kept on a high-fat, high sugar (HFHS) diet (58 kcal% fat,

25.5 kcal% carbohydrate, 16.4 kcal% protein, #D12331i, Research Diets, New Brunswick, NJ, US) from 8 weeks of age. Mice were

maintained on ad libitum HFHS diet for a minimum of 16 weeks, and all pharmacological studies were conducted on mice with an

average body weight of >45g. Electrophysiology was conducted using male NMRI mice (Charles River Laboratories, Germany) at

5 to 7 weeks of age. Aversion studies using an open field test was carried out using lean wildtype C57BL/6J mice with ad libitum

access to tap water and standard chow diet (Altromin 1324, Brogaarden, DK). Global Chrnb4 (b4) KO and WT mice on a

C57BL/6J background were used for studying the role of a3b4 nAChRs.
16,45

METHOD DETAILS

Pharmacology
Experimental compounds were purchased from commercial sources in highest possible purity (>95%). Compounds were acquired

as (�)-nicotine hydrogen tartrate salt dihydrate (CAT# 1463304, Sigma-Aldrich, DK), liraglutide (Victoza, Novo Nordisk A/S, DK), Ex-

endin 9-39 (Novo Nordisk A/S, DK) and NBQX disodium salt hydrate (CAT# N183, Sigma-Aldrich, DK). Mice were randomized into
14 Cell Reports 42, 112466, May 30, 2023
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experimental groups on the first day the experiment. The compounds were formulated as stock solutions in sterile water (1 mgmL�1)

and diluted to the dose levels specified for each study using isotonic saline. All compounds were administered as once-daily sub-

cutaneous injections (between 3pm and 6pm) at a volume of 5 mL g�1 of body weight based onmeasurements of body weight imme-

diately prior to injection and with concomitant measurement of food intake, unless otherwise specified. Vehicle groups were treated

with isotonic saline at a volume of 5 mL g�1 of body weight.

Pair-feeding
Single- or double-housed DIO mice were randomized into experimental groups receiving once-daily subcutaneous administrations

of vehicle (isotonic saline) or co-administration of nicotine (1 mg kg�1) and liraglutide (10 nmol kg�1). The food intake of the pair-fed

group was delayed one day to match the food intake of the co-administration treated group’s food intake from the previous day.

Experimental compounds were administered at volume of 5 mL g�1 of body weight based on measurement of body weight immedi-

ately prior to injection and with concomitant measurement of food intake.

Body composition measurement
Body composition measures were conducted 3 days prior to study start and, on the day, following the final injection using an

EchoMRITM-4in1 body composition analyzer (EchoMRI, US).

Tissue harvest and processing
Mice were euthanized by decapitation for collection of plasma and tissues. Plasma was collected immediately after decapitation in

EDTA-coated microvette tubes and stored at �20�C until further processing. Tissues were collected by dissection, snap-frozen on

dry ice and stored at�80�C until further processing. Liver tissuewas drop-fixed in 4%PFA in PBS buffer for at least 24 h and stored in

PBS + 0.1% PFA at 4�C until processed.

Pathohistological analyses
Tissue samples of 5–10 mm were dehydrated in ethanol and xylene and embedded in paraffin. Slices of 3 mm thickness were pre-

pared, deparaffinized, rehydrated and stained with Mayer’s Hematoxylin (CAT# 05-06002/L, BioOptica, IN) and Eosin Y (CAT# 05-

10007/L, BioOptica, IN). Histological images were acquired using 10x light microscopy (1360x1024pixels) and quantified using Im-

ageJ software. Data is reported as the mean of three independent H&E-stained sections per mouse.

For UCP-1 immunoreactivity, brown-adipose tissue embedded in paraffin was treated with 10 nM sodium citrate, blocked with

goat-serum and stained employing rabbit anti-mouse UCP-1 primary antibody (1:400, UCP11-A, Alpha Diagnostics, US). Signal

detection was achieved using biotinylated goat anti-rabbit IgG secondary antibody (1:200, BA-1000, US) and ABC peroxidase stain-

ing kit (CAT# 32020, Thermofischer Scientific, DK).

Blood glucose and insulin measures
Prior to tissue isolation acute blood glucose was measured from tail blood using a glucometer (Contour XT, Bayer, DK). Blood sam-

ples for insulin measures were collected immediately after decapitation and cooled to 4�C. Samples were centrifuged for 10 min at

4�C, 3000rcf. The commercially availablemouse/rat insulin kit was utilized according tomanufacturer’s protocol to determine plasma

insulin levels (CAT# L452BZA-1, Meso Scale Discovery, DE).

Open field test
General locomotor activity was evaluated using an open field test. Mice were acclimatized for 7 days in the procedure room prior to

study start. Micewere placed one in each of four 50x50x50cm chambers immediately after s.c. administration of compounds (vehicle

(isotonic saline), 1 mg kg�1 nicotine, 10 nmol kg�1 liraglutide, or co-administration of 1 mg kg�1 nicotine and 10 nmol kg�1 liraglutide)

and their locomotor activity recorded over 10 min using a ceiling-mounted Logitech C920 Pro camera (1080x1080pixels, 30fps, Log-

itech software, DK). Mice were divided into four groups (n = 8) and their movement recorded for 10min. Each run was conducted with

one mouse from each treatment group and with run-to-run alternation so that treatments were equally distributed across all cham-

bers. Movement traces and quantification of locomotor activity (velocity and distance traveled) were obtained using Noldus

EthoVision XT 14TM software (Noldus, NL).

Unbiased whole-brain c-Fos imaging
Double-housed DIO mice were randomized and treated with sham injections for 5 days prior to study start. At study start, mice were

treated with a single s.c. injection of the experimental compounds (vehicle, 1 mg kg�1 nicotine, 10 nmol kg�1 liraglutide, or co-adminis-

tration of 1mgkg�1 nicotine and 10 nmol kg�1 liraglutide) and anaesthetized after 2 h using amixture ofHypnorm-Dormicum (fentanyl at

0.315 mgmL�1; fluanisone at 10 mgmL�1 and midazolam at 5 mgmL�1, Roche, CH). The mice were intracardially perfused with hep-

arinized phosphate buffered saline (15.000 IU/L, Leo Pharma, DK) and 10% neutral buffered formalin (NBF) (CAT# BAF-0010-25A,

CellPath,DK), their brainsharvestedanddrop-fixed inNBFovernight. Thenextday,brainswerewashedusingphosphatebufferedsaline

(3 3 30 min) and stored in phosphate buffered saline containing 0.02% Sodium Azide (CAT# 438456, Sigma-Aldrich, DK) until further

processed. Brain samples Tissue processing and quantification of c-Fos was conducted according to iDISCO+ protocols.47–50
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Brain region abbreviations

NAc, Nucleus accumbens; PVH, Paraventricular hypothalamic nucleus; DMH, Dorsomedial nucleus of the hypothalamus; ARC,

Arcuate nucleus of the hypothalamus; LHA, Lateral hypothalamic area; CEA, Central amygdalar nucleus; SNc, Substantia nigra,

compact part; VTA, Ventral tegmental area; PB, Parabrachial nucleus; NTS, Nucleus of the solitary tract; DMX, Dorsal motor nucleus

of the vagus nerve; AP, Area postrema; PGRNI, Paragigantocellular reticular nucleus, lateral part; SCs, Superior colliculus sensory

related; MD, Mediodorsal nucleus of thalamus; PVT, Paraventricular nucleus of the thalamus; RR, Midbrain reticular nucleus, retro-

rubral area; PSTN, Parasubthalamic nucleus; PT, Parataenial nucleus; SUT, Supratrigeminal nucleus; RE, Nucleus of reuniens; SPA,

Subparafascicular area; BST, Bed nuclei of the stria terminalis; BMA, Basomedial amygdalar nucleus; CP, Caudoputamen; LRNm,

Lateral reticular nucleus, magnocellular part; BLAa, Basolateral amygdalar nucleus, anterior part; PIR, Piriform area; PVHd, Paraven-

tricular hypothalamic nucleus, descending division; COA, Cortical amygdalar area; PMd, Dorsal premammillary area; PT, Parataenial

nucleus; SCm, Superior colliculus, motor related; MEA, Medial amygdalar nucleus; TU, Tuberal nucleus; PAA, Piriform-amydalar

area; VISpl, Posterolateral visual area; VMH, Ventromedial hypothalamic nucleus; IG, Induseum griseum; TRN, Tegmental reticular

nucleus; IA, Intercalated amygdalar nucleus.

RNA sequencing
DIO mice were randomized, and sham injected for 7 days prior to study start. Mice were treated with daily s.c. injections of exper-

imental compounds for 3 days (vehicle (isotonic saline), 1 mg kg�1 nicotine, 10 nmol kg�1 liraglutide, or co-administration of 1 mg

kg�1 nicotine and 10 nmol kg�1 liraglutide). At day 3, the mice were decapitated 3 h after administration, their brains harvested

and snap frozen on dry ice. The brains were subsequently cut into 250mm on a cryostat and stored in RNAlater (CAT# R0901,

Sigma-Aldrich, DK) at 4C. Regions of interest were microdissected using laser capture microscopy and snap-frozen using dry

ice. Total RNA was isolated using RNeasy mini kit (CAT# 74106, Qiagen, US) according to manufacturer’s protocol. Messenger

RNA sequencing libraries were prepared using the Illumina TruSeq Stranded mRNA protocol (CAT# RS-122-2001, Illumina, US).

Poly-A containing mRNAs were purified by poly-T attached magnetic beads, fragmented, and cDNA was synthesized using

SuperScript III Reverse Transcriptase (CAT# 12574026, Thermofisher Scientific, DK). cDNAwas adenylated to prime for adapter liga-

tion and after clean-up, using AMPure XP beads (CAT# A63881, Beckman coulter, DK), DNA fragments were amplified using PCR

followed by a final clean-up. Libraries were quality-controlled using a fragment analyzer (Agilent Technologies, DK) and subjected

to 52-bp paired-end sequencing on a NovaSeq 6000 (Illumina, US). A total of 3.8 billion reads were generated.

Differential expression testing

The R package DESeq2 (v. 1.30.1) was used to identify differentially expressed genes. p values were adjusted for multiple testing

using the Benjamini-Hochberg (BH) post hocmethod.GeneOntology analysis: The R package gprofiler2 (v.0.2.0) was used to identify

enriched GO terms (categories: molecular function, biological process, cellular component, KEGG pathways, REACTOME path-

ways). The gene set enrichment analysis was carried out with the parameters ‘exclude_iea’ set to true and ‘correction method’

set to BH.

ARC and VTA cannulations
Cannulation of the ARC VTA in DIOmice (Guide-cannula: Bilateral, short-pedestal 5mm, gauge 26, center to center distance 1.2, cut

4.4mm below pedestal, CAT# C235GS-5-1.2/SPC, invivo1, DE) were performed under isoflurane anesthesia, using the following ste-

reotaxic coordinates: ARC 1.75 mm AP; 5.7 mm DV; 0.3 mmML and; VTA �3.2 mm AP; �4.4mm DV; +/�0.6 mmML. Animals were

treated with lidocaine on the day of surgery and Rimadyl (5 mg kg�1, Pfizer, US) postoperatively for 3 days and were allowed to

recover for at least 7 days before pharmacological testing. NBQX (Dose: 0.4 mg per mouse) and Ex9-39 (10 mg per mouse) were dis-

solved in sterile water and infused through an internal-cannula (Internal-cannula: 33GA DBL, FIT 5MM PED GDE, FIT 4.4MM

C235GS-5-1.2 W 0.2MM, CAT# C235IS-5/SPC, invivo1, DE) in a volume of 1mL pr. side at a rate of 0.4mL/min. The probe was left

in for 2 min before extraction. Mice were treated with s.c. administration of experimental compounds 20 min after infusion (vehicle

(isotonic saline) or co-administration of 1mg kg�1 nicotine and 10 nmol kg�1 liraglutide), and food intake and body weight weremoni-

tored over 24 h. A within-subject design with counter-balanced treatment presentation was used with 7 days wash-out period in be-

tween. After the experiment brains were harvested and snap frozen on dry ice. Brains were subsequently cut on a cryostat to control

for correct probe placement.

Adeno-associated viral (AAV) vector infusion and fiber optic cannula implantation
AAV vector infusions were performed under isoflurane anesthesia as described for VTA cannulations. 300 nL AAV9-hSyn-dlight1.3b-

WPREpAwas injected into the Nucleus Accumbens using the following coordinatesmeasured fromBregma: 1.54mmAP,�4.30mm

DV,�0.80 mmML at 100 nLmin�1 through a pulled glass needle. Additionally, 100 nL was injected 100 mm above and 100 mmbelow

these coordinates. The needle was left in place for 5min after infusion. A fiber optic cannula (200 mmfiber diameter, Numeric Aperture

0.37, 1.25mmmetal ferrule, Doric Lenses) was implanted with the fiber tip at coordinates 1.54mmAP,�4.30mmDV,�0.80mmML,

and attached to the skull using light curing Tetric EvoFlow dental cement (Ivoclar Vivadent, LI) on top of a base of Optibond FL sealing

primer (Kerr, CH) and Optibond FL Adhesive (Kerr, CH) which was applied before drilling and viral infusion commenced.
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In vivo dopamine release recordings
Fiber photometry recordings were performed using a Neurophotometrics FP3001 system (Neurophotometrics, US). The systemwas

connected to pre-implanted optic cannulas using a branching fiber optic patch cord (200 mm, 0.37 NA, Doric Lenses, CA) and a

bronze mating sleeve (ADAL 4–5, Thorlabs, US). Fluorescence was measured from the 470 nm and 415 nm channel at 40 Hz

(20 Hz pr. channel). Light power output was measured using a light power meter (PM100D + S130C 400–1100 nm sensor, Thorlabs,

US) at the tip of the patch cord with constant illumination and set to �25 mW for the 470 nm channel and �18 mW for the 415 nm

channel. These power levels were found to yield similar absolute fluorescence levels of the 470 and 415 nm channels. A technical

background was first measured in black light-impermeable caps, then the mice were connected for recording and placed in an

open field arena and allowed to habituate for 60 min in the chamber. Hereafter, a subcutaneous vehicle injection was given and

30 min later the experimental compound (vehicle (isotonic saline), 1 mg kg�1 nicotine, 10 nmol kg�1 liraglutide, or co-administration

of 1 mg kg�1 nicotine and 10 nmol kg�1 liraglutide) was subcutaneously injected. Mice were subjected to three trials with the different

experimental compoundswith a 4-weekwash-out period between test days and datawere pooled from all trials. Micewere randomly

assigned to test groups and the experimenter was blinded to the treatments. After the experiment mice were terminated, and brains

were harvested and fixated in 4% PFA for 24 h and subsequently in 30% sucrose in PBS for 48 h before being frozen on crushed dry

ice. Hereafter, the brains were cut in 40 mm sections on a cryostat for verification of proper probe placement. To visualize dlight1.3b

expression brain slices were stained using an anti-GFP antibody (1:1000, CAT# ab13970, Abcam, UK).

Slices were washed in PBS 3 times 5min and then pre-incubated for 30min in 5%goat serum, 1%BSA and 0.3%TritonTM X-100 in

PBS at room temperature. Subsequently, slices were incubated overnight in an identical solution with the primary antibody added.

Slices were then washed for 3 3 5 minutes in 0.25% BSA and 0.1% TritonTM X-100 in PBS and hereafter incubated for 60 min in an

identical solution containing the secondary antibody (Alexa 488, goat-a-chicken, Ab150173, 1:400). Slices were mounted on glass

slides and allowed to air-dry and then covered with a coverslip using prolongTM gold antifade mounting medium (CAT# P36934Ther-

mofisher Scientific, DK). Probe locationswere verified visually using an epifluorescentmicroscope (DM IL LED, Leica biosystems, DE)

and representative images were acquired on a spinning disk confocal microscope (FEI CorrSight, Core Facility for Integrated Micro-

scopy, University of Copenhagen). Images were stitched using the ImageJ plugin MIST using the linear stitching method.

Analysis of fiber photometry data
Fiber photometry traces from dLight1.3b recordings were normalized to dF/F0 from a 20 min window prior to drug administration by

subtracting the isosbestic 415 nm channel from the 470 nm signal channel, followed by division with the 415 nm channel. Differential

photobleaching of the two channels was corrected for by linear fit to the dF/F0 before pharmacological intervention and applied

across the entire series. The preprocessing was done in MATLAB 2019b and the postprocessing analysis in Python 3.6.10 (Python,

US) using SciPy v1.5.2 and Numpy v1.18.1.

Electrophysiology
Acute brain slice preparation

Mice were decapitated following deep anesthesia with isoflurane (Baxter, DE). The brain was gently removed and immersed imme-

diately into ice-cold artificial cerebrospinal fluid (ACSF) containing in mM: NaCl 124; KCl 5; Na2HPO4 1.12; CaCl2,2 H2O 2.7; MgSO4

(anhydrous) 1.12; Dextrose 10; NaHCO3 26; saturated with carbogen gas (5%CO2 + 95%O2) (CAT# 3525, Tocris, UK). Coronal brain

slices (250 mm) containing the VTA and ARC nuclei were prepared using a Leica vibratome (VT 1200S, Leica biosystems, DE).51,52

Following slicing, tissue was incubated in carbogen saturated ACSF for fifteen minutes at 37�C, and equilibrated for one hour at

room temperature, before transferred to a microscope attached recording chamber (RC27, Warner Instruments, US) under contin-

uous perfusion with ACSF at a flow rate of 1 mL min�1 at ambient temperature.

Drug application

For electrophysiology and calcium imaging experiments with brain slices containing the VTA and ARC, GLP-1R agonist (liraglutide

100 nM, Novo Nordisk A/S, DK) was bath applied, and (�)-nicotine hydrogen tartrate salt hydrate 10 mM (CAT# 1463304, Sigma-

Aldrich, DK) was locally applied to VTA or ARC neurons using a picospritzer (duration: 100 ms; pressure: 20 PSI).

Electrophysiology

Whole-cell patch-clamp recordings were performed on VTA or ARC neurons visualized with a 403 water immersion objective (NA

0.8, Olympus, JP). Patch pipette electrodes of thin wall borosilicate glass were produced using a Sutter P-97 horizontal puller (Sutter

Instruments, US), and once filled with internal solution (containing in mM: K gluconate 144; KCl 2; HEPES 10; EDTA (tetraacetic acid)

0.2;Mg-ATP 5 andNa-GTP 0.3), exhibited resistances between 6 and 8mU. High resistance seals (>1mU) were established between

the patch pipette and the cell membrane via a patch clamp EPC9 amplifier (EPC9, HEKA, DE) in voltage clampmode guided by Pulse

(version 9.0, HEKA, DE). After that time, seals were broken by membrane rupture, and a holding current sufficient to maintain, or

clamp, the cell at a voltage of�60mVwas applied. Recordings of currents were sampled at a rate of 10 kHz using AxoScope (version

10.2, Molecular Devices Corporation, US) and an Axon Digidata 1440A digitizer (Molecular Devices Corporation, US). Recordings

were discarded if the current necessary to hold the cell at �60 mV exceeded 50 pA. For calcium imaging recordings, EGTA in the

patch solution was substituted with 25 mM of Fura-2 (Molecular Probes, US). Electrophysiologically, dopaminergic neurons in the

VTA have been typically characterized by the presence of the hyperpolarization-activated current (Ih).53 Accordingly, to examine

presence of this current, VTA neurons were clamped from the holding voltage of �60 mV to more negative voltages in 8 successive
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steps, in �10 mV increments. Presence of Ih current was confirmed when a ‘‘sag’’ back of the membrane voltage to a more depo-

larized voltage was observed at the end of the step at the more hyperpolarized potentials. To identify the phenotype of the recorded

neuron in the ARC, Alexa 594 (25 mM,Molecular Probes, US) was included in the intrapipette solution, which allowed conducting post

hoc immunohistochemistry in order to detect presence or absence of POMC in the recorded cell.

Calcium imaging

Elicitation of changes in intracellular calcium were examined using single-cell fluorescent imaging. Accordingly, Fura-2 was allowed

to passively diffuse into the patched neuron from the EGTA-free intrapipette solution during the first 10 min following membrane

rupture.54 Fluorescent emissions from the target neuron were visualized and delineated with a region of interest (ROIs). To detect

changes in Fura-2 fluorescence emission, a cooled, 12-bit CCD fluorescent camera (Sensicam, PCO Instruments, DE) with Xenon

illumination was used. TILL-VISION software (Till Photonics, DE) controlled the camera and shutter. Fura-2 is a ratiometric dye

with an increase (340 nm) and decrease (380 nm) of fluorescence emission when calcium is bound. Accordingly, we used excitation

wavelengths of 340 nm and 380 nm from a PolyChrome V, and an emission filter of 510 nm (Chroma Fura-2 cube filter sets, Till Pho-

tonics, DE). An exposure time of 10ms and an acquisition rate of 0.25–0.5 s were utilized. Images were binned at 23 2. Fluorescence

values were averaged across the ROI, and, following subtraction of auto fluorescence as determined from imaging in a region devoid

of filled cellular processes, were ratioed in a dimensionless value of F = F340/F380. Changes are reported as delta F/F (DF/F), which

reflects subtraction of the average of ten frames taken at the maximum fluorescence change during the drug effect from the average

fluorescence of 10 frames before drug application (baseline fluorescence, F), divided by F. DF/F data are presented in% to reflect the

relative change from F, which is set at zero. Ascending deviations in the kinetics of% DF/F indicate increases in intracellular calcium,

and it was determined that a change equal to, or greater than 5% in this measure would be sufficiently large to distinguish from noise.

POMC neurons immunohistochemistry

POMC cells were phenotypically characterized by post hoc immunohistochemistry. Accordingly, ARC brain slices were placed in 4%

paraformaldehyde for at least 4 h, and then stored in 30% sucrose in PBS (pH 7.4, Gibco, DK) for a minimum of 24 h. Slices were re-

sectioned to a 40 mm thickness on a cryostat (CM 3050S, Leica biosystems, DE). Later, these slices were rinsed 3 times for 5min with

Tris-Buffered Saline (TBS) and incubated in primary antibody (1:1000, CAT# H-029-30, Phoenix Pharmaceuticals, US) diluted in

SUMI (gelatin and Trinton X-100 in TBS). After incubation overnight at 4�C, the slices were washed three times in TBS, and a fluo-

rescent Alexa donkey anti-rabbit 488 secondary antibody incubated in SUMI during 2 h at room temperature (1:500, CAT#

A21206, Thermofisher Scientific, DK). Slices were washed three times in TBS 10 min each; in the last wash TBS was supplemented

with DAPI (1:10.000, CAT# D9542, Sigma-Aldrich, DK), dried at room temperature and mounted on slides. During patch clamp re-

cordings of ARC cells, Alexa 594 was used to label the recorded cell, by passively diffusing from the patch pipette to the recorded

cell where it remained. The recognition of the cell under study as a POMC-positive neuron was carried out by means of the co-visu-

alization of the Alexa 594 signal, and that of the secondary antibody. Fluorescent signals were detected with appropriate Zeiss 59,

fluorescent filter cube sets for the POMCantibody (358–463 nm) and Alexa 594 (472–578 nm), using amicroscope (Axioskop 2, Zeiss,

DE), whichwas fittedwith amonochromeCCDdigital camera (AxiocamMRM, Zeiss, DE). Images were collected using Axiovision 4.6

software (Zeiss, DE). Image analysis was performed using ImageJ software (National Institute of Health, MD). Data analysis: Ampli-

tudes of themembrane inward currents generated by liraglutide, and nicotine weremeasured usingClampfit 10.3 (Molecular devices,

US), and determined by the difference between the values of the current averaged 100 ms before and the maximum value of deflec-

tion of the current 100 ms after drug application. Spontaneous synaptic events (sEPSCs) were detected and analyzed using

MiniAnalysis (Synatosoft, US) and data was binned in 30 s epochs. This epoch was used to evaluate the number of synaptic events,

their amplitudes, and inter-event intervals.

QUANTIFICATION AND STATISTICAL ANALYSES

Statistical analyses were performed using GraphPad Prism 9.0 (GraphPad, US). For comparison of multiple groups, one-way ANOVA

or two-way repeated measures ANOVA were used. When ANOVA revealed a statistically significant interaction, Bonferroni post hoc

multiple comparison analyses were applied. For comparison of two groups, unpaired two-tailed Students t-test were used. All data

were evaluated for Gaussian distribution and equal variance with Shapiro-Hilk, Kolmogorov-Smirnov, and by visual inspection of the

distribution residuals. Data from designated brain regions from the c-Fos 3D brain imaging study were analyzed by one-way ANOVA

with Dunnet’s post hoc multiple comparison test relative to vehicle, using a negative binomial generalized linear model to control for

Gaussian distribution. No statistical methods were applied to predetermine sample size for in vivo pharmacology experiments. Data

represent means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure S1; Related to Figure 1. Liraglutide and nicotine co-administration in DIO, lean and Chrnb4 KO mice. 
(A) Fasting blood glucose levels at day 16 from study in Figure 1A-F (n = 8, biological replicates). Data were analyzed by one-way 
ANOVA with Bonferroni multiple comparison test.  
(B) Fasting plasma insulin levels from study in Figure 1A-F (n = 7-8, biological replicates).  1 mouse in nicotine group had non-
determinable insulin plasma levels. Data were analyzed by one-way ANOVA with Bonferroni multiple comparison test, *p < 0.05.  
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(C) Representative images from H&E staining of inguinal white adipose tissue from study in Figures 1A-F. Scale bar = 100 µm. 
(D) Quantification of area of adipocytes from study in Figure 1A-F (n = 5-8, biological replicates). Data was not collected from 3 
samples in nicotine treatment group and 1 sample in nicotine and liraglutide co-treatment group due to poor tissue quality. Data were 
analyzed by one-way ANOVA with Bonferroni multiple comparison test, *p < 0.05, **p < 0.01. 
(E) Representative images from H&E staining of liver tissue from study in Figures 1A-F. Scale bar 100 µm. 
(F) Quantification of hepatic lipid contents from study in Figure 1A-F (n = 7-8, biological replicates). Data was not collected from 1 
sample in nicotine treatment group and 1 sample nicotine and liraglutide co-treatment group due to poor tissue quality. Data were 
analyzed by one-way ANOVA with Bonferroni multiple comparison test, *p < 0.05, ***p < 0.001. 
(G) Representative images from H&E staining of brown adipose tissue from study in Figures 1A-F. Scale bar 100 µm. 
(H) Quantification of lipid contents in brown adipose tissue from study in Figure 1A-F (n = 7-8, biological replicates). Data was not 
collected from 1 sample in vehicle treatment group and 1 sample nicotine treatment group due to poor tissue quality. Data were analyzed 
by one-way ANOVA with Bonferroni multiple comparison test, *p < 0.05, **p < 0.01, ****p < 0.0001. 
(I) Illustration of study in chow fed lean C57BL/6J male mice treated with once-daily subcutaneous (s.c.) injections of vehicle, 
liraglutide 10 nmol kg-1, nicotine 1 mg kg-1 or co-administration of liraglutide 10 nmol kg-1 and nicotine 1 mg kg-1 for 7 days. Mice 
were subjected to an open field test the day after the final injection. 
(J) Change in body weight (n = 8-10, biological replicates). Data were analyzed by two-way RM ANOVA with Bonferroni multiple 
comparison test. 
(K) Daily food intake (n = 4-5, biological replicates). Data were analyzed by two-way RM ANOVA with Bonferroni multiple 
comparison test. 
(L) Illustration of open-field test conducted on mice in study outlined in panel I. 
(M) Representative traces from each treatment condition in the open field test.  
(N) Distance travelled during 10 minutes of open field test (n = 8-10, biological replicates). Data were analyzed by one-way ANOVA 
with Bonferroni multiple comparison test. 
(O) Illustration of study in high-fat diet (HFD)-induced obese C57BL/6J wildtype or b4-/- knockout male mice treated with once-daily 
s.c. injections of vehicle or co-administration of liraglutide 10 nmol kg-1 and nicotine 1 mg kg-1 for 7 days. 
(P) Change in body weight (n = 7-9, biological replicates). Data were analyzed by two-way RM ANOVA with Bonferroni multiple 
comparison test. 
(Q) Daily food intake (n = 5-6, biological replicates). Data were analyzed by two-way RM ANOVA with Bonferroni multiple 
comparison test. 
All data are reported as mean ± SEM. 
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Figure S2; Related to Figure 2. 3D whole-brain c-Fos assessment. 
(A) Heatmap showing log2fold changes in c-Fos expression in common brain areas involved in appetite regulation for each individual 
mouse in response to vehicle treatment and relative to vehicle. (n = 5, biological replicates). 
(B) Heatmap showing log2fold changes in c-Fos expression in common brain areas involved in appetite regulation for each individual 
mouse in response to nicotine treatment and relative to vehicle. (n = 7, biological replicates). 
(C) Heatmap showing log2fold changes in c-Fos expression in common brain areas involved in appetite regulation for each individual 
mouse in response to liraglutide treatment and relative to vehicle. (n = 6, biological replicates). 
(D) Heatmap showing log2fold changes in c-Fos expression in common brain areas involved in appetite regulation for each individual 
mouse in response to co-adminstration treatment and relative to vehicle. (n = 7, biological replicates). 
(E) Quantification of c-Fos positive cells in area postrema (n = 5-7, biological replicates). Data were analyzed by one-way ANOVA 
with Bonferroni multiple comparison test. 
(F) Quantification of c-Fos positive cells in central amygdalar (n = 5-7, biological replicates). Data were analyzed by one-way ANOVA 
with Bonferroni multiple comparison test, *p < 0.05. 
(G) Quantification of c-Fos positive cells in dorsomedial nucleus of the hypothalamus (n = 5-7, biological replicates). Data were 
analyzed by one-way ANOVA with Bonferroni multiple comparison test, *p < 0.05, **p < 0.01. 
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(H) Quantification of c-Fos positive cells in dorsal motor nucleus of the vagus nerve (n = 5-7, biological replicates). Data were analyzed 
by one-way ANOVA with Bonferroni multiple comparison test, *p < 0.05. 
(I) Quantification of c-Fos positive cells in lateral hypothalamic area (n = 5-7, biological replicates). Data were analyzed by one-way 
ANOVA with Bonferroni multiple comparison test. 
(J) Quantification of c-Fos positive cells in nucleus of the solitary tract (n = 5-7, biological replicates). Data were analyzed by one-way 
ANOVA with Bonferroni multiple comparison test, *p < 0.05, **p < 0.01. 
(K) Quantification of c-Fos positive cells in parabrachial nucleus (n = 5-7, biological replicates). Data were analyzed by one-way 
ANOVA with Bonferroni multiple comparison test, *p < 0.05. 
(L) Quantification of c-Fos positive cells in paraventricular hypothalamic nucleus (n = 5-7, biological replicates). Data were analyzed 
by one-way ANOVA with Bonferroni multiple comparison test. 
All data are reported as individual values or mean ± SEM.  
Brain region abbreviations can be found in methods section ‘unbiased whole-brain c-FOS imaging’.  
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Figure S3; Related to Figure 3. Effects of liraglutide and nicotine co-administration on the ARC. 
(A) Immunohistochemical validation of POMC+ neurons in microdissected ARC brain slices used for the electrophysiology studies in 
Figure 3D-H. 
(B) Representative traces from single-cell fluorescence calcium imaging of microdissected ARC brain slices in response to bath 
application of 100 nM liraglutide (upper), puff application of 10 µM nicotine (middle) or combined bath application of 100 nM 
liraglutide and puff application of 10 µM nicotine (lower).  
(C) Representative pictures of fluorescence calcium imaging.  
(D) Changes in body weight of mice in the RNA-sequencing study of ARC presented in Figure 3K-O (n = 5-6, biological replicates). 
Data were analyzed by two-way RM ANOVA with Bonferroni multiple comparison test. 
(E) Illustration of study in high-fat diet (HFD)-induced obese C57BL/6J male mice receiving a single infusion of the GLP-1R antagonist 
Ex9-39 or sterile water into the ARC 30 minutes before s.c. injection of co-administration of liraglutide 10 nmol kg-1 and nicotine 1 
mg kg-1. Experiments were conducted using a cross-over design such that all mice received both treatments. 
(F) Changes in body weight 24 hours after administration of experimental compounds (n = 8-9, biological replicates). One outlier was 
detected by Grubbs’ test for Co-administration + sterile water infusion. Data were analyzed by a paired two-tailed t test, *p < 0.05. 
(G) Illustration of study in high-fat diet (HFD)-induced obese C57BL/6J male mice receiving a single infusion of the GLP-1R 
antagonist Ex9-39 or sterile water into the ARC. Experiments were conducted using a cross-over design such that all mice received 
both treatments. 
(H) Changes in body weight 24 hours after administration of experimental compounds (n = 9, biological replicates). Data were analyzed 
by a paired two-tailed t test.    
All data are reported as individual values or mean ± SEM.  
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Figure S4; Related to Figure 4. Effects of liraglutide and nicotine co-administration on the VTA. 
(A) Representative traces from single-cell fluorescence calcium imaging 
(B) Representative traces from single-cell fluorescence calcium imaging of microdissected VTA brain slices in response to bath 
application of 100 nM liraglutide (upper), puff application of 10 µM nicotine (middle) or combined bath application of 100 nM 
liraglutide and puff application of 10 µM nicotine (lower). 
(C) Illustration of study in high-fat diet-induced obese C57BL/6J male mice receiving a single infusion of the AMPA receptor 
antagonist NBQX or sterile water into the VTA. Experiments were conducted using a cross-over design such that all mice received 
both treatments. 
(D) Changes in body weight 24 hours after administration of experimental compounds (n = 9, biological replicates). Data were analyzed 
by a paired two-tailed t test. 
(E) Illustration of study in high-fat diet-induced obese C57BL/6J male mice receiving a single infusion of the AMPA receptor 
antagonist NBQX or sterile water into the VTA 30 minutes before s.c. injection of co-administration of liraglutide 10 nmol kg-1 and 
nicotine 1 mg kg-1. Experiments were conducted using a cross-over design such that all mice received both treatments. 
(F) Changes in body weight 24 hours after administration of experimental compounds (n = 9, biological replicates). One mouse was 
excluded due to sickness. Data were analyzed by a paired two-tailed t test, **p < 0.01. 
(G) Illustration of study in high-fat diet-induced obese C57BL/6J male mice receiving a single infusion of the GLP-1 receptor 
antagonist Ex9-39 or sterile water into the VTA. Experiments were conducted using a cross-over design such that all mice received 
both treatments. 
(H) Changes in body weight 24 hours after administration of experimental compounds (n = 9, biological replicates). Data were analyzed 
by a paired two-tailed t test. 
(I) Illustration of study in high-fat diet-induced obese C57BL/6J male mice receiving a single infusion of the GLP-1R antagonist Ex9-
39 or sterile water into the VTA 30 minutes before s.c. injection of co-administration of liraglutide 10 nmol kg-1 and nicotine 1 mg kg-
1. Experiments were conducted using a cross-over design such that all mice received both treatments. 
(J) Changes in body weight 24 hours after administration of experimental compounds (n = 9, biological replicates). Data were analyzed 
by a paired two-tailed t test, *p < 0.05. 
All data are reported as individual values or mean ± SEM.  
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Figure S5: Related to Figure 5. Fiber photometry recordings from the nucleus accumbens. 
(A) Verification of fiber location and dLight1.3b expression enhanced with green-fluorescence protein. 
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