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Abstract

The regulation of feeding behavior and energy homeostasis involves complex interactions
between circadian biology, neurobiology, and metabolic signaling. In these studies, we first
provide key insights into the neurocircuitry underlying food entrainment. We developed the first
single-nucleus RNA sequencing atlas of the dorsomedial hypothalamus (DMH), identifying
DMH"*" neurons to play a critical role in orchestrating food anticipatory activity. Next, we
investigate the mechanisms by which glucagon-like peptide 1 receptor agonists (GLP1RAs)
influence feeding behavior and neuromodulatory networks. By generating novel Glp1rs3W
mouse models expressing humanized GLP1R, we demonstrate that small-molecule and peptide
GLP1RAs induce comparable effects in glucose dynamics, feeding, and behavioral patterns. We
provide evidence that small-molecule GLP1RAs can directly access blood-brain
barrier-impermeable regions such as the central amygdala (CeA), a discovery with significant
implications for the treatment of brain-related disorders. Lastly, we identify CeA®?' neurons as
key modulators of mesolimbic dopamine release in response to highly palatable foods. These
findings provide fundamental insights into the neurobiology of feeding and offer a framework for

optimizing next-generation GLP1RA therapies for metabolic and neurological disorders.
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Preface

A complex interplay of cellular processes, signaling hormones, circuits, and pathways regulates
hunger, energy balance, and metabolism. Homeostatic, hedonic, and circadian systems work
both independently and together to shape feeding behavior and metabolic patterns. In obesity,
many of these regulatory mechanisms become dysregulated, yet the precise ways they fail and
how to restore them remain active areas of investigation. In this dissertation, | first examine how
the dorsomedial hypothalamus contributes to circadian-mediated food entrainment utilizing
single nuclei RNA-sequencing (Chapter 2). Next, | investigate the effects of next-generation oral
GLP1R agonists on feeding and behavioral patterns, neural activity, and reward responses
(Chapter 3). Finally, | explore how the circadian timing of GLP1R agonist administration
influences consummatory behavior and weight loss outcomes (Addendum 1). These findings
reveal key neural and hormonal mechanisms underlying feeding behavior, obesity, and GLP1R
action, contributing to ongoing research aimed at developing more effective, time-sensitive

interventions for metabolic health.



Chapter 1: Introduction

C1.1 Homeostatic, hedonic, and circadian control of feeding and metabolism
Homeostatic Driven Feeding

Energy homeostasis, a fundamental drive essential for survival, is a process largely conserved
across all life forms—from bacteria to humans (7, 2). While feeding is tightly regulated and
critical for maintaining this balance, modern Western lifestyles have disrupted these homeostatic
mechanisms, contributing to a significant burden of obesity and related metabolic disorders (3).
From an evolutionary perspective, conserving caloric excess as fat was advantageous during
the hunter-gatherer era, when food was scarce and the timing of the next meal was
unpredictable. However, in today's developed world where calorie-dense and ultra-processed
foods are readily available at all hours, this once-beneficial adaptation has become a liability (4,
5). Our metabolic processes are ill-equipped to handle the constant access to high-calorie
foods, driving the current obesity epidemic. According to the Centers for Disease Control and
Prevention, nearly 50% of adult Americans are now classified as overweight or obese,

underscoring the urgent need to address this growing public health challenge (6) .

The regulation of energy homeostasis involves a complex interplay between central and
peripheral modulators (7), which work in unison to relay energy related information to the brain.
In the periphery, gastric, intestinal, pancreatic, and adipose-derived metabolites respond
dynamically to energy states, meals, and varying food compositions (8). In low-energy states,
the stomach secretes ghrelin, a hormone that acts on the hypothalamus to stimulate hunger (9),
along with motilin, which triggers the stomach "growls" associated with hunger (70). After a
meal, the intestines release a variety of hormones, including glucagon-like peptide-1 (GLP-1),
glucose-dependent insulinotropic polypeptide (GIP), oxyntomodulin (OXM), cholecystokinin

(CCK), peptide YY (PYY), and serotonin (5-HT). GLP-1, GIP, and OXM, collectively known as
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incretin hormones, play key roles in promoting satiety, slowing gastric emptying, and stimulating
glucose-dependent insulin secretion by the pancreas (7171, 12). Interestingly, both GLP-1 and
OXM are derived from the cleavage of proglucagon (73). These hormones are the foundation
for many current treatments for type Il diabetes and obesity (74, 15). CCK and PYY also
contribute to feelings of fullness by slowing gastric emptying and interacting with receptors in
the brain to suppress appetite (16). Serotonin (5-HT), released after feeding by enterochromaffin
cells lining the intestines, regulates nutrient absorption, storage, blood glucose levels, and
intestinal motility (77). Together, these peripheral signals ensure precise communication with the

brain to maintain energy balance.

Beyond the gastrointestinal tract, the pancreas and adipose tissue play crucial roles in
generating hormonal and metabolic signals to convey energy states. The pancreas, which is
highly sensitive to fluctuations in blood sugar levels, produces key hormones to regulate energy
balance. Beta cells secrete insulin to lower blood sugar, while alpha cells release glucagon to
raise it (78). Additionally, pancreatic polypeptide, produced by PP cells, controls the release of
insulin and glucagon to modulate feeding behavior (79). White adipose tissue (WAT) also
contributes significantly to energy regulation by releasing leptin and adiponectin. After feeding,
leptin acts as a long-term satiety signal by targeting hunger-related regions in the brain to
suppress appetite (20-23). Meanwhile, adiponectin enhances metabolism by improving insulin
sensitivity and promoting energy expenditure (24—26). These hormonal interactions establish a
dynamic, inter-organ communication network between the periphery and the brain, effectively

creating an internal "energy meter" to maintain homeostasis.

Central regulators of energy homeostasis are extensive, with the brain integrating both central
and peripheral signals to determine the body’s energy needs (27). Key brain regions involved in

homeostatic feeding regulation include the hypothalamus and the hindbrain (28, 29). These
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areas not only process signals from peripheral hormones, but also produce their own

neuropeptides and neurotransmitters to influence feeding behaviors.

In the arcuate nucleus of the hypothalamus, agouti-related peptide (AgRP) and neuropeptide Y
(NPY) neurons act as potent stimulators of hunger (30-32). In contrast, pro-opiomelanocortin
(POMC) neurons activate the melanocortin system to strongly inhibit feeding and promote
satiety (33). The hindbrain also contributes to this regulation by producing hormones such as
GLP-1, CCK, and NPY, which relay energy state-dependent information to other brain regions to
influence food-seeking motivation and satiety (34-38). Serotonin (5-HT), a hormone also
produced peripherally, plays a critical role in central homeostatic feeding regulation (39). Within
the brain, 5-HT is released from the dorsal raphe nucleus (DRN) following food consumption
(40, 41). It reduces appetite and increases thermogenesis by signaling to orexigenic
(hunger-promoting) and anorectic (satiety-promoting) populations in the hypothalamus (42).
Conversely, low levels of DRN-derived serotonin are characteristic of hunger states, further
emphasizing its dual role in balancing energy homeostasis. This tightly coordinated network

ensures the brain integrates both internal and external cues, maintaining energy balance.

Reward Driven Feeding

While homeostatic feeding is driven by the physiological need to maintain energy balance,
hedonic feeding is motivated by the reward value of food, independent of energy state (43). The
highly palatable, carbohydrate- and fat-rich foods prevalent in Western societies today activate
the mesolimbic dopamine system in a manner similar to addictive substances like cocaine or
methamphetamine (44-47). Hedonic feeding primarily operates through dopamine-producing
neurons in the ventral tegmental area (VTA), which project to the nucleus accumbens (NAc),

enabling the processing and reinforcement of pleasurable stimuli (48). The amygdala and
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prefrontal cortex also contribute to the mesolimbic dopamine system, driving executive and

motivational functions that reinforce the consumption of highly palatable foods.

The lateral hypothalamus, the site of hypocretin (orexin)-producing neurons, plays a dual role in
regulating both appetite and reward-driven behaviors (49). While orexin neurons respond to
homeostatic cues like ghrelin to amplify hunger, they also enhance motivation for highly
palatable foods (50-52). These neurons project to the VTA, increasing dopamine release in
response to food rewards and amplifying their hedonic value. Notably, orexins are also

implicated in drug-seeking behavior, linking them to the mesolimbic reward circuit (63-55).

The endocannabinoid system also plays a key role in hedonic feeding, primarily through
activation of cannabinoid receptor 1 (CB1) (56-58) . CB1 activation stimulates appetite,
enhances the hedonic appeal of palatable foods, and drives the well-known phenomenon of the
“‘munchies” (59—61). Beyond feeding, the endocannabinoid system can relieve pain, inducing
pleasure through the alleviation of discomfort, further reinforcing reward-driven behaviors (62).
This interplay of neural circuits highlights the complex mechanisms underlying hedonic feeding

and its strong overlap with reward and addiction pathways.

Circadian Driven Feeding

Circadian rhythms are highly conserved ~24-hour autonomous oscillations that persist without
environmental input, but can entrain (synchronize) to external cues (63). These rhythms induce
timed molecular, physiological, and behavioral patterns in organisms throughout dark and light
cycles (64). Anticipation of external cues can optimize daily cycles including metabolic
processes (65). Conserved cellular mechanisms, coined the transcription-translation feedback
loop (TTFL), produce daily oscillations in nearly all tissue types (66). The core TTFL initiates

when the transcription factors Circadian Locomotor Qutput Cycles Kaput (CLOCK) and Brain
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and Muscle ARNT-Like protein (BMAL1) bind and form a heterodimer, inducing the transcription
of E-box enhancer-containing genes (67, 68). Transcription of circadian clock genes Period (Per
1-3) and Cryptochrome (Cry 1-2) results in CLOCK:BMAL1 repression and degradation (69).
Kinases then phosphorylate PER and CRY, leading to their ubiquitination and subsequent
targeted degradation to restart the rhythmic signaling cascade. This molecular clock cycles with

a period of about 24 hours and persists autonomously in most cells (70).

Circadian rhythms are strongly regulated by light-mediated processes to synchronize whole
body oscillations. The suprachiasmatic nucleus (SCN) in the hypothalamus is the principal
pacemaker and functions as the light entrainable oscillator, to optimize daily physiological and
metabolic outputs (77). While light is a strong entrainment signal, food cues are also capable of
entraining peripheral body clocks independent of light input to the SCN (72). The food
entrainable oscillator (FEO) mediates physiological, behavioral, and environmental synchrony,
optimizing metabolic processes in anticipation of a meal (73-75). Though the presence of the
food entrainable oscillator has been known for over a century, its precise anatomical location

and molecular architecture is unknown (76).

The debate over the principal regulator of food entrainment has highlighted various central and
peripheral regions that may contribute to this circadian-regulated process. Among the key
peripheral tissues involved are the liver, gastrointestinal tract, pancreas, and adipose tissue, all
of which relay energy state cues to the body and brain (77-79) . The liver clock, as measured
by Per2 expression (80, 81), adjusts to meal timing when food intake is restricted to a specific
window. Research suggests that hepatokines and ketone bodies secreted by the liver play a
crucial role in food anticipation and entrainment (82, 83). Adipose and gastrointestinal hormones
are also tightly linked to feeding, hunger, and metabolic regulation. These metabolic cues help

coordinate physiological processes that prepare the body for feeding and digestion (84). For
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example, when mealtimes are consistent over time, GLP-1 is secreted approximately one hour
before a meal, triggering a cephalic phase insulin spike about 30 minutes before feeding (85,
86). This illustrates how peripheral hormone secretion primes multiple organ systems,

optimizing metabolic efficiency while maintaining a memory of regular mealtimes (87, 88).

Evidence suggests that several central brain regions may contribute to the food-entrainable
oscillation, including the dorsomedial hypothalamus (DMH), arcuate hypothalamus (Arc),
nucleus of the solitary tract (NTS), parabrachial nucleus (PBN), and prefrontal cortex (PFC),
among others (89, 90). Studies have shown that specific neuronal populations within the DMH,
particularly those expressing leptin receptors (Lepr) and prodynorphin (Pdyn) (97, 92), play a
critical role in FEO expression (93, 94), However, some researchers argue that the DMH is not
essential for FEO function (95-97). Neuron activation studies in time-restricted fed mice have
found sustained activation in regions such as the Arc, DMH, PBN, and NTS, even after the
feeding schedule ended (89). This persistent activity suggests that these regions may encode
memory-like or clock-like properties. The PFC is implicated in planning and decision-making
(98), including behaviors associated with food anticipation, such as running before a scheduled
meal or conserving energy (99). It also integrates signals from other brain regions, including
dopamine pathways, to regulate adaptive behaviors (700). Although the precise location of the
FEO remains unclear, current research suggests that it functions as a distributed network across
multiple brain regions and tissue types (707), rather than being a single, centralized light

entrainable oscillator like the SCN.

C1.2 Central and Peripheral Dysregulation in Obesity
Both brain-derived and peripheral metabolic signals are tightly regulated by a network of checks
and balances that maintain energy homeostasis. However, excess adipose tissue can disrupt

these systems, leading to overweight and obesity (702). The development of obesity results
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from a complex interplay of genetic predisposition, environmental factors, physical activity
levels, and socioeconomic conditions (703). Chronic low-grade inflammation is a hallmark of
obesity, contributing to widespread dysregulation across multiple organ systems. This
inflammatory state is linked to an increased risk of metabolic disorders such as type Il diabetes
and metabolic dysfunction-associated steatohepatitis (MASH), certain cancers, and

neurodegenerative diseases like Alzheimer’s (704—108).

Repetitive hedonic feeding behaviors, driven by the pursuit of highly palatable, calorie-dense
foods rich in fats and carbohydrates, can lead to a chronic caloric surplus. The dopamine
system reinforces these rewarding behaviors, and the mesolimbic dopamine pathway can
override homeostatic signals that regulate energy balance (709, 170). Similarly, shift workers
who consume most of their calories during the night, when they should be inactive, face a
significantly higher risk of developing obesity and related metabolic disorders (117-113). These
examples illustrate how disruptions in hedonic and circadian systems can impair energy

homeostasis, leading to feedback system failures that contribute to the persistence of obesity.

Beyond inflammation, obesity is marked by chronic hyperglycemia, hyperinsulinemia, and
hyperleptinemia (7174—117). Leptin and insulin are key signals for satiety and meal termination
and remain persistently elevated in obesity, indicating that their production is intact but their
target cells fail to respond appropriately. This resistance impairs glucose uptake, leading to
sustained high blood sugar levels. Insulin and leptin resistance are active areas of research, as
scientists seek to understand how cells lose sensitivity to these crucial signaling hormones in
disease states (7718). Additionally, obesity is associated with elevated triglycerides and
low-density lipoprotein (LDL), commonly referred to as “bad cholesterol” (7119, 120). These
metabolic disturbances significantly increase the risk of cardiac, renal, and hepatic diseases,

ultimately raising the likelihood of heart, kidney, and liver failure.
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Centrally, leptin receptors in the hypothalamus and hindbrain become resistant in obesity, as do
receptors for other peripheral hormones like insulin(7271, 122). Additionally, overactivation of the
hypothalamic-pituitary-adrenal (HPA) axis elevates cortisol levels (123), contributing to high
blood pressure and further metabolic dysregulation (724). Serotonin signaling within
homeostatic circuits is also affected, with reduced activity potentially contributing to obesity.
Studies show that suppressing central serotonin signaling can lead to hyperphagia and weight
gain (39). Meanwhile, the mesolimbic dopamine system can become dysregulated, diminishing
sensitivity to normal rewards and driving overconsumption of highly palatable foods to achieve
pleasure (7125). Limbic structures, such as the amygdala, may also become dysregulated,
reinforcing emotional or binge-like eating behaviors (726). The hippocampus, which plays a key
role in storing feeding-related memories, can be impaired in its ability to recall meal frequency
and portion sizes, further disrupting energy balance (727). While this list is not exhaustive, the
full extent of how these dysregulated circuits interact as a network to promote overconsumption

and obesity remains an active area of research.

It is clear there is no one target, from the cellular to organ level that directly causes obesity, but
a cascade of signals and circuit changes over time that contributes to the disease. Due to this,
the pursuit to uncover efficacious and safe obesity treatments has been a century-long

challenge, one which we are only now starting to find some successful interventions.

C1.3 History of Obesity Treatments

Therapies for Polygenic Obesity

Polygenic obesity is the most common form of the disease, arising from a complex interplay of
genetic, environmental, socioeconomic, dietary, and activity-related factors (728). Because no

single gene or target is responsible, the search for effective weight-loss treatments has been
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ongoing for over a century. While diet and exercise remain the primary lifestyle
recommendations for weight management, numerous factors such as metabolic adaptation,
psychological health, and genetic predisposition can make sustained weight loss challenging
and in many cases, beyond an individual’s control (129). Traditional dieting often leads to cycles
of weight loss and regain, known as “yo-yo dieting,” which can leave individuals feeling

frustrated and discouraged about the effectiveness of lifestyle interventions (730).

Reports dating back to the early 1900s indicate that thyroid extracts were used to enhance
energy expenditure and promote fat loss (131, 132). However, their severe cardiovascular side
effects ultimately limited widespread use. Another early weight loss treatment discovered by
Maurice Tainter at Stanford in the 1930s (733) was 2,4-Dinitrophenol (DNP). DNP is an
uncoupler of oxidative phosphorylation and works to increase metabolic rate, leading to more fat
burn (734). Interestingly, DNP was used in World War | as an important agent in manufacturing
explosives, and even general overexposure to soldiers was reported to cause deaths (735). By
1938, DNP was declared unfit for human consumption by the Federal Food, Drug and Cosmetic

Act following serious adverse side effects such as overheating, fever, and death (736).

By the 1940s, sympathomimetics such as amphetamines emerged as popular candidates for
the treatment of obesity. In 1947, the Food and Drug Administration approved
methamphetamine for weight loss purposes (732). Methamphetamine causes sharp increases
in neurotransmitters such as dopamine, epinephrine, and serotonin (737). This drug also
increases metabolic rate to burn fat while engaging hypothalamic circuits to inhibit feeding
centers (7138—-140). However, due to its now well-documented addictive potential and profound
neurotoxic effects, methamphetamine is no longer considered a viable obesity treatment (7417,
142). This led researchers to develop amphetamine congeners, structural variants designed to

reduce addiction risk while maintaining weight-loss efficacy. These included phenmetrazine,
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phendimetrazine, phentermine, and diethylpropion. While their likelihood of addiction and
efficacy in weight loss are still not completely understood, these drugs were mainly approved for

a short term use (143, 132, 144).

After recognizing the limitations of thyroid extracts and amphetamines as standalone
weight-loss treatments, Clark & Clark introduced a combination drug therapy in 1941 called
Clarkotabs, more famously known as "rainbow pills" (132). These pills were marketed as a
personalized approach to weight loss, containing a mix of amphetamine sulfate, thyroid
stimulants, phenobarbital, aloin, atropine sulfate, laxatives, diuretics, digitalis, and sedatives.
The goal of this cocktail was to enhance weight loss and energy expenditure while mitigating
side effects with additives like anti-anxiety benzodiazepines. Rainbow pills were heavily
marketed to women, despite concerns over their safety. By 1968, the operation was largely shut

down after being linked to 60 deaths (745).

Following the failures of methamphetamine and rainbow pills, amphetamines fell out of favor as
weight-loss treatments. However, in 1973, serotonergic agents emerged as a new approach to
obesity management (7146, 147). Over the next three decades, several drugs—including
fenfluramine, phentermine-fenfluramine (phen-fen), dexfenfluramine, and sibutramine—were
approved for obesity treatment (748-157). These agents worked by stimulating serotonin
production and inhibiting serotonin and norepinephrine reuptake, mechanisms that engaged the
melanocortin system to reduce food intake and promote weight loss (752, 153). Beyond weight
reduction, these drugs also improved key metabolic markers such as blood pressure, glycemia,
and cholesterol levels, making them a seemingly promising non-addictive alternative for obesity
treatment. However, by the late 1990s, all serotonergic weight-loss agents were pulled from the
market after being linked to heart valve disease and pulmonary hypertension, ultimately halting

their use in obesity management (754).
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Nearly two decades after the withdrawal of earlier serotonergic weight-loss drugs, lorcaserin
was approved as a new serotonin agonist for obesity treatment (755). Like its predecessors,
lorcaserin was believed to work by activating satiety neurons in the hypothalamus and
hindbrain, reducing food intake without significantly affecting energy expenditure (756). Beyond
appetite suppression, lorcaserin also modulated dopamine responses, sparking interest in its
potential as a treatment for substance abuse and binge eating disorders (157). It showed
promise, particularly when combined with other type Il diabetes and weight-reducing
medications. Despite its initial success, lorcaserin was discontinued in 2020 after studies linked
it to increased cancer risk and negative mental health outcomes, ultimately ending its use in

obesity management (7158).

After a century of failed monoamine-based therapies for obesity, new strategies targeting
different mechanisms emerged. One approach was phentermine-topiramate, which combines a
norepinephrine stimulant (phentermine) with an anticonvulsant (topiramate) to enhance satiety
and promote weight loss (759). Orlistat, another breakthrough, works by inhibiting
gastrointestinal lipase activity, reducing fat absorption in the gut and limiting overall fat retention
(760). Rimonabant, an inverse agonist of the type | cannabinoid receptor (CB1R), was
introduced as a weight-loss drug that also improved metabolic and cardiovascular health (7161,
162). However, it was quickly withdrawn from the market due to reports of serious psychiatric
side effects, including depression and suicidal thoughts (763). Another combination therapy,
naltrexone-bupropion, pairs an opioid receptor antagonist (naltrexone) with a dopamine
reuptake inhibitor (bupropion) (764, 165). This treatment suppresses cravings and appetite by
modulating reward pathways and hypothalamic circuits, offering a different approach to obesity

management (7166).
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Amid the rise and fall of numerous weight-loss drugs, a major breakthrough emerged in 1986
when researchers Habener, Mojsov, and others identified a cleavage product of glucagon known
as glucagon-like peptide-1 (GLP-1) (167—-169). Found in the gut, GLP-1 was soon recognized
for its potent glycemic control and appetite-suppressing (anorectic) effects. Around the same
time, John Eng was studying Gila monster venom and discovered a strikingly similar GLP-1
analog, later named exendin-4 (170, 171). Unlike human GLP-1, which has a half-life of just ~1
minute, exendin-4 remained active for ~2 hours, making it a promising therapeutic candidate
(772). This discovery led to the development of exenatide, the first GLP-1 receptor agonist
(GLP-1RA), which was approved in 2005 to treat type Il diabetes (7173). A common side effect of
exenatide was weight loss, laying the foundation for the modern era of GLP-1RAs (774), which
are now among the most studied and widely used treatments for obesity and metabolic

disorders.

Building on the success of synthetic GLP-1 analogs with improved half-lives, Novo Nordisk
introduced liraglutide, a once-daily GLP-1 receptor agonist, in 2010 for type Il diabetes (7175),
with approval for obesity following in 2014 (176, 177). Structurally, liraglutide closely resembled
endogenous GLP-1, with a single amino acid substitution and a 16-chain fatty acid attachment
to extend its half-life (778). Liraglutide paved the way for semaglutide, a once-weekly injection
with an even longer half-life, approved for type Il diabetes in 2017 and obesity in 2021 (179,
180). Novo Nordisk, alongside Eli Lilly, now dominate the obesity treatment market. Eli Lilly’s
tirzepatide, a dual GLP-1 and glucose-dependent insulinotropic polypeptide (GIP) agonist,
received FDA approval for obesity in 2023 (787-7183). Both semaglutide (Wegovy) and
tirzepatide (Zepbound) have revolutionized obesity treatment, achieving ~20% body weight

reduction (7184), offering new hope for those struggling with obesity and metabolic disorders.

18


https://sciwheel.com/work/citation?ids=16970111,17460188,9362807&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
https://sciwheel.com/work/citation?ids=9329520,2517382&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=17460198&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=16786889&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=12497676&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=1626591&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=8979374,1185608&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=10695048&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=2302076,10456238&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=2302076,10456238&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=15863367,13158092,15783451&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
https://sciwheel.com/work/citation?ids=16638060&pre=&suf=&sa=0

For the first time in over 50 years, obesity rates in the United States have begun to decline, a
trend directly linked to the widespread adoption of glucagon-like peptide-1 receptor agonists
(GLP1RAs) (185). Over the past five years, the use of GLP-1RAs has surged by 700% (786),
with approximately 12% of the U.S. population having used these medications (787). This
number is expected to continue rising as researchers develop new formulations, alternative
delivery methods, and next-generation drugs that provide even greater efficacy with fewer side

effects (788).

Therapies for Monogenic Obesity

Although monogenic obesity accounts for less than 5% of obesity cases, treatment strategies
vary significantly depending on the specific genetic mutations (789, 7190). Monogenic obesity,
which results from a single genetic mutation or deficiency, typically manifests as severe obesity
from a young age accompanied by voracious hunger. For example, a leptin gene deficiency can
be treated with metreleptin (7197), a replacement therapy approved in 2014. In contrast,
mutations in the leptin receptor gene lead to a similar obesity phenotype but currently lack any

available treatments (7192).

Mutations in the proopiomelanocortin (POMC) or melanocortin-4 receptor (MC4R) genes, which
disrupt hypothalamic hunger circuits, also cause early-onset obesity (793—-795). However, these
mutations can be treated with setmelanotide, a MC4R agonist approved in 2020 (796). While
progress has been made in treating certain forms of monogenic obesity, other genetic
deficiencies, such as those involving the TUB, SIM1, BDNF, and PCSK1 genes, as well as
syndromes like Prader-Willi, Alstrdbm, and Bardet-Biedl, still lack targeted therapeutic
interventions (797-199). Much work remains to be done in the genetic realm to develop

effective treatments for these rare, monogenic obesity disorders.
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Alternate Interventions for Obesity

By the 1980s, obesity rates began to reach epidemic levels, as reported (200). As global body
weights increased, treatment options remained limited or were frequently withdrawn after a few
years due to safety or efficacy concerns. This period also coincided with the introduction of high
fructose corn syrup, ultra-processed foods, and the rise of fast food chains, contributing to
dietary shifts (5, 207-204). Traditional treatments, such as diet and exercise, often failed due to

issues with adherence and the lack of personalized plans for lifestyle changes.

Faced with few options, doctors and researchers began to explore surgical interventions. The
first significant weight loss observation came in 1966, when a patient who underwent a
gastrectomy for cancer showed marked weight loss, coining the term bariatric surgery (205,
206). By 1994, laparoscopic gastric bypass surgery became safer and more feasible, expanding
access to obesity treatment. Today, there are several types of bariatric surgery, including
Roux-en-Y gastric bypass, sleeve gastrectomy, lap band, intragastric balloon, and
biliopancreatic diversion with duodenal switch (207, 208). These procedures vary slightly but all
work by either shrinking or bypassing the stomach and/or the small intestine. These surgical
options are highly effective, with patients typically losing over 50% of their body weight in the
first year, and many are able to maintain long-term weight loss when combined with lifestyle

interventions (205).

Surgical interventions for obesity can be life-changing and highly successful for some patients.
However, there are significant barriers to accessing these treatments as Body Mass Index (BMI)
of at least 40 is often required before surgery is even considered. The cost of bariatric surgery
often exceeds $15,000, and insurance coverage is not always guaranteed making it
inaccessible for many individuals (209). Additionally, long-term success can be compromised if

stomach pouches stretch over time, potentially increasing food intake and contributing to weight
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regain. Other complications include surgical risks, the development of ulcers, nutrient
malabsorption, and dumping syndrome, which causes extreme gastrointestinal discomfort after
consuming highly palatable foods (270, 211). While surgery can be a powerful tool for weight

loss, these barriers and risks should be carefully considered before opting for this treatment.

Seeking minimally invasive alternatives in the 1980s, doctors tested jaw wiring for severely
obese patients (272). This procedure involved tying the jaw shut, making chewing and eating
extremely difficult. While there are few studies, they boast that this treatment was as effective as
bariatric surgery in reducing body weight, but “ineffective if applied to patients with poor
motivation and immature personalities” (273, 274). However, once the wires were removed,
many patients regained the weight they had lost. Due to its logistical challenges and likely

ethical concerns, jaw wiring was never widely accepted as a mainstream obesity treatment.

Beyond invasive options, lifestyle interventions are critical in addressing and curbing the obesity
epidemic. For decades, maintaining a healthy diet and engaging in regular exercise have been
the cornerstone to weight management. These approaches can be effective, but the science
behind what constitutes a healthy diet for each individual, as well as the optimal amount and
type of exercise, are still not fully understood. Dieting can be particularly discouraging because
many people experience weight regain after initial loss, a phenomenon often referred to as the
setpoint theory (215). This theory suggests that the body has a preferred weight range, and
when individuals lose weight, metabolic rate decreases, and hunger levels rise, prompting the
body to return to its prior weight. This complex feedback loop can make long-term weight loss

challenging, even with consistent effort.

In addition to lifestyle changes, cognitive behavioral therapy (CBT) can be an effective option for

addressing underlying emotional factors contributing to obesity, such as binge eating or
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depression-associated obesity (276). CBT can help individuals develop healthier relationships
with food and manage emotional eating patterns. Health and nutrition programs like Weight
Watchers and Noom also provide structure to food choices and body weight management,
offering a framework for sustainable weight loss (277). Trends such as intermittent fasting, the
ketogenic diet, vegetarian and vegan diets, the carnivore diet, the Mediterranean diet, and the
gluten-free diet have gained mainstream attention (278, 219). While these diets are often touted
for their benefits, they often lack strong scientific backing to support their long-term
effectiveness. Although balanced nutrition and regular exercise are vital components of a
healthy mental and physical lifestyle, many people find that these interventions alone are
insufficient for sustained weight loss. As a result, the demand for effective, personalized

treatments continues to grow.
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C2.1 Abstract

Salient cues, such as the rising sun or the availability of food, play a crucial role in entraining
biological clocks, allowing for effective behavioral adaptation and ultimately, survival. While the
light-dependent entrainment of the central circadian pacemaker (suprachiasmatic nucleus,
SCN) is relatively well characterized, the molecular and neural mechanisms underlying
entrainment associated with food availability remain elusive. Using single nucleus RNA
sequencing during scheduled feeding (SF), we identified a leptin receptor (LepR) expressing
neuron population in the dorsomedial hypothalamus (DMH) that upregulates circadian
entrainment genes and exhibits rhythmic calcium activity prior to an anticipated meal. We found
that disrupting DMH*R neuron activity had a profound impact on both molecular and behavioral
food entrainment. Specifically, silencing DMH"*R neurons, exogenous leptin administration, or
chemogenetic stimulation of these neurons all interfered with the development of food
entrainment. In a state of energy abundance, repetitive activation of DMH"**R neurons led to the
partitioning of a secondary bout of circadian locomotor activity that was in phase with the
stimulation and dependent on an intact SCN. Lastly, we discovered that a subpopulation of
DMH"*R neurons project to the SCN with the capacity to influence the phase of the circadian
clock. This direct DMH"**R-SCN connection is well situated as a point of integration between the

metabolic and circadian systems, facilitating the anticipation of meal times.

C2.2 Main

When we eat is as important for our health as what and how much we eat. Studies in both mice
and humans have shown that eating during the rest phase (daytime for mice or nighttime for
humans) is associated with increased risk of weight gain, glucose intolerance, hepatic steatosis,
and cardiovascular disease (220-223). Efforts to mitigate these deleterious effects in mice by

restricting when they eat have provided significant promise to improve metabolic health and
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even extend lifespan. The potential benefits of time-restricted eating to human cardiometabolic
health is the focus of many ongoing clinical studies (224-228). However, we have a limited
mechanistic understanding of how meal timing influences our physiology and biological rhythms
(229). Therefore, we sought to better understand the anatomical and molecular underpinnings
of the interaction between feeding time and the circadian clock using a model of scheduled

feeding (SF) that rapidly induces biological entrainment in rodents (230-232).

The suprachiasmatic nucleus (SCN) in the hypothalamus is the primary pacemaker that
receives ambient light information from the retina, synchronizes circadian machinery throughout
the body, and coordinates behavioral outputs (70, 233). Interestingly and less well understood,
in the absence of a functional SCN (231, 232), the circadian system retains the ability to entrain
to the timing of non-photic environmental cues, such as food (230). Numerous efforts have
failed to identify any necessary genetic, molecular, or anatomic substrates of food entrainment
(76, 234). Emerging evidence suggests that the food entrainment system encompasses multiple
food entrainable oscillators distributed across the central nervous system and peripheral organs,
in which partial malfunction is compensated by other parts of the network (Fig. 1A) (72, 74, 82,

229, 234, 235).

Here we used a time and calorie restricted feeding paradigm to rapidly induce food entrainment
in mice (236), with a focus on the SCN and the dorsomedial hypothalamus (DMH) which are
involved in the regulation of feeding, locomotor activity, sleep-wake cycles, and hormone
rhythms (237—-240). By using single nucleus RNA sequencing, we sought to identify neuronal
populations in the SCN and DMH that show changes in circadian transcriptional programs. We
did not observe appreciable transcriptional changes of genes associated with circadian
rhythmicity or circadian entrainment pathways in the SCN during scheduled feeding (SF).

However, we identified several neuronal populations in the DMH that altered their expression of
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circadian entrainment genes in response to timed feeding, including the leptin-receptor (LepR)
expressing neurons. Next, we demonstrated that chronic silencing or over-activation of the
DMH"*R neurons, as well as leptin administration, impairs development of food entrainment.
Finally, we uncovered a direct neuronal projection from DMH""R neurons to the SCN and
showed that DMH""R neuron stimulation is sufficient to phase shift the SCN circadian clock
while altering the structure of circadian locomotor activity. These results define a mechanism

that integrates mealtime information with the circadian clock via leptin signaling in the DMH.

C2.2.1 Scheduled feeding alters circadian entrainment gene expression in the
DMH but not the SCN

In mammals, the SCN in the hypothalamus is the seat of the primary circadian clock which
receives ambient light signals and synchronizes the biological clocks distributed throughout the
body (233). Although it is not required for the expression of food anticipatory behavior (FAA)
(232, 241, 242), the SCN has recently been shown to modify the robustness of food entrainment
(measured by one of the behavioral outputs of food entrainment, FAA) (243) (Fig. 1A). We
tested the entrainment of central and peripheral circadian systems using a scheduled feeding
(SF) paradigm where we restricted both time and calories of the food delivered. In contrast to
only time-restricted feeding regimens, which shift peripheral but not central circadian clocks
(77), this SF paradigm induces a phase advance in the bioluminescent reported circadian
rhythmicity of both the SCN and the liver from PER2::Luciferase (PER2LUC) transgenic mice
(Fig. 1B) (87). Our observation is in line with previously demonstrated SCN rhythm phase shifts
in time- and calorie-restricted animals (244, 245). To further elucidate the transcriptional
programs of hypothalamic regions in food entrainment, we harvested fresh brain tissues at 5
hours after lights on (Zeitgeber time or ZT 5) from mice that were subjected to three feeding

conditions: ad libitum, overnight fasted, or fed at ZT 6 for ten days (SF; Fig. 1C-D). We isolated
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SCN, as well as DMH, a hypothalamic region previously implicated in circadian and feeding
regulation (Fig. 1E) (237, 246). After brain region- and feeding condition-specific tissue
collection and nuclei isolation, we performed single-nucleus RNA sequencing (snRNAseq),
yielding raw datasets of 59,708 and 65,837 cells from SCN- and DMH-containing tissues,

respectively.

Using previously defined SCN markers (e.g., Avp, Vip, Vipr2, Prok2, Per2) (247, 248), we
identified 8,957 cells as SCN neurons and clustered them by transcriptomic similarity into 8
candidate subtypes (Fig. 1F-l, Supplemental Fig. 1A-D). In the final SCN dataset, the mean
number of genes and unique transcripts (unique molecular identifiers, UMIs) detected per cell in
all SCN samples was 1,783 and 3,294, respectively (Supplemental Fig. 1C). We then compared
SCN neuron gene expression across feeding conditions: SF versus ad libitum, SF versus
fasting, and fasting versus ad libitum conditions. Using the Kyoto Encyclopedia of Genes and
Genomes (KEGG) Mouse 2019 database, we performed gene enrichment analysis and
identified the top five up- and down-regulated pathways in the SCN (Fig. 1J). Neither circadian
entrainment nor circadian rhythm pathways were significantly altered in the SCN under SF
relative to the other feeding conditions. Despite the primacy of the SCN in photically regulated
pacemaking and the shift observed in Per2 rhythmicity (Fig. 1B), these snRNAseq data show
that transcriptional alteration of the circadian system is limited in the SCN in response to food
based pacemaking, in line with previous work showing its expendability for food entrainment

(231, 232, 241).
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Figure 1. SCN snRNAseq reveals minimal alteration of circadian genes during SF A. (Qijun
Tang) Diagram illustrating that food timing as a potent zeitgeber entraining an oscillatory
network system in the brain and peripheral organs, relaying rhythmic behavior outputs. B.
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(Elizabeth Godschall, Qijun Tang) The ZT phase of the first bioluminescence peak of SCN
and liver from PER2::Luciferase mice that are either provided with scheduled food access for 4
days at ZT6 or ad libitum fed controls (untreated or given ZT6 saline injections). Phases of
sample points are shown relative to the normalized mean phase of control SCN. Two-way
ANOVA with Bonferroni post hoc comparison; n = 10-11 / group; Fieament (1, 38) = 19.05,
p<0.001. C. (Qijun Tang) Schematic of experimental design. Mice were housed on a 12-12
light-dark cycle and either fed ad libitum, overnight fasted, or provided a scheduled meal for 10
days at ZT6. Blue shading denotes food access. All mice were sacrificed for tissue collection at
ZT5. D. (Elizabeth Godschall, Qijun Tang) Normalized locomotor activity starting 29 hours
before tissue collection. n=4 mice / condition. Data are represented as mean * SEM. E.
(Elizabeth Godschall, Qijun Tang, Ruei-Jen Abraham-Fan, John Campbell) Schematic of
single nuclei RNA sequencing (snRNAseq) workflow using 10X Genomics. F. (Elizabeth
Godschall) Representative images illustrating the area of dissection in the SCN for snRNAseq.
G. (Elizabeth Godschall) Uniform Manifold Approximation and Projection (UMAP) plot of 8
molecularly distinct SCN neuron subtypes (n=8,957 neurons) H. (Elizabeth Godschall)
Heatmap of cluster-average marker gene expression, scaled by gene. |. (Elizabeth Godschall)
Dot plot of average expression level (dot color) and percent expression (dot size) for each SCN
neuron cluster. Genes shown are previously defined as SCN markers (247, 248) and validated
based on Allen Brain Atlas Mouse Brain in situ hybridization data (249). J. (Elizabeth
Godschall) Gene enrichment analysis comparing top 5 pathways up- and down-regulated
among feeding conditions in all SCN neurons, using Kyoto Encyclopedia of Genes and
Genomes (KEGG) Mouse 2019 database. Inclusion criteria required p-value <0.05 and log2 fold
change >0.25.

We next turned our attention to the DMH, a neighboring hypothalamic region which has been
strongly implicated in circadian behaviors and physiological processes (237—-240). However, the
extent of DMH involvement in food entrainment is controversial with substantial reproducibility
concerns (75, 92-94, 234, 235, 240, 250-258), potentially due to the heterogeneity of DMH
neurons. Therefore, we used snRNAseq to compare the gene expression profiles of 16,281
DMH neurons from mice under ad libitum, fasted, or scheduled feeding conditions. We first
identified DMH neurons from our snRNA-seq dataset based on their enriched expression of
known DMH markers including Gpr50, Grp, Rorb, Sulf1, Pcsk5, Lepr, Pdyn, and Ppp1r17 (254,
259, 260). We then clustered these putative DMH neurons into 14 candidate subtypes according

to transcriptomic similarity and annotated them based on top marker genes (Fig. 2A-D,
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Supplemental Fig. 1E-H). The mean number of genes and UMIs per cell detected in all DMH

samples was 2,425 and 5,235, respectively (Supplemental Fig. 1G).

Our dataset contained clusters corresponding to previously identified DMH neuron populations,
those expressing Lepr, Pdyn, or Ppp1r17(92, 253, 254, 260), along with cluster-specific
expression of 2_Tcf712 (261) or 12_Nfix that together previously were named Lhx6+ neurons
(262). In sharp contrast to the SCN, DMH gene enrichment analysis revealed upregulation of
the circadian entrainment genes (e.g. Kcnj6, Ryr2, Nos1, etc.), which are involved in
transmitting salient extracellular signaling cues to the core molecular clock (263—265)

(https://www.keqgg.jp/entry/map04713; Supplemental Fig. 11, 2). This upregulation was seen not

only in SF vs ad libitum, but also SF vs fasted conditions, demonstrating that the effect on
expression of circadian entrainment genes was not simply due to energy deficit, but adaptation
to food timing (Fig. 2E). These results imply that the genes capable of influencing the DMH

circadian clock are altered by scheduled feeding.
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Figure 2. SF alters circadian entrainment genes in specific DMH neuron subtypes. A.
(Elizabeth Godschall) Representative images illustrating the DMH area dissected for
snRNAseq. B. (Elizabeth Godschall) UMAP of 14 defined DMH neuron subtypes (n=16,281
neurons). C. (Elizabeth Godschall) Average gene expression heatmap labeled by
cluster-specific markers in the DMH. D. (Elizabeth Godschall) Dot plot of average expression
level (dot color) and percent expression (dot size) of genes of interest within DMH clusters.
These genes were either previously identified in DMH (254, 259, 260, 266) or validated as DMH
markers by the Allen Brain Atlas Mouse Brain in situ hybridization data (249). E. (Elizabeth
Godschall) Gene enrichment analysis comparing top 5 pathways up- and down-regulated
across feeding conditions in all DMH neurons, using KEGG Mouse 2019 database. Inclusion
criteria required p-value <0.05 and log2 fold change >0.25. F. (Elizabeth Godschall) DMH
clusters with differentially regulated circadian entrainment pathways in at least one scheduled
feeding comparison. G. (Elizabeth Godschall) Feature plots indicating spatial expression of
Lepr (left), Glra2 (middle), Pdyn (right), in DMH clusters. H. (Elizabeth Godschall, Qijun Tang)
Representative coronal section image localizing expression of LepR, Pdyn, and Glra2 in the
DMH. LepR cells were marked by LepR-Cre;TdTomato protein, whereas Pdyn and Glra2
transcripts were visualized by RNA FISH. See also supplemental Fig. 4F for zoomed-out view of
the same brain section. I. (Elizabeth Godschall, Qijun Tang) Representative RNA FISH
coronal section image showing Lepr and Pdyn transcripts in the DMH. Quantification of Lepr
and Pdyn co-expressing cells is depicted at the bottom. n=3 mice. J. (Elizabeth Godschall)
Heatmap of select genes that were differentially expressed across feeding conditions in DMH""R
neurons.

C2.2.2 SF alters circadian entrainment gene expression in DMH"**R neurons

The DMH is a heterogeneous hypothalamic nucleus with multiple functions containing
numerous genetically distinct cell populations, two of which (expressing either Pdyn or Ppp1r17)
have been previously investigated in food entrainment behavior (92, 253, 254). Thus, we sought
to understand which DMH neuronal subpopulations exhibit the most significant change in
circadian entrainment gene expression during SF. Of the 14 neuron clusters we identified in the
DMH, six showed differential gene expression in circadian entrainment pathway during energy
deficit, and three of these had differential gene expression in both SF vs. ad libitum and SF vs.
fasted conditions: cluster 9, Pdyn [prodynorphin] neurons; cluster 13, Lepr [leptin receptor]
neurons; and cluster 11, Glra2 [glycine receptor subunit alpha-2] neurons (Fig. 2F-H,

Supplemental Fig. 3, 4).
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Of these candidate DMH neuron subtypes, those expressing Pdyn and Lepr have putative
connections with both circadian and feeding regulation (238, 253), and exhibit strikingly different
anatomic distributions within the DMH, while Glra2 does not (Fig. 2H, Supplemental Fig.
4D-F)(249). For these reasons we chose to further investigate the Pdyn+ and Lepr+ neuron
subtypes in our dataset. Lepr+ and Pdyn+ neurons partially overlap in the DMH (260). However,
using RNA fluorescence in situ hybridization (RNA FISH), we found that this overlap is minimal:
only ~7.67% of Lepr+ neurons are Pdyn+, while ~7.77% of Pdyn+ neurons are Lepr+ (Fig. 2I).
Additionally, we observed that the Lepr expression is predominant in the dorsal and ventral
DMH, whereas Pdyn expression is confined to the compact central DMH (Fig. 2I). The DMHP®"
neurons have been shown to entrain to scheduled feeding(253) and dampen the robustness of
FAA when silenced (92). However, the contribution of DMH"*R neurons to food entrainment is
unknown despite their important role in feeding and energy homeostasis (238, 260, 267, 268).
Therefore, we chose to focus our attention on DMH"R neurons. Detailed analysis of the DMH
cluster 13 Lepr neurons in our dataset revealed that SF alters transcription of circadian
entrainment pathway genes (Supplemental Fig. 11, 4C), as well as activity dependent genes,
neuropeptides, receptors, and canonical circadian clock genes. Together, these transcriptional
responses to scheduled feeding point to a significant role for DMHR neurons in food

entrainment (92, 253) (Fig. 2J, Supplemental Fig. 4C).

C2.3 Discussion

The circadian system synchronizes to salient non-photic cues, such as timed availability of food,
receptive mates, or exercise (230, 269, 270). In this work, we demonstrate that leptin, in
combination with one of its central nervous system targets, the DMH"*R neurons, forms an
essential node that links food intake with the development of circadian food entrainment. In the

process, we also identified an intriguing property of the circadian system whereby locomotor
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activity is partitioned into at least two components in response to overactivation of the DMH"R
neurons. By functional direct innervation to the SCN, DMH""R neurons have the potential to
serve as an information conversion point for non-photic entrainment. The methodological
paradigms presented here offer a new platform to test the involvement of other molecular
signals and anatomic regions in the development and maintenance of food entrainment, and the

relative function of inputs to the circadian system.

Impact of SF on canonical clock genes in the SCN and DMH

In our snRNAseq analysis of SCN and DMH, we did not observe a significant difference in the
KEGG annotated circadian rhythm pathway (canonical circadian genes, e.g. Bmal1, Clock;
https://www.kegq.jp/entry/map04710), except for Per3 expression in the DMH (Supplemental
Fig. 11, 4C). However, we did observe a significant phase advance of PER2 bioluminescence in
the SCN during SF (Fig. 1B). Therefore, we cannot rule out an alteration in the expression of
other core circadian genes, since they are expressed at different phases, which might require
snRNAseq analysis at multiple time points across the day to reveal a change. In contrast, we
did identify genes in the circadian entrainment pathway to be altered in the DMH (Fig. 2,

Supplemental Fig. 11, 4C).

It has been increasingly acknowledged that when we eat, in addition to what and how much,
plays a critical role in maintaining metabolic homeostasis and health (223-225, 227, 271-273).
This bidirectional relationship between food and the circadian clock likely mediates dysfunction
of both the circadian system and metabolic homeostasis in response to improperly timed
feeding, e.g. nighttime snacking. Further understanding of the circuits that govern these
food-circadian interactions will provide new avenues to improve metabolic health (228,

274-276).
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C2.7 Materials and Methods

Single Nucleus RNA Sequencing (Figs 1-3, Supplemental Figs 1-4)

Mouse Lines

All experiments were carried out in compliance with the Association for Assessment of
Laboratory Animal Care policies and approved by the University of Virginia Animal Care and
Use Committee. Animals were housed on a 12-h light/dark cycle with food (PicoLab Rodent Diet
5053) and water ad libitum unless otherwise indicated. For generation of the 10X single nucleus
RNA-seq data (Figs 1-3, Supplemental Figs 1-4), we used both male and female LepR-cre mice
(B6.129-Leprm3ceMami/j - The Jackson Laboratory #032457, RRID:IMSR_JAX:032457) (277)
crossed to Ai14 tdTomato reporter line (B6.Cg-Gt(ROSA)26Sor™m #CAGtdTomato)Hze]j - Strain

#007914, RRID:IMSR_JAX:007914) (278).

Scheduled Feeding in Comprehensive Lab Animal Monitoring System (CLAMS)
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Indirect calorimetry in the CLAMS system (Columbus Instruments) was used to evaluate
metabolic parameters and ambulatory locomotor activity during ad libitum, overnight fasted, or
time and calorie restricted scheduled feeding (SF). All mice were on a 12:12 light-dark cycle with
ad libitum access to food and water unless otherwise indicated. Lepr-cre; tdTomato mice were
singly housed and acclimated to the CLAMS for 3 days prior to experiment start. The night
before SF began, the SF cohort was fasted and cages were changed and thereafter were given
2-3 grams of food, which is ~60% of the normal daily food intake (PicoLab Rodent Diet 5053) at
zeitgeber time (ZT) 6 for 10 days. The overnight fasted cohort had ad libitum food access until
the night before sacrifice, when food was removed and cages were changed. We repeated this

experiment a total of 3 times with 2 mice per condition each time (n = 6 mice / condition total).

Brain Extraction and Microdissection

All mice were sacrificed at ZT 5. Brains were immediately extracted and dropped into ice cold
Hanks’ Balanced Salt Solution (HBSS). After 2 minutes, brains were embedded in low melting
point agarose (Precisionary Instruments, Natick, MA) and sectioned at 400 uym on a
Compresstome VF-200 Vibrating Microtome (Precisionary Instruments, Natick, MA, USA) into
DNAse/RNAse free 1x PBS. Hypothalamic sections of interest were immediately collected into
RNAprotect (Qiagen, Hilden, Germany) and kept in RNAprotect at 4°C overnight. The next day
Lepr-Cre; TdTomato positive cells were visualized using a fluorescent stereoscope (Leica,
Wetzlar, Germany). tdTomato fluorescence was used to approximate DMH and SCN boundaries
during microdissection of these regions. DMH and SCN microdissected tissue samples were
placed into Eppendorf tubes separated by brain region and feeding condition, and stored in

-80°C until nuclei isolation.

Isolation of Single Nucleus for RNA sequencing

37



DMH and SCN microdissected tissue samples were transferred from a -80°C freezer and into
individual 2mL glass dounce homogenizer tubes (Kimble, Vineland, NJ, USA) to be
homogenized according to a protocol modified from the method described previously (279).
Tissue was homogenized in 1mL of buffer (16mM sucrose, 5mM CaCl, 3mM Mg(Ac),, 10mM
Tris pH 7.8, 0.1mM EDTA, 1% NP40, 1mM beta-mercaptoethanol in H,O) on ice, with 25 passes
of pestle A and 25 passes of pestle B. An additional 4mL of buffer was added to the nuclei
suspension and placed on ice for 5 minutes. Then 5 mL of 50% OptiPrep Density Gradient
Medium [Sigma Aldrich, MO, USA] (30mM CacCl, 18mM Mg(Ac),, 60mM Tris pH 7.8, 0.1 mM
PMSF, 6mM beta-mercaptoethanol in H,O; in 60% (w/v) solution of iodixanol in sterile water)
was added to nuclei on ice and inverted 10 times to mix. The nuclei suspension was layered
onto 10 mL of 29% OptiPrep solution (Buffer + 50% OptiPrep) in a 38.5 mL Ultra-Clear tube
(Beckman-Coulter, CA, USA) before being centrifuged at 7,333g for 30 minutes at 4°C.
Supernatant was discarded and the nuclei pellet was resuspended in 1x PBS + 1% BSA
(Sigma-Aldrich, MO, USA) + 2 mM Mg? + 0.1% RNase inhibitor (Sigma-Aldrich, MO, USA) for
15 minutes on ice. The nuclei suspension was pipetted through a 20 um mesh filter along with 2
drops of propidium iodide (Pl) Ready Flow reagent (Thermo Fisher, MA, USA) and immediately
taken on ice to be FACS sorted using an SH800 (Sony, Tokyo, Japan) cell sorter. Sorting was
gated to select for Pl+ single nucleus. Nuclei were sorted through a 70 ym nozzle into a 2mL
LoBind collection tube (VWR, PA, USA) containing 18.8uL of RT Reagent B from the Chromium
Next GEM Single Cell 3' Reagent Kit v3.1. The remaining components of the 10X Step 1
mastermix were then gently mixed with the contents of the FACS collection tube and loaded into

the 10X Genomics Chromium Controller Chip G.

Single-Nucleus RNA-Seq Workflow
The single-nucleus samples were processed into sequencing libraries using the Chromium Next

GEM Single Cell 3° Reagent Kit v3.1 according to the manufacturer’s protocol (version 3.1,
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revision D). After generation of the GEMs (Gel Bead-In EMulsions) and reverse transcription of
poly-adenylated mRNA, cDNA was amplified (10-14 cycles), enzymatically fragmented, and
ligated to lllumina adapters. Sequencing libraries were indexed, size selected for 400-600 bp
using SPRIselect (Beckman Coulter, Indianapolis, IN, USA), and quantified by Qubit (v4.0, 1X
high-sensitivity dsDNA kit, Thermo Scientific) and Bioanalyzer (Agilent, Santa Clara, CA, USA).
Size-corrected library concentrations were used to pool libraries for equimolar representation.
The pooled concentration was measured by KAPA Library Quant qPCR according to the
manufacturer's instructions (KAPA Biosciences, Wilmington, MA) and by Qubit. Library pools
were sequenced using a P100 cycle kit on the NextSeq 2000 (lllumina, CA, USA) in the
University of Virginia School of Medicine Genome Analysis and Technology Core,
RRID:SCR_018883. The sequencing structure was as follows: Read 1 was 28 bp (16 bp
barcode, 12 bp UMI), Read 2 was 98 bp (cDNA) and Index 1 was 8 bp (single index). Overall,
we had 7 DMH and 5 SCN sequencing library pools. 10X Batch 1 & 2 contained mixed pools of
all feeding conditions, but 10X Batch 3 contained a unique feeding condition per library pool

(Supplemental Fig. 1A, E).

Single-Nucleus RNA-Seq Data Processing

Raw digital expression matrix files for each sequencing run were transferred to a
high-performance cluster (HPC) server where they were demultiplexed based on sample index.
We generated fastq files with bcl2fastq2 version 2.20.0, then used Cell Ranger version 5.0.0 to
align transcripts to the Cell Ranger supplied mouse genome, mm10 2020-A (GENCODE
vM23/Ensembl 98), quantify expression levels, and partition them according to their cell-specific
barcode. We ran the Cell Ranger count program with the "--include-introns” argument to include

intronic reads in the gene expression quantitation.

Single-Nucleus RNA-Seq Analysis
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Cell Ranger h5 files were read into Seurat v4 (280) in R (version 4.1.0) and RStudio (version
1.4.1717) and merged by brain region (DMH, SCN) for clustering analysis. We filtered the initial
datasets to remove low quality samples (i.e., cells with less than 100 genes detected or greater
than 0.5% mitochondrial reads). We then log-normalized the data; selected 2,000 most variable
genes (“feature selection”), and scaled gene expression. We performed Principal Component
Analysis (PCA) to linearly reduce the dimensionality of the highly variable gene set. We defined
distance metrics based on K-nearest neighbor analysis, grouped cells with Louvian algorithm
modality optimization, and visualized cell embeddings in low-dimensional space with Uniform
Manifold Approximation and Projection (UMAP) nonlinear dimensionality reduction. To focus our
analysis on neurons, we subsetted neuronal clusters based on their enriched expression of
neuronal marker genes (Syt1, Syn1, Tubb3). To correct for batch effects, we integrated across
sample batches using Seurat’s function for reciprocal principal component analysis (RPCA).
Next, we subsetted region-specific clusters based on expression of positive and negative
marker genes for each target brain region (SCN, DMH), as described in the next section. We
reclustered the identified DMH and SCN neurons using the following parameters: DMH, 2,000
most variable genes, first 15 PCs, resolution setting of 0.8; SCN, 2,000 most variable genes,
first 13 PCs, resolution setting of 0.5 Finally, we assessed cluster markers with the Wilcoxon
Rank Sum test using Seurat default settings. Cluster markers were selected based on top
p-values (adjusted to correct for multiple comparisons), high percent expression within the
cluster and low percent expression outside of the cluster, and validated based on Allen Brain

Atlas mouse in situ hybridization data and previous literature.

Identification of DMH and SCN neurons
DMH neuron types were selected based on previously reported markers (259), as well as known
highly expressed genes in the DMH including Lepr, Pdyn, Ppp1r17, Cck and Grp (254, 266,

277). Markers were validated via the Allen Brain Atlas mouse in situ hybridization data.
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Additionally, clusters enriched with genes expressed in surrounding hypothalamic regions but
not DMH were excluded from further analysis, including the following: PVH (Sim1) (281), VMH
(Slit3, Qrfpr, Arpp21, Nr5al, Fezf1) (282), Arc (Prlr, Nrba2) (32), LH (Pvalb, KIk6, Nts) (283,
284) , or the tuberomammillary nucleus (Hdc) (285) ?%9. Cluster markers were prioritized based
on multiple-comparison adjusted p-values, high percent expression within the cluster and low
percent expression outside of the cluster. We defined SCN neuron populations based on
previous literature by plotting expression of cluster specific markers and circadian genes from

published datasets by our clusters (247, 248, 287).

Functional Analysis of Differentially Expression Genes

To find differential gene expression between feeding condition groups (ad libitum, fasted, SF),
we used Seurat’s ‘FindMarkers’ function to run Wilcoxon Rank Sum statistical tests. False
Discovery Rate (FDR) was calculated using the ‘p.adjust’ function. We set cutoffs of log2FC >
0.25 and FDR < 0.05 to quantify the total number of differentially expressed genes per feeding
condition comparison. To visualize STRING functional protein interaction networks, we used
Cytoscape open-source software (version 3.9.1). We input lists of differentially expressed genes
in the cluster 13_Lepr between both SF and fasted and SF and ad libitum using the same
criteria as previously described above. We ran KEGG functional enrichment analysis on the
mouse genome to label genes involved in upregulated pathways during SF. We measured
differentially expressed pathways among the three feeding conditions using the ‘enrichR’
package. To visualize genes and pathways differing significantly between feeding conditions, we
used the ‘DEenrichR’ function which applies the Wilcoxon Rank Sum test to identify differentially
expressed (DE) genes (log2(fold change) > 0.25, multiple-comparison adjusted p < 0.05).
Significantly DE genes are then scored based on odds ratios to fall into pathways categories
defined by the Kyoto Encyclopedia of Genes and Genomes (KEGG) 2019 Mouse database.

With the ‘ggplot2’ package, we then graphed upregulated and downregulated pathways in each
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comparison on a superimposed bar graph, colored by condition specific comparison, and

ranked by maximum -log10(pvalue).

RNA Fluorescence In Situ Hybridization

RNA fluorescence in situ hybridization (RNA FISH) was performed on fixed brain slices with a
probe to detect LepR and Pdyn RNA (RNAscope Multiplex Fluorescent Reagent Kit v2 Assay,
ACD). All procedures were carried out according to the manufacturer's instructions. Briefly,
sections were pretreated with RNAscope hydrogen peroxide to block the activity of endogenous
peroxidases. After a wash in distilled water, sections were permeabilized with RNAscope
protease |V for 30 min at 40°C. Sections were hybridized with the Lepr (ACD, cat# 402731),
Pdyn (ACD, cat# 318771) and Glra2 (ACD, cat#510301) probe at 40°C for 2 h, followed by
amplification incubation steps: Amp 1, 30 min at 40°C; Amp 2, 30 min at 40°C; Amp 3, 15 min at
40°C. HRP signals were developed with RNAscope Multiplex FL v2 HRP and TSA Plus
fluorophores (HRP-C1 and 1:750 TSA Plus Cy3 for Lepr, Cy2 or Cy5 for Pdyn, Cy5 for Glra2).
Sections were washed with the provided washing buffer 2 x 2 min in between each step.
Sections were then coverslipped with DAPI Fluoromount-G (Southern Biotech). Confocal

microscope imaging was performed on a Zeiss LSM 800 microscope (Carl Zeiss).

Automated quantification for RNA FISH images

RNA FISH labeled cells were counted using CellProfiler image analysis software, with an
analysis pipeline modified from previously published work (288). In brief, DAPI staining of nuclei
was used to identify cells, and then cells with more than three stained speckles, or >60% of cell

area covered by staining, were considered as positive for the marker.

42


https://sciwheel.com/work/citation?ids=4936339&pre=&suf=&sa=0

C2.8 Supplemental Figures
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Supplemental figure 1- SCN and DMH single nuclei RNA-seq quality metrics and marker
expression. A. (Elizabeth Godschall) UMAP of SCN neurons, colored by sequencing library
identity, after batch correction. B. (Elizabeth Godschall) Phylogenetic tree indicating the
relatedness of 8 SCN neuronal clusters. C. (Elizabeth Godschall) Expression level distribution
of number of genes per cluster (left) and number of UMIs (unique molecular identifiers,
representing unique gene ftranscripts; right) in SCN clusters. D. (Elizabeth Godschall)
Correlation matrix of average expression of all genes between SCN neuronal clusters. Values
within the boxes are Pearson correlation coefficients. E. (Elizabeth Godschall) UMAP of DMH
neurons, colored by sequencing library identity, after batch correction. F. (Elizabeth Godschall)
Phylogenetic tree indicating the relatedness of 14 DMH neuronal clusters. G. (Elizabeth
Godschall) Expression level distribution of the number of genes per cluster (left) and number of
UMIs (right) among DMH clusters. H. (Elizabeth Godschall) Correlation matrix of average
expression of all genes within DMH neuronal clusters. Values within the boxes are Pearson
correlation coefficients. I. (Elizabeth Godschall) KEGG circadian entrainment pathway map.
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The genes upregulated (Supplemental Fig. 4C) in DMH"**R neurons during SF are labeled as
pink on the map.

A Circadian entrainment genes in SCN B Circadian entrainment genes in DMH
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Supplemental figure 2- Relative expression level of KEGG circadian entrainment pathway
across feeding conditions in SCN and DMH. A. (Elizabeth Godschall) Heatmap of all the
genes in the KEGG circadian entrainment pathway across feeding conditions in SCN. B.
(Elizabeth Godschall) Heatmap of all the genes in the KEGG circadian entrainment pathway
across feeding conditions in DMH.
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Supplemental figure 3- Cluster specific alteration of pathways in the DMH. A. (Elizabeth
Godschall) Gene enrichment analysis comparing pathways upregulated among SF vs ad
libitum and SF vs fasted feeding conditions in each DMH neuronal cluster and upregulated
pathways in all DMH neurons, using KEGG Mouse 2019 database. Bars are colored by clusters.
Inclusion criteria required p-value <0.05 and log2 fold change >0.25.
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Supplemental figure 4- Network analysis of differentially expressed genes in the DMH
between fasted and ad libitum conditions compared to scheduled feeding. A. (Elizabeth
Godschall) Heatmap indicating expression level of genes up and downregulated among
feeding conditions in the 9 Pdyn cluster. B. (Elizabeth Godschall) Heatmap indicating
expression level of genes up and downregulated among feeding conditions in the 11_Glra2
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cluster. C. STRING known and predicted protein interactions using Cytoscape platform to
visualize molecular networks. Input genes were derived from cluster 13_Lepr differential testing
using the Wilcoxon Rank Sum Test to compare SF to ad libitum and SF to fasting. Inclusion
criteria required False Discovery Rate <0.05 and log2 fold change >0.25. The color of circles
indicates the level of average log2 fold change between SF and fasting or ad libitum conditions.
Functional enrichment of genes involved in circadian entrainment defined by KEGG 2019
database are circled in green. D-E (Qijun Tang) . /In situ hybridization (ISH) of the RNA for (D)
LepR, and (E) GIra2 on the brain sections that contain DMH (outlined by red boxes). The
images are from Allen Mouse Brain Atlas (https://mouse.brain-map.org/search/index). F.
(Elizabeth Godschall, Qijun Tang) Representative coronal section image showing the
localization of LepR, Pdyn and Glra2 cells in the DMH. LepR cells were marked by LepR-Cre;
TdTomato protein, Pdyn and Glra2 cells were marked by RNA FISH. The area indicated by the
yellow box was re-imaged and presented as a zoomed-in representative image in Fig. 2H.
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C3.1 Abstract

Glucagon-like peptide-1 receptor agonists (GLP1RAs) effectively reduce body weight and
improve metabolic outcomes, yet established peptide-based therapies require injections and
complex manufacturing. Small-molecule GLP1RAs promise oral bioavailability and scalable
manufacturing, but their selective binding to human versus rodent receptors has limited
mechanistic studies. The neural circuits through which these emerging therapeutics modulate
feeding behavior remain undefined, particularly in comparison to established peptide-based
GLP1RAs. Here, we developed humanized GLP1R mouse models to investigate how
small-molecule GLP1RAs influence feeding behavior. Integrating genetic manipulations, calcium
imaging, and behavior profiling, we discovered that these compounds regulate both homeostatic
and hedonic feeding through parallel neural circuits. Beyond engaging canonical hypothalamic
and hindbrain networks that control metabolic homeostasis, GLP1RAs recruit a discrete
population of Glp1r-expressing neurons in the central amygdala, which selectively suppress the
consumption of palatable foods by reducing dopamine release in the nucleus accumbens.
Stimulating these central amygdalar neurons curtail hedonic feeding, whereas targeted deletion
of the receptor in this cell population specifically diminishes the anorectic efficacy of GLP1RAs
for reward-driven intake. These findings reveal a dedicated neural circuit through which small
molecule GLP1RAs modulate reward processing, suggesting broad therapeutic potential in

conditions of dysregulated dopamine signaling including substance use disorder or binge eating.

C3.2 Main

The global obesity epidemic has catalyzed an urgent search for effective pharmacological
interventions, with glucagon-like peptide-1 receptor agonists (GLP1RAs) emerging as leading
candidates. These compounds, notably liraglutide (Saxenda, Victoza) and semaglutide

(Wegovy, Ozempic), promote weight loss by enhancing insulin secretion, suppressing glucagon
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release, and inducing satiety (Fig. 1a,b)(7177, 180, 289-291, 292, 293—-303). Recent studies
have highlighted crucial roles for hypothalamic and hindbrain regions in GLP1RA-mediated
feeding suppression(304-311). However, peptide-based GLP1RAs require injection, cold
storage, and complex manufacturing processes, with widespread global supply chain issues
restricting patient access(372-375). Next-generation small-molecule GLP1RAs like danuglipron
(PF06882961) and orforglipron (LY3502970) offer transformative advantages through oral
bioavailability and scalable manufacturing (Fig. 1a)(376, 317-322). Yet a critical challenge in
developing these compounds has been their species-specific binding properties—many
small-molecule GLP1RAs that effectively activate human GLP1R show minimal activity at rodent
receptors, severely limiting preclinical investigation of their mechanisms of action(321, 323, 324,
325). Notably, orforglipron has advanced into over ten registered Phase 3 clinical
trials(317-319, 326). The imminent clinical deployment of these small-molecules demands
urgent investigation of their neural mechanisms, particularly given emerging evidence of

GLP1RASs’ effects on mood, motivation, and reward processing(327-331).

To overcome the species specificity of small-molecule GLP1RAs and enable preclinical
investigation of their neural mechanisms, we engineered humanized GLP1R mouse models,
providing an essential platform for in vivo studies that would otherwise be unattainable. Through
integrated behavioral, neuroanatomical, and functional analyses, we uncovered a previously
unknown multi-synaptic hindbrain-amygdala-midbrain circuit that specifically modulates
rewarding food consumption through striatal dopaminergic signaling. This discovery advances
our understanding of how GIp1R signaling influences not only feeding behavior but also
fundamental reward processes, including addiction, mood disorders, and motivation(293-303,
332), highlighting both the therapeutic potential and the need for caution as these treatments

see broader use.
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C3.2.1 Generation and Validation of Humanized Glp1rS3Y¥ Mice for Investigating

Small-Molecule GLP1RAs

While peptide GLP1RAs, like liraglutide, reduce food consumption in C57BL6J mice, many
small-molecule GLP1RAs do not effectively activate rodent Glp1r (Fig. 1b) due to a single
amino acid difference from tryptophan to serine at position 33 (Fig. 1¢)(323), (324, 325). Using
CRISPR-Cas9-mediated genome editing, we inserted the S33W mutation into the mouse Gip1r
locus, effectively humanizing it (Fig. 1d,e). Homozygous humanized Glp1r S33W mice
(Glp1rs*¥Y) and wild type (WT) littermates did not exhibit differences in respiratory exchange
ratio (RER) (Extended Data Fig. 1a-d), energy expenditure (EE) (Extended Data Fig. 1e-h) or
body weight (Extended Data Fig. 1i-j), demonstrating that Glp1rS3*" mice maintain normal
metabolic functions and energy homeostasis comparable to WT littermates. To evaluate the in
vivo functionality of the S33W mutation, we performed glucose tolerance tests (GTT) and found
that liraglutide improved glucose tolerance in both Glp1r5*" mice and WT mice (Fig. 1f),
whereas danuglipron and orforglipron were effective only in Glp1r33*W mice (Fig. 1g,h). These
results demonstrate that Glp1rs*" mice retain responsiveness to peptide-based GLP1RAs while
gaining sensitivity to human-specific small molecule GLP1RAs, establishing a valuable in vivo

model system for investigating this next-generation class of drugs.

C3.2.2 Small-Molecule GLP1RAs Mirror Liraglutide Effects in Suppressing
Feeding in Glp1r3*W Mice

GLP1RAs induce significant weight loss through multiple mechanisms beyond their effects on
insulin secretion and glucose control(177, 180, 182, 318). To systematically characterize their
impact on distinct feeding modalities, we employed parallel behavioral paradigms examining
both homeostatic and hedonic feeding patterns. Homeostatic feeding was quantified through

standard diet (SD) consumption during the active-phase (zeitgeber time (ZT)12-16), while
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hedonic feeding was assessed via high-fat diet (HFD) intake during the inactive-phase (ZT2-6)
when baseline SD consumption is minimal(273, 109, 333). In Glp1r5**" mice, administration of
liraglutide, danuglipron, and orforglipron significantly attenuated both active-phase SD (Fig.
1j,I,n) and inactive-phase HFD (Fig. 1p,r,t) consumption compared to vehicle controls. As
predicted by the species specific receptor activation profile, WT mice exhibited reduced SD (Fig.
1i,k,m) and HFD (Fig. 10,q,s) intake exclusively following liraglutide administration. Notably,
both liraglutide and orforglipron demonstrated sustained 24-hour inhibition of food intake
(Extended Data Fig. 2a-c), consistent with their extended pharmacokinetic profiles relative to
danuglipron  (Fig. 1a). To validate the clinical relevance of these orally bioavailable
small-molecule GLP1RAs, we confirmed that oral danuglipron significantly reduced blood
glucose levels (Fig. 1u) and acute HFD intake comparable to intraperitoneal injection effects
(Fig. 1v, w). Similarly, oral orforglipron inhibited acute HFD intake (Fig. 1x,y) and its chronic
daily administration in overweight Glp1rs**" mice significantly reduced body weight compared to

saline controls (Fig. 1z), establishing its efficacy in weight management(318) .
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Figure 1: Generation and validation of a novel mouse model responsive to small
molecule GLP1R agonists: a, (Elizabeth Godschall) Structure, naming convention, molecular
formula, molecular weight (MW), half-life in humans, and species binding specificity of
glucagon-like peptide-1 (GLP-1), liraglutide, danuglipron, and orforglipron. Amino acid
sequences of liraglutide shown with its substitution and additions to GLP-1 highlighted in green
and purple, respectively. b, (Elizabeth Godschall) Standard diet (SD) consumption over 2
hours post-administration of saline (Sal), liraglutide (Lira), vehicle (Veh), or danuglipron (Dan) (n
= 11 per injection, one-way ANOVA with Bonferroni correction, ***P<0.001). ¢, (Elizabeth
Godschall) Schematic of the serine (TCA or S) to tryptophan (TGG or W) CRISPR-mediated
substitution in Glp1rs*WV (bottom) or in mouse Glp1r (top). d,e, (Elizabeth Godschall, Austin
Keeler, Tony Spano, Aleyna Buyukaksakal) Sanger sequencing chromatograms of (d) WT
mouse Glp1r and (e) Glp1rs*V sequence, confirming the Glp1r S33W substitution in mice. f-h,
(Elizabeth Godschall) Glucose tolerance test (GTT) on GLP1RAs. Comparison of blood
glucose levels on (f) liraglutide (Lira), (g) danuglipron (Dan), (h) orforglipron (Orfo) followed by
dextrose (Dex) in WT and Glp1r53*" mice (n = 5-9 per injection, two-way ANOVA with Bonferroni
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correction, **P<0.01; ***P<0.001). i-n, (Elizabeth Godschall) SD intake 1, 2, and 4 hours
post-treatment of (i, j) Lira (n = 9-11), (k, I) Dan (n = 15-16), and (m, n) Orfo (n = 8-9) and
vehicle controls in WT and Glp1r°*V mice. o-t, (Elizabeth Godschall) High fat diet (HFD) intake
1, 2, and 4 hours post-treatment of (o, p) Lira (n = 8-10), (q, r) Dan (n = 14-16), and (s, t) Orfo
(n = 8-9) and their vehicle controls in WT and Glp1rs*W¥ mice (two-way ANOVA with Bonferroni
correction, *P<0.05; **P<0.01; ***P<0.001). u, (Elizabeth Godschall) GTT measuring blood
glucose levels following oral administration of danuglipron (oDan) and dextrose in Glp1r5**" and
WT mice (n = 6 per genotype, two-way ANOVA with Bonferroni correction, **P<0.01;
***P<0.001). v-y, (Elizabeth Godschall) HFD intake 1, 2, and 4 hours after oral gavage of (v)
danuglipron or vehicle and (x) orforglipron or saline (n = 8-9, two-way ANOVA with Bonferroni
correction, **P<0.01; ***P<0.001). Comparison of the 4th hour between intraperitoneal (IP) and
oral routes of administration with (w) danuglipron or (y) orforglipron (two-way ANOVA with
Bonferroni correction, **P<0.01; ***P<0.001). z, (Elizabeth Godschall) 7-day weight changes of
mice on chronic HFD treated with orforglipron or saline daily at ZT6 (n = 7 per injection, paired
t-test, ***P<0.001). Data are represented as means + SEM. *P<0.05; **P<0.01; ***P<0.001. See
Supplementary Table 1 for statistical details for all figures and Extended Data figures.

C3.2.3 GLP1RAs Exhibit Distinct Neural Activation Patterns in Feeding Circuits

Because small-molecule GLP1RAs may have greater brain penetration than large
peptide-based GLP1RAs—potentially leading to distinct neural activation patterns—we aimed to
identify the brain regions involved in their inhibition of food consumption. First, we focused on
nuclei previously reported to express Glp1r and activated by peptide-based GLP1RAs (Fig.
2a-d), specifically the dorsomedial hypothalamus (DMH), nucleus tractus solitarius (NTS), area
postrema (AP), and central amygdala (CeA)(305, 308-310, 334-337). We used cFos
expression as a surrogate for GLP1RA-dependent neuronal activation in WT and Glp1r53®" mice
receiving an intraperitoneal (IP) injection of danuglipron, orforglipron, or liraglutide (Fig. 2a-d).
Danuglipron and orforglipron induced significant cFos expression in the NTS (Fig. 2f), AP (Fig.
2g), and CeA (Fig. 2h), but not in the DMH (Fig. 2e) of Glp1r5**" mice compared to WT
controls, mirroring previous studies using peptide-based GLP1RAs(305, 334, 338, 339). As
expected, liraglutide induced comparable cFos expression in both groups, matching the
small-molecule responses in Glp1rs**" mice across all regions, confirming its effective binding to

and activation of the Glp1r3*W variant (Fig. 2e-h).
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Given that activation of the AP is known to induce nausea and malaise, while GIp1R activation
in the NTS signals satiation(309, 340), we aimed to determine whether the relative cFos
activation between these two regions could reveal potential mechanisms underlying the
differential effects of GLP1RAs observed in clinical trials(7177, 318, 341, 342). By comparing the
ratio of cFos activation in the NTS to that in the AP, we observed significant differences among
the drugs tested (Fig. 2i). Specifically, orforglipron exhibited greater activation in the NTS and
less activation in the AP compared to both danuglipron and liraglutide. To determine whether
oral administration of danuglipron replicates the NTS-favored activation pattern observed with
orforglipron, we compared intraperitoneal (IP) and oral administration of danuglipron in Glp1rs3W
and WT mice (Fig. 2j,k and Extended Data Fig. 3a-c). Glp1r3*"W NTS cFos activation was
comparable between both routes, but oral delivery significantly reduced AP cFos activation (Fig.
2l). These findings indicate that oral danuglipron, its designed route of administration, replicates
the NTS-favored activation pattern while minimizing AP activation. This preferential activation is
advantageous because it may reduce negative side effects associated with AP activation, such
as nausea and malaise, while preserving therapeutic effects mediated by the NTS. Therefore,
orally delivered small-molecule GLP1RAs represent a promising advancement in weight loss

therapies by enhancing both efficacy and tolerability (Fig. 1u-y).
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Figure 2: GLP1RA activation across targeted GLP1R-expressing brain regions. a-d,
(Elizabeth Godschall, YuChen Zhang) GLP1R protein expression validated by a
Glp1r-Cre;tdTomato mouse line and neuronal cFos activation 2 hours after danuglipron or
liraglutide or 6 hours after orforglipron injection in WT and Glp1r53*" mice in the (a) DMH, (b)
NTS, (c) AP, or (d) CeA. Scale bars = 200 um. e-h, (Elizabeth Godschall) Quantification of
cFos in the (e) DMH, (f) NTS, (g) AP and (h) CeA (n = 3-4 per genotype, two-way ANOVA with
Bonferroni correction, *P<0.05; **P<0.01; ***P<0.001). i, Ratio of NTS/AP cFos activation in
Glp1rS3W mice after danuglipron, orforglipron, and liraglutide (n = 3-4 per injection,
Kruskal-Wallis test, *P<0.05). j,k, (Elizabeth Godschall) Neuronal cFos activation in the NTS
and AP 2 hours after danuglipron was administered to Glp1rs*¥ mice via (j) IP injection or (k)
oral gavage. I, (Elizabeth Godschall) Quantification of cFos expression in the NTS (left) or AP
(right) following danuglipron IP or oral delivery in Glp1rs*" mice (n = 3 per delivery route,
Welch’s t-test, *P<0.05). Data are represented as means = SEM. *P<0.05; **P<0.01;
***P<0.001.

C3.2.4 Danuglipron Suppress Food-Motivated Behaviors During Homeostatic and

Hedonic Feeding

Building on our observation that peptide-based and small-molecule GLP1RAs produce distinct
neuronal activation patterns, we next examined how these differences manifest in the behavior
of Glp1rs*W mice. We focused on liraglutide and danuglipron, which share similar
pharmacokinetic properties, and monitored mice in a home-cage environment using infrared
video over two hours following GLP1RA or vehicle/saline administration in their active phase
(ZT12-14) (Fig. 3a and Extended Data Fig. 4). By integrating pose estimation (SLEAP(343))
with a probabilistic model for behavior classification (Keypoint-MoSeq(344)), we identified 23
discrete behaviors corroborated by sensor data (Fig. 3b-d and Extended Data Fig. 5 & 6).
These behaviors were grouped into five principal categories— food-motivated, drinking, resting,
moving, and grooming. Principal component analysis (PCA) revealed that both liraglutide and
danuglipron induced significant, overall behavioral shifts from control conditions (Fig. 3e,f and
Extended Data Fig. 7a-d). Specifically, both treatments similarly reduced feeding and drinking

while increasing resting-related activity, suggesting a conserved effect on satiety-related
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behaviors (Fig. 3g-k). Linear discriminant analysis further supported these findings, clustering

the drug-treated groups together and distinctly apart from vehicle and saline controls (Fig. 3I).

To determine the influence of danuglipron on hedonic feeding, we examined behavioral patterns
in SD and HFD-fed mice during the inactive phase (ZT 3-5). Vehicle-treated HFD-fed mice
exhibited a behavioral profile distinct from SD-fed mice, with more food-motivated behaviors and
drinking, and less resting (Fig. 3m and Extended Data Fig. 7g-k), indicating a diet-induced
behavioral shift. In contrast, danuglipron-treated HFD-fed mice closely resembled their SD-fed
counterparts, showing similar levels of food-motivated activity, drinking, movement, and resting
(Fig. 3m and Extended Data Fig. 7g-k)). Danuglipron-treated mice on either diet displayed less
grooming compared to vehicle-treated counterparts, likely due to reduced food intake naturally
shortening the behavioral satiety sequence, which includes a grooming phase following
feeding(345). Together, these findings demonstrate that GLP1RA treatments can realign the
behavior of HFD-fed animals toward SD-fed norms (Fig. 3n and Supplementary Video 1),
effectively neutralizing the behavioral hallmarks of hedonic feeding and reinforcing the notion
that distinct neuronal activation patterns translate into meaningful, diet-dependent behavioral

outcomes.
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Figure 3: Machine-learning assisted behavior profiling reveals distinct phenotypes
associated with GLP1RA and diet. a, (Elizabeth Godschall, Isabelle Sajonia, Kaleigh
West) Representative heatmap of Glp1rs*V mouse nose location and home cage setup. Color
indicates time spent in minutes over 2 hours. b, (Isabelle Sajonia) Simplified pipeline for
machine learning analysis of behavior(343, 344). Analysis parameters: SLEAP tracking with 9
keypoints at 25 fps, Keypoint-MoSeq fit an autoregressive hidden Markov model (AR-HMM) to
PCA-reduced keypoints. A full model was then trained, producing 91 behavioral syllables with a
minimum frequency threshold of =20.01%. Trained raters manually named behaviors,
incorporating locational context via OpenCV. c,d, (Isabelle Sajonia) Correlation between
sensor data and video analysis across all conditions tested for (¢) food hopper nose pokes and
food motivated behaviors and (d) water bottle spout licks and drinking (n = 78, Pearson
regression, ***P<0.0001). e,f, (Isabelle Sajonia) Proportion of time spent performing each of
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the 23 behaviors identified using Keypoint-MoSeq and averaged across all mice per condition,
binned into 5 behavior categories. A MANOVA was run on the PCA of the proportion of time
spent performing each behavioral category. PCA was ran for (e) Veh and Dan and (f) Saline and
Lira (n = 9 Veh/Dan, n = 10 Sal/ Lira, RM MANOVA with resampling MATS, *P<0.05,
***P<0.001). g-k, (Isabelle Sajonia) Percentage of time spent (g) food seeking, (h) drinking,
(i) moving/exploring, (j) grooming, and (k) resting. (n = 9 Veh/Dan, n = 10 Sal/Lira, generalized
linear mixed-effects model with beta regression, *P<0.05, **P<0.01, ***P<0.001). |, (Isabelle
Sajonia) Linear discriminant analysis (LDA) plot of the similarity between mean behavioral
summaries of mice per condition. Opaque centroid circles represent the mean behavioral
summaries per condition, small circles indicate the specific embedding locations of individual
mice within each condition, and ellipses denote two standard deviations from the mean for each
group. m, (Isabelle Sajonia) Proportion of time spent performing each of the 23 behaviors, and
5 larger behavioral categories in SD- and HFD-fed mice during the light cycle after vehicle or
danuglipron. MANOVA was run on PCA of the 23 behavior durations (n = 10, RM MANOVA with
resampling MATS and holm correction, *P<0.05, **P<0.01). n, (Isabelle Sajonia) LDA plot of
the similarity between mean behavioral summaries of mice per condition. Data are represented
as medians + Q1-Q3. *P<0.05; **P<0.01; ***P<0.001.

C3.2.5 Danuglipron Activates Hypothalamic and Hindbrain GLP1R Circuits

To distinguish direct from indirect effects of small-molecule GLP1RAs in specific brain regions,
we developed a Cre-dependent adeno-associated virus (AAV) vector expressing full-length
human GLP1R (AAV-hSyn-DIO-hGLP1R) (Fig. 4a). When applied in Glp1r-IRES-Cre mice, this
approach enables selective expression of hGLP1R in Glp1r-positive cells, allowing us to isolate
direct activation effects from secondary circuit responses. In Glp1r-Cre mice conditionally
expressing hGLP1R in their basomedial hypothalamus (BMH-hGLP1R) (Extended Data Fig.
8a,b), danuglipron significantly decreased active-phase SD intake without affecting
inactive-phase HFD consumption (Fig. 4c¢,h) while control mice expressing mCherry in the
same region showed no changes in consumption (Fig. 4b,g). When targeting the DMH, a BMH
subnucleus recently implicated in encoding satiation(310, 335, 346), we found similar selective

effects on SD intake (Fig. 4d,i and Extended Data Fig. 8c,d). Targeting the hindbrain NTS/AP
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complex resulted in decreased consumption of both SD and HFD (Fig. 4e,j and Extended Data

Fig. 8e,f), aligning with recent findings on hindbrain Glp1R circuits in aversion and satiety(309).

C3.2.6 Danuglipron Directly Activates CeA®"'" Neurons to Regulate Hedonic

Feeding

Recognizing the limited understanding of the CeAs role in GLP1RA responses(337), we
focused our investigation on Glp1r-positive neurons in this region (CeA®*™). First, we confirmed
CeA®P'" neurons that conditionally express hGLP1R directly respond to small-molecule
GLP1RAs by co-injecting AAV-hSyn-DIO-hGLP1R and AAV-DIO-eYFP into the CeA of
Glp1r-Cre mice and performing whole-cell patch-clamp recordings (Extended Data Fig. 9c-f).
We measured the resting membrane potential of hGLP1R-expressing neurons before and after
infusion of 10 uM danuglipron (Extended Data Fig. 9a). Consistent with activation of the
G,/cAMP pathway via hGLP1R(347, 348), danuglipron elicited significant membrane
depolarization, confirming functional expression (Extended Data Fig. 9b). Next, to determine
whether this responsiveness translates into changes in feeding behavior, we assessed
Glp1r-Cre mice conditionally expressing hGLP1R in the CeA (CeA-hGLP1R) under both SD and
HFD conditions. Remarkably, CeA-hGLP1R mice showed a selective reduction in
inactive-phase HFD consumption after Danuglipron injection without any effect on active-phase
SD intake (Fig. 4f,k and Extended Data Fig. 8g,h). We corroborated these findings with an
alternative virus expressing the small molecule-sensitive mouse SNP, Glp1r3*W and its wildtype
control (AAV-DIO-mGIp1rs3W and AAV-DIO-mGlp1r) (Extended Data Fig. 10a,d). These results
demonstrate that CeAC®*'® neurons selectively modulate hedonic feeding in response to
small-molecule GLP1RAs (Extended Data Fig. 10b,c), revealing a previously uncharacterized

neural substrate for GLP1RA-mediated regulation of feeding behavior.
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The relatively small molecular mass of danuglipron (555.6 Da) and its robust effects in
CeA-hGLP1R mice suggest this compound can access brain structures beyond the
circumventricular organs (CVOs). Although the extent of brain penetration by different GLP1RAs
remains an open question(305, 334, 349, 350), definitively establishing their direct engagement
of deep nuclear structures is critical for understanding their mechanisms of action. To test
whether danuglipron can directly induce neuronal activity in the CeA, we expressed GCaMP7s
along with either hGLP1R or mGlp1r in the CeA of Glp1r-Cre mice and recorded calcium
transients via fiber photometry in vivo (Fig. 41 and Extended Data Fig. 11a-d). Since previous
work showed peptide-based GLP1RAs induce cFos expression in the CeA of wildtype
mice(305) 334338 339__though whether through direct or indirect pathways remains unclear—we
first used liraglutide as a positive control and confirmed it elicited significant calcium transients in
CeA-hGLP1R mice (Extended Data Fig. 11e,f). Importantly, danuglipron treatment also elicited
robust increases in calcium transients in CeA-hGLP1R mice, a response that was absent in
mGlp1r-expressing negative controls (Fig. 4m—p). These findings provide direct evidence that
danuglipron penetrates beyond the CVOs to functionally engage CeA neurons expressing

human GLP1R.

Next, we sought to establish the physiological role of CeA®*'™® neurons in hedonic feeding by
optogenetically stimulating them independently of any pharmacological agonists and observed
reduced HFD consumption (Fig. 4q-r), mirroring the inhibitory feeding effects observed in
response to danuglipron in CeA-hGLP1R mice (Fig. 4k and Extended Data Fig. 10b,c). To
determine whether the CeA is essential for the inhibitory effects of GLP1RAs on feeding, we
selectively knocked out Glp1r in the CeA by bilaterally injecting AAV-Cre or AAV-GFP into the
CeA of Glp1r"™i* mice (Fig. 4s). Although the loss of CeA GIp1R signaling had no impact on
SD intake, it significantly increased HFD consumption following liraglutide injection (Fig. 4t).

These results pinpoint CeA®*'R neurons as a critical node in the GLP1RA-responsive circuitry
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specifically regulating reward-driven feeding behaviors. To further clarify the physiological
relevance of this circuit, we asked whether CeA®*'R neurons receive endogenous GLP-1 input.
By expressing synaptophysin in NTS Gcg-Cre neurons, we detected Gceg-positive fibers and
synaptic terminals in the CeA (Fig. 4u). This demonstrates that CeA®"'R neurons not only
respond to exogenous agonists, but also can receive endogenous GLP-1 signals from the NTS.
Together, these findings underscore the CeA as a key integrative hub where GLP-1

signaling—both pharmacologically induced and naturally occurring—converges to curb hedonic

feeding(357).
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Figure 4: Central amygdala GLP1R activation inhibits hedonic food intake via direct
activation by danuglipron. a, (Tony Spano, Elizabeth Godschall) Representative schematic
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of AAV-DIO-hGLP1R viral construct and injection into the basomedial hypothalamus (BMH). b-k,
1, 2, and 4-hour SD or HFD consumption after vehicle (Veh) or danuglipron (Dan) in Glp1r-Cre
mice expressing (b,g) (Elizabeth Godschall) AAV-DIO-mCherry (BMH-mCherry, n = 6) or (c,h)
(Elizabeth Godschall, Addison Webster) AAV-DIO-hGLP1R (BMH-hGLP1R, n = 10) in the
BMH, (d,i) (Elizabeth Godschall, Bugra Gungul) DMH (n = 7), (e,j) (Elizabeth Godschall,
Nicholas Conley) NTS/AP (n = 6), or (f,k) (Elizabeth Godschall, Bugra Gungul) CeA (n =9)
(two-way ANOVA with Bonferroni correction, *P<0.05; **P<0.01; ***P<0.001). I, (Elizabeth
Godschall) Schematic of AAV-DIO-GCaMP7s + AAV-DIO-hGLP1R or mGLP1R injection with a
fiber optic implant to the CeA of Glp1r-Cre mice. m-p, (Bugra Gungul, Isabelle Sajonia)
Representative heatmaps of %AF/F neuronal calcium signal per mouse during 1-hour of fiber
photometry recording after vehicle or danuglipron injection in (m) hGLP1R or (o) mGLP1R
expressing mice. Number of significant calcium events averaged per mouse during 1-hour
recording session following vehicle or danuglipron in (n) hGLP1R or (p) mGLP1R expressing
mice (n = 3-6 per injection, paired t-test, **P<0.01 and Wilcoxon signed-rank test). q, (Elizabeth
Godschall) Schematic of AAV-DIO-eYFP or AAV-DIO-ChR2-eYFP injection with a fiber optic
implant to the CeA of Glp1r-Cre mice. r, (Bugra Gungul) 30-minute HFD consumption in ChR2
and eYFP expressing controls after 20 Hz blue light stimulation (ON) or no stimulation (OFF) (n
= 6 per group, two-way ANOVA with Tukey's HSD correction, *P<0.05). s, (Elizabeth
Godschall) Schematic of AAV-Cre to conditionally knockout Glp1r, or AAV-GFP control injection
to the CeA of Glp1ri™¥i* mice. t, (Elizabeth Godschall) SD (left) and HFD (right) consumption 4
hours after injection of liraglutide in AAV-Cre or AAV-GFP expressing mice. (n = 6, Welch’s
t-test, *P<0.05). u, (Elizabeth Godschall, Bugra Gungul) Representative images of the CeA
from Gcg-Cre mice injected with AAV-DIO-mGFP-2A-Synaptophysin-mRuby in the NTS; scale
bar = 200 ym. NTSC®C€ fibers (red; pseudo-colored mGFP; top left), synaptic terminals (green;
pseudo-colored mRuby; top right) are shown, with a magnified view (bottom right; scale bar =
100 um). Data are represented as means + SEM. *P<0.05; **P<0.01; ***P<0.001.

C3.2.7 Small-Molecule GLP1RAs Engage CeA to Modulate Mesolimbic Dopamine

Release in Response to HFD

Given the selective role of CeA®*™® neurons in hedonic feeding regulation, we investigated their
connectivity to mesolimbic reward circuitry. Anatomical tracing in Glp1r-Cre mice, using
AAV-DIO-Synaptophysin or AAV-DIO-eYFP, revealed pronounced projections from CeA-GLP1R
neurons to the ventral tegmental area (VTA) (Fig. 5a and Extended Data Fig. 12a-e). These
findings support a model in which NTS®® neurons drive CeA®P'R activity, which in turn
influences VTA neurons and ultimately the nucleus accumbens (NAc) (Fig. 5b). Based on our

observations that CeAC®P'R activation suppresses hedonic feeding while receptor ablation
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negates this effect, we hypothesized that these neurons modulate VTA dopaminergic output to

reduce NAc dopamine signaling during reward-driven feeding.

To test this hypothesis, we first examined whether GLP1RAs broadly affect dopamine responses
in the NAc. By expressing AAV-dLight1.3b in Glp1rS*" mice, we monitored dopamine responses
to HFD following peptide (liraglutide) or small-molecule (danuglipron, orforglipron) GLP1RA
administration (Fig. 5c¢). Strikingly, all three compounds significantly diminished both the peak
and consumption-associated dopamine response (Fig. 5d-i and Extended Data Fig. 13a-c),
indicating that despite their pharmacological differences, these agents converge on a common

central mechanism to reduce dopamine-mediated reward.

To establish a causal link between CeA®?'R neuron activity and mesolimbic dopamine output, we
selectively expressed hGLP1R in the CeA of Glp1r-Cre mice and monitored NAc dopamine
dynamics during HFD consumption following danuglipron or orforglipron administration (Fig. 5j
and Extended Data Fig. 12f-h). Remarkably, both treatments substantially blunted the peak
and consumption-associated dopamine responses (Fig. 5k—p). This finding demonstrates that
activation of GABAergic CeA®P'R neurons(337) inhibits reward-driven dopamine signaling. By
establishing that the CeA-VTA-NAc axis operates in parallel with previously characterized
hindbrain to midbrain Glp1R circuits(352—-354), our findings reveal a distributed network of
Glp1R-expressing neurons orchestrating the suppression of food consumption(309, 310, 355,

356, 357-359).
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Figure 5: CeA®"'R neurons project to the VTA to modulate dopamine output to the NAc in
response to HFD. a, (Elizabeth Godschall, Bugra Gungul) Representative image of the VTA
from Glp1r-Cre mice injected with AAV-DIO- mGFP-2A-Synaptophysin-mRuby in the CeA;
scale bar = 100 ym. CeA°®"'R fibers (red; pseudo-colored mGFP), synaptic terminals (green;
pseudo-colored mRuby), and tyrosine hydroxylase-positive neurons (Th; blue, marking
dopaminergic neurons) are shown, with a magnified view (right; scale bar = 50 um). b,
(Elizabeth Godschall) Schematic of proposed neural circuit from NTS — CeA — VTA — NAc.
Arrows indicate neuron activation, blunted ends indicate neuron inhibition. Gray arrow from NTS
— VTA indicates a known connection from NTS®-"' to VTA'®AT neurons(354). c, (Elizabeth
Godschall) Schematic of genetically-encoded dopamine sensor, AAV-dLight1.3b, injection and
fiber optic implant in the NAc of Glp1r53*" mice. d,g, (Bugra Gungul) Averaged Z-score traces
showing dopamine release in the NAc in response to HFD following administration of (d) vehicle
or danuglipron and (g) saline or orforglipron in Glp1rs**" mice. Traces are aligned to food
retrieval time (t = 0) and averaged across five food trials per mouse. e-i, (Bugra Gungul,
Sophia Ogilvie, Elizabeth Godschall) Quantified (e,h) area under the curve (AUC) for
Z-scores and (f,i) maximum fluorescence Z-scores within the food retrieval window (n = 9 for
danuglipron, n = 7 for orforglipron, paired t-test, *P<0.05). j, (Elizabeth Godschall) Schematic
of AAV-dLight1.3b injection and fiber optic implant into the NAc and AAV-DIO-hGLP1R injection
into the CeA of GIp1r-Cre mice. k,n, (Bugra Gungul) Averaged Z-score traces showing
dopamine release in the NAc in response to HFD following administration of (k) vehicle or
danuglipron and (n) saline or orforglipron in CeA-hGLP1R mice. Traces are aligned to food
retrieval time (t = 0) and averaged across five food trials per mouse. I-p, (Bugra Gungul,
Sophia Ogilvie) Quantification of (I,0) AUC for Z-scores and (m,p) maximum fluorescence
Z-scores within the food retrieval window (n = 8 for danuglipron, n = 7 for orforglipron, paired
t-test, *P<0.05). Data are represented as means + SEM. *P<0.05; **P<0.01; ***P<0.001.
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C3.3 Discussion

Our findings identify a previously unrecognized amygdalar circuit through which next-generation
GLP1RAs modulate reward-driven feeding. In particular, our data indicate that CeA®"'R neurons
receive GLP-1 input from the NTS and influence VTA activity, thereby providing a framework for
integrating metabolic signals into dopamine-dependent reward circuits(299, 352, 357-359). This
insight aligns with an expanding body of evidence that GLP1RAs influence motivational and
reward-related processes, raising the possibility of their therapeutic potential for disorders
characterized by dysregulated reward, such as substance use(307, 302, 303, 332, 360, 361).
Looking ahead, our findings raise critical questions about the broader impact of chronic
GLP1RA treatment on reward processing. With small-molecule GLP1RAs like
orforglipron—described as 'a product for the masses' (317)—gaining traction as accessible,

scalable therapies, understanding their long-term effects on brain function becomes essential.

C3.4 Methods

Mouse lines

All experiments were carried out in compliance with the Association for Assessment of
Laboratory Animal Care policies and approved by the University of Virginia Animal Care and
Use Committee. Mice were housed on a 12:12-hour light/dark (LD) cycle with food (PicoLab
Rodent Diet 5053) and water ad libitum unless otherwise indicated. For experiments, we used
8-week or older male and female C57BL6/J mice, Glp1r-IRES-Cre mice with IRES-Cre inserted
in-frame 3 base pairs downstream of Glp1r stop codon (Glp1rtm1.1(cre)Lbrl/Rcngd, strain
#029283, RRID:IMSR_JAX:029283), Glp1r-IRES-Cre mice crossed to Ai14 tdTomato reporter
line (B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J, strain #007914, RRID:
IMSR_JAX:007914), Glp1r"x mice (B6(SJL)-Glp1rtm1.1Stof/J, strain #035238, RRID:

IMSR_JAX:035238), Gecg-Cre mice (C57BL/6J-Tg(Gceg-cre)-1Mmsc/Mmmh, stock #051056-MU,
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RRID:MMRRC_051056-MU) and GIp1r°*V mice (described below). Gcg-Cre mice were

rederived by in vitro fertilization from frozen sperm (MMRRC, stock no. 051056-MU).

Generation of Glp1r33*W mouse

The Glp1rs*Y mouse line was created with CRISPR-Cas9 homologous repair at the University
of Virginia Genetically Engineered Murine Model Core. Briefly, Cas-9 (Alt-R™ S.p. Cas9
Nuclease V3, 100 ug, catalog no. 1081058), Alt-R™ HDR Donor Oligo repair template (below),
tracrRNA (Alt-R® CRISPR-Cas9 tracrRNA, 5 nmol, catalog no. 1072532), and CRISPR-Cas9
crRNA XT (ATTTCTGCACCGTCTCTGAG) were microinjected into a fertilized B6SJL zygote
and were implanted into a pseudopregnant female. Founder pups were genotyped as described
below and backcrossed to C57BL6/J mice for at least 4 generations before experimentation.
Repair Template
aagagggtgggagtccagtgggaccagaggggctgctggagccacggggcttctgcttttatttctgcetttcecttgtagGGTACCA
CGGTGTCGCTCIGGGAAACCGTCCAAAAGTGGAGAGAATACCGGCGGCAGTGCCAGCGT

TTCCTCACGGAAGCGCCACTCCTGGCCACAGgtgcgtccagatgaggcctcacg

Validating Glp1rs33W mice

Tail snips were obtained from pups at 3 weeks of age. DNA was extracted with an extraction
buffer (Sigma, catalog no. E7526) and tissue prep solution (Sigma, catalog no. T3073), heated
for 10 and 3 minutes at 55°C and 100°C, respectively, then neutralized with a neutralization
solution (Sigma, catalog no. N3910). PrimeSTAR High Fidelity PCR (Takara, catalog no. RO50A)
was performed with 1uL of cDNA and 10uM of 5-3' F (GATCCCCAAAGTGGCAGTCA) and 5'-3'
R (AGCTATGGACTGGGGATCGT) primers. After amplification, the PCR product was run on a
1.2% agarose gel and bands were cut out at 330 bp. DNA was gel extracted and purified

(Qiagen, catalog no. 28704), mixed with 5uM right primer, H,O, and subsequently sent to be
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analyzed via Sanger sequencing (Azenta). Chromatogram results were analyzed to assign wild

type, heterozygous, or homozygous genotypes for each mouse.

Generation of GLP1R viruses

The full length human GIp7r gene was obtained by PCR, amplifying the human fragment from
GLP1R-tango (plasmid from Addgene, #66295, RRID:Addgene_66295), including the leader
sequence present in the GLP1R-tango. The primers used were: 5-3' F (AAAGCT-
AGCGCCACCATGAAGACGATCATCGCCCTGAGC) and 5-3' R (TTTGGCGCGCCCTAA-
GAGCAGGACGCCTGACAAGT), ligating the product into pAAV-hSyn-DIO-EGFP (plasmid from
Addgene, #50457, RRID:Addgene 50457) in place of the EGFP in Nhel and Ascl sites to
produce the human GLP1R virus construct (AAV-hSyn-DIO-hGLP1R). The full length mouse
GIp1r wild type gene was synthesized by Twist Biosciences (USA), generating a Nhel and Ascl
fragment. This construct included the same leader sequence present in the human construct, as
well as an HA-tag encoded at the C-terminus of the full length mouse protein coding region. The
fragment was inserted into pAAV-hSyn-DIO-EGFP (plasmid from Addgene, #50457,
RRID:Addgene_50457) in place of EGFP to produce the plasmid construct
(AAV-hSyn-DIO-mGLP1R-HA). The full length mouse Gip7r gene bearing a Ser to Trp mutation
at position 33 (S33W) was made by inserting a synthetic Nhel and Stul fragment prepared by
Twist Biosciences, containing the single mutation within this fragment. This was cloned into the
sites present in the wild type construct to produce the S33W mouse mutant, followed by an
HA-tag encoded at the C-terminus (AAV-hSyn-DIO-mGLP1R33W-HA). Viral plasmid constructs
were confirmed by Sanger sequencing. Virus plasmid constructs were prepared and sent to the

University of North Carolina Viral Core (Chapel Hill, NC) for preparation of the AAV (serotype 8).
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Stereotactic surgery

Mice were anesthetized with isoflurane (5% induction and 2 to 2.5% maintenance; Isothesia)
and placed in a stereotaxic apparatus (AWD). A heating pad was used for the duration of the
surgery to maintain body temperature, and ocular lubricant was applied to the eyes to prevent
desiccation. A  total of 200400 nL was microinjected per side of
[FAAV8/AAV2-hSyn-DIO-hGLP1R, plasmid from Addgene, virus packed at UNC GTC Vector
Core, Lot #AV9862 (100 uL at titer = 1.5 x10™ vg/mL); AAV8-hSyn-DIO-mGLP1RS*3W-HA,
synthesized by Twist Biosciences, virus packed at UNC GTC Vector Core, Lot #AV10104 (100
uL at titer 2 8.2x10'? vg/mL); AAV8-hSyn-DIO-mGLP1R-HA, synthesized by Twist Biosciences,
virus packed at UNC GTC Vector Core, Lot #AV10103 (100 pL at titer = 4.5x10" vg/mL);
pAAV9-syn-dLight1.3b, plasmid from Addgene, #135762, RRID:Addgene_135762, virus packed
at UNC GTC Vector Core (100 pL at titer = 1.5x10"™ vg/mL); pAAV1-EF1a-DIO-
hChR2(H134R)-EYFP-WPRE-HGHPpA, plasmid from Addgene, #20298, RRID:Addgene_20298,
virus packed at UNC GTC Vector Core (100 pL at titer = 7x10' vg/mL);
pGP-AAV1-syn-DIO-jGCaMP7s-WPRE, plasmid from Addgene, #104491, RRID:
Addgene_104491, virus packed at UNC GTC Vector Core (100 uL at titer = 1x10"® vg/mL);
pAAV1-Ef1a-DIO-EYFP, plasmid from Addgene, #27056, RRID:Addgene 27056, virus packed
at UNC GTC Vector Core (100 uL at titer = 1x10*® vg/mL); AAV8-hSyn-DIO-mCherry, plasmid
from Addgene #50459, RRID:Addgene_50459, and virus packed at UNC Vector Core (100 uL at
titer = 7x10' vg/mL); pAAV-hSyn-FLEx-mGFP-2A-Synaptophysin-mRuby, plasmid from
Addgene, #71760, RRID:Addgene 71760, and virus packed at UNC Vector Core;
pENN.AAV.hSyn.HI.eGFP-Cre. WPRE.SV40, plasmid from Addgene, #105540-AAVS,
RRID:Addgene_105540-AAV8, and virus packed at UNC Vector Core (100 uL at titer = 1x10"3
vg/mL); pAAV-hSyn-EGFP, plasmid from Addgene, #50465-AAV8, RRID:Addgene_50465-AAVS,
and virus packed at UNC Vector Core (100 uL at titer = 7x10"2 vg/mL)], plasmid was delivered

using a glass pipette at a flow rate of 50 nl/min driven by a microsyringe pump controller (World
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Precision Instruments, model Micro 4). The syringe needle was left in place for 10 min and was
completely withdrawn 17 min after viral delivery. For in vivo calcium and dopamine imaging and
optogenetics, a unilateral fiber optic cannula (RWD, Ceramic Ferrule, @400-um, 0.5 numerical
aperture) was implanted 0.2-mm dorsal to the viral injection coordinates following viral delivery
and stabilized on the skull with dental cement (C&B METABOND, Parkell). Two weeks minimum
were allowed for recovery and transgene expression after surgery. Stereotaxic coordinates
relative to Bregma (George Paxinos and Keith B. J. Franklin): basomedial hypothalamus,
mediolateral (ML): £0.3 mm, anterior posterior (AP): =1.4 mm, dorsoventral (DV): =5.9 mm;
DMH, ML: #0.3 mm, AP: —=1.8 mm, DV: -5.4 mm; CeA, ML: 2.7 mm, AP: —-1.3 mm, DV: -4.6
mm; VTA, ML: £0.5 mm, AP: -=3.6 mm, DV: -4.5 mm; NAc, ML: £1.25 mm, AP: +1.0 mm, DV:
-4.7 mm from Bregma; and NTS/AP, ML: £ 0.15 mm, AP: -0.3 mm, DV: -0.1, -0.4 mm from
the Zero point of the calamus scriptorius. All surgical procedures were performed under sterile
conditions and in accordance with University of Virginia Institutional Animal Care and Use
Committee guidelines. Histological analysis was performed to validate the success of

intracranial surgeries. Mice with unsuccessful viral/implant targeting were excluded.

GLP1R agonists

Liraglutide powder (Selleck, catalog no. S8256) was dissolved in 0.9% NaCl sterile saline, lightly
sonicated, and further diluted in 0.9% NaCl sterile saline to 0.03mg/mL. Danuglipron powder
(Selleck, catalog no. S9851) was dissolved to 30 mg/mL in 100% ethanol with gentle sonication,
then diluted to 3mg/mL (food intake) or 0.3mg/mL (GTT) in vehicle [1N NaOH, 2% Tween 80,
5% polyethylene glycol (PEG) 400, 5% dextrose](327). Orforglipron powder (MedChemExpress,
catalog no. HY-112185) was dissolved to 10mg/mL in Dimethyl sulfoxide (DMSQO) and further

diluted in 0.9% NaCl sterile saline to 0.1mg/mL.
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Histological analysis and imaging

For fixed tissue collection, mice were deeply anesthetized (ketamine:xylazine, 280:80 mg/kg,
intraperitoneally) and perfused intracardially with ice-cold 0.01M phosphate buffer solution
(PBS), followed by fixative solution [4% paraformaldehyde (PFA) in PBS at a pH of 7.4]. For
testing brain region cFos activation (Fig. 3), danuglipron (30 mg/kg), orforglipron (1 mg/kg), or
liraglutide (0.3 mg/kg) was delivered via intraperitoneal injection or oral gavage 2 hours (or 6
hours for orforglipron) before perfusion and brain harvesting. After perfusion, brains were
harvested and postfixed overnight at 4°C in PFA. Fixed brains were then transferred into 30%
sucrose in PBS for 24 hours and then frozen on dry ice. Frozen brains were sectioned
immediately or stored in —80°C for future processing. Coronal sections (30 um) were collected
with a cryostat (Microm HM 505 E). Sections were permeabilized with 0.3% Triton X-100 in PBS
(PBS-T) and blocked with 3% normal donkey serum (Jackson ImmunoResearch,
RRID:AB_2337258) in PBS-T (PBS-T DS) for 30 min at room temperature. Sections were then
incubated overnight at room temperature in primary antibodies diluted in PBS-T DS. For
visualization, sections were washed with PBS-T and incubated with appropriate secondary
antibodies diluted in the PBS-T DS for 2 hours at room temperature. Sections were washed
three times with PBS and mounted using DAPI Fluoromount-G (Southern Biotech, catalog no.
0100-20). Images were captured on a Zeiss Axioplan 2 Imaging microscope equipped with an
AxioCam MRm camera using AxioVision 4.6 software (Zeiss) or confocal microscope imaging
was performed on a Zeiss LSM 800 microscope (Carl Zeiss). The following primary antibodies
were used for fluorescent labeling: anti-c-Fos (rabbit, 1:1000; Synaptic Systems, #226003,
RRID:AB 2231974), anti-DsRed (rabbit, 1:1000; Takara Bio, catalog no. 632496,
RRID:AB_10013483), anti-TdTomato (goat, 1:1000; Arigobio, catalog no. ARG55724),
anti-hGLP1R (rabbit, 1:200; Invitrogen, catalog no. PA5-97789, RRID: AB_2812404), anti-HA
(rabbit, 1:1000, Cell Signaling, catalog no. 3724), anti-Th (rabbit, 1:500; Chemicon, catalog no.

AB152), and anti-GFP (goat, 1:500; Rockland, catalog no. 600-101-215). The secondary
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antibodies (Jackson ImmunoResearch) used were Cy2-conjugated donkey anti-rabbit (1:250;
catalog no. 711-225-152, RRID:AB_2340612), Cy3-conjugated donkey anti-rabbit (1:250;
catalog no. 711-165-152, RRID:AB_2307443), Cy5-conjugated donkey anti-rabbit (1:250;
catalog no. 711-175-152, RRID:AB_2340607), Cy3-conjugated donkey anti-goat (1:250; catalog
no. 705-165-147, RRID:AB_2307351), and Alexa-Fluor® 488 donkey anti-goat (1:250; catalog

no. 705-545-003, RRID:AB_2340428).

Antigen retrieval for hGLP1R staining

Antigen retrieval was performed before immunohistochemistry staining of human GLP1R, by
incubating the sections in the following solutions sequentially in room temperature: 1% NaOH +
0.3% H,0O, in PBS for 20 min, 0.3% glycine in PBS for 10 min, and 0.03% sodium dodecyl
sulfate (SDS) in PBS for 10 min. Then, antigen retrieval-treated sections were stained following

the immunohistochemistry staining procedures described.

Fos analysis pipeline

Fos images were uploaded to Imaged (FIJI) and cropped based on brain regions outlined in the
Allen Brain Atlas. The area of the cropped regions were measured and recorded. Image
thresholds were set per image and particles were analyzed within the size restriction of 50-500
pixels. cFos particles were analyzed per image, and total particles of each image were divided
by total area of the image. At least three cFos images per region for each mouse was quantified
and averaged per mouse and per genotype (WT or Glp1r533W), Ratios of NTS/AP Fos activation
in Glp1r53" mice were calculated by dividing Fos/area of NTS over AP for each mouse and

averaged per injection.
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Behavioral Assays

Metabolic analysis in comprehensive lab animal monitoring system

Indirect calorimetry in the comprehensive lab animal monitoring system (CLAMS, Columbus
Instruments) was used to evaluate metabolic parameters of WT and Glp1r5*W mice. All WT and
Glp1rs33W mice were single housed and maintained on a 12:12-hour LD cycle with ad libitum
access to food (PicoLab Rodent Diet 5053) and water. Metabolic measures of respiratory
exchange ratio and energy expenditure were averaged over 3 days per mouse and per
genotype. (n = 10/11 mice per genotype). Averaged LD cycle and total 24 hour respiratory

exchange ratio and energy expenditure was analyzed per genotype and per sex.

Glucose tolerance tests

WT or Glp1r3*" mice were overnight fasted for 16 hours prior to experiment start (zeitgeber
time [ZT] 10 - ZT2). Mice received a tail snip and blood glucose measure using a Glucometer
(OneTouch Ultra Test Strips for Diabetes), along with injection or oral gavage of danuglipron
(3mg/kg) or liraglutide (0.3mg/kg) 15 minutes prior to dextrose (D-glucose) injection, or
orforglipron (1mg/kg) 240 minutes prior to dextrose. At time point 0, mice received a blood
glucose measure and injection of dextrose (1g/kg). At 15, 30, 60, 90, and 120 minutes after

injection, blood glucose levels were measured.

Homeostatic food intake

Home cages were changed and food was removed from the home cage 1 hour prior to
experiment start. Mice were injected with vehicle/saline or drug (danuglipron 30mg/kg,
liraglutide 0.3mg/kg, orforglipron 1mg/kg) at ZT11.5 (ZT8 for orforglipron) and two pellets of
standard diet (PicoLab Rodent Diet 5053) were placed on the home cage floor at ZT12. Food
intake measurements were taken at 1, 2, and 4 hours after ZT12 using infrared night vision

goggles (Nightfox Swift Night Vision Goggles).
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Hedonic food intake

Mice were habituated to high fat diet (HFD; Open Source, D12451; 4.73 kcal/gram; 45% fat,
20% protein, 35% carbohydrates; 17% sucrose) for 1 hour over two days before testing days.
Standard diet was removed from the home cage 1 hour prior to experiment start. Mice were
injected with vehicle/saline or drug (danuglipron 30mg/kg, liraglutide 0.3mg/kg, orforglipron
1mg/kg) at ZT1.5 and one pellet of HFD was placed on the home cage floor at ZT2 (ZT5.5 for
orforglipron). Food intake measurements were taken at 1, 2, and 4 hours after HFD delivery.

The same parameters were used in oral gavage experiments with danuglipron and orforglipron

Optogenetic Food Intake Analysis

Mice were single-housed for at least five days and habituated to a fiber optic cable and high fat
diet for one hour over two days. On the test day, home cages were changed and food was
removed 1 hour prior to the start of the experiment. During the test day, a pre-measured pellet of
high-fat diet (HFD) was provided to each mouse. The test paradigm was 30 minutes of laser
stimulation followed by 30 minutes without laser stimulation. Food intake during each 30-minute
interval was measured. The laser stimulation protocol was 20 Hz, 473 nm blue light with a
2-second on and 3-second off pattern. The light power exiting the fiber optic cable, measured
using an optical power meter (Thorlabs), was maintained at 7-8 mW across all experiments.
Experiment performed during the light phase, between ZT3-ZT4. Mice with missed virus

injection or off-target fiber placement were excluded from analysis.

Weight loss experiment

Male Glp1rs**"¥ mice >8 weeks old were placed on a high fat diet (Open Source, D12451; 4.73
kcal/gram; 45% fat, 20% protein, 35% carbohydrates; 17% sucrose) for at least 8 weeks prior to
experiment start. Mice that did not gain at least 20% of their baseline body weight were

excluded from testing. Mice were randomly assigned to saline or orforglipron (1mg/kg) injection
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groups and retested with the opposite treatment after a week of rest. Glp1rs3*" mice were

injected daily at ZT6 and food and body weight were measured.

Home cage monitoring of Glp1r**W mice

Mice were singly housed and acclimated to home cage PhenoTyper boxes (Noldus,
Netherlands) for 5 days prior to testing. The cages were maintained on a 12:12-hour light-dark
(LD) cycle. During the acclimation period, mice had ad libitum access to standard diet (SD)
provided in a food hopper, along with water bottles, running wheels, shelters, and bedding. Mice
that failed to meet a baseline threshold of food hopper activity (<50 nose pokes from ZT 12-14)
after habituation were excluded from the study to ensure sufficient engagement with the feeding
setup. Of the 38 mice tested, 9 did not meet this criterion and were excluded. For the light cycle
experiment, mice were additionally habituated to high-fat diet (HFD) for 2 days prior to testing.
For testing, danuglipron (30 mg/kg) or vehicle was administered at ZT 11.5, with the injection
order counterbalanced. Liraglutide (0.3 mg/kg) or saline was administered at ZT 10. Behavior
was monitored for 4 hours starting at ZT 12. In the light cycle experiment, Danuglipron (30
mg/kg) or vehicle was administered at ZT 2.5, and behavior was recorded for 4 hours starting at
ZT 3. During the 4-hour testing window, mice had ad libitum access to either SD or HFD,
depending on the test condition. On HFD test days, HFD was replaced with SD immediately
after the recording period. Danuglipron was not administered on consecutive days. Sensors in
the PhenoTyper cages recorded the following metrics: food hopper head entries, water bottle
spout licks, and full running wheel rotations. Behavioral sessions were recorded with top-down
infrared cameras (Noldus) at a resolution of 960 x 540 pixels at 25 frames per second, in
grayscale. Videos were cropped to 2-hour segments using Adobe Premiere Pro and re-encoded

with H.264 compression via FFmpeg to ensure smooth playback and frame-seeking.
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Machine-learning assisted pipeline

Animal pose estimation was performed on home cage monitoring videos of singly housed, free
roaming mice with Social LEAP Estimates Animal Poses (SLEAP, v1.3.3)(343, 344). The
following 9 keypoints were tracked: nose, left ear, right ear, center 1-5, and tail base. We labeled
10,770 frames from 18 videos under conditions similar to the experimental ones, splitting them
into 9,693 training and 1,077 validation frames (90% split). We used a U-Net based neural
network with a max stride of 32, 16 filters, and a rotation angle of + 180. All other
hyperparameters were default using the single animal pipeline. The trained model's average
distance (ground truth vs prediction) was: 1.59 pixels, mean object keypoint similarity (OKS):
0.85, mean average precision (mAP): 0.81, and mean average recall (mAR): 0.84. Inferences
were made on the first two hours of videos (ZT 12-14), as this period was significant in the
sensor data. Flow tracking and default hyperparameters were used for inference.
Representative heatmaps of the mouse nose keypoint were generated in Python by cropping to

remove the walls of the cage and creating 62 by 27 pixel bins.

Keypoint Motion Sequencing (Keypoint-MoSeq)(343, 344) was then used to identify behavioral
syllables using a probabilistic model from the input keypoint coordinates of 80 hours of home
cage videos. Four latent dimensions accounted for 90% of the variance in aligned and centered
keypoint coordinates. A kappa of 10° was chosen to maintain the desired syllable time-scale.
Using this parameter, an autoregressive hidden Markov model (AR-HMM) was first fit to the
data, followed by the full model fit. Keypoint-MoSeq identified 91 behavioral syllables; 46
accounted for =2 0.5% of instances, while those with frequencies < 0.5% but = 0.01% were

included, and < 0.01% were excluded.

To provide biologically meaningful interpretations, the syllables were grouped into broader

behavioral categories (Fig. S6) by two trained raters. Some syllables represented a combination
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of behaviors or closely related actions that could not be distinguished due to the camera angle
(e.g., "groom/sniff"). Poor-quality syllables (~1% of the dataset), likely from keypoint tracking

issues under the wheel, were excluded from analysis.

To incorporate location context, the pixel coordinates of the food hopper, shelter, and water

bottle spout were defined in videos using the Python OpenCV package (OpenCV. 2024).

Regions of interest (ROIs) were established around these coordinates. SLEAP coordinates
identified when the mouse entered a specific ROI, with the nose keypoint for the food hopper
and water bottle spout, and center 3 for the shelter. Behaviors were categorized based on

location, such as distinguishing "sniff by food" from "sniff" outside the food hopper ROI.

This categorization resulted in 23 unique behaviors, which were further grouped into five

general categories: “move/explore,” “rest,” “groom,” “food-motivated behaviors,” and “drink.” On
average, these behaviors accounted for 98.3% of the total time in the two-hour video recordings
for each video (mouse x condition). For each video, we calculated the total time spent

performing each of the 23 behaviors. Additionally, the proportion of time each mouse spent on

the five general behavior categories was calculated relative to their total behavioral time.

Proportional differences were assessed using a beta-distributed generalized linear mixed-effects
model with mouse as a random effect. For the inactive phase, the model included main effects
of drug and diet and their interaction. Behavioral collinearity was addressed with PCA, and the

top three principal components (PC 1-3) were analyzed via repeated measures MANOVA.

To reveal global differences in behavior by condition, linear discriminant analysis (LDA) with
three components was applied to the behavior duration dataset. LDA identified the linear
combinations of behavioral features that best separated conditions. Separate plots were
generated for dark and light cycle conditions, using the same LDA model fit across all tested

conditions. Groups were also visualized in PC space (PC 1 and PC 2) as used in the MANOVA
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analysis. LDA was performed using the scikit-learn package(362, 363). All Python code for

these analyses is available on GitHub.

Electrophysiology recordings

Brain slice preparation

Preparation of acute brain slices for patch-clamp electrophysiology experiments was modified
from standard protocols previously described(364)(¢3% Mice were anesthetized with
isoflurane and decapitated. The brains were rapidly removed and kept in chilled artificial
cerebrospinal fluid (ACSF) (0°C) containing (in mM): 125 NaCl, 2.5 KClI, 1.25 NaH,PO,, 2 CaCl,,
1 MgCl,, 0.5 L-ascorbic acid, 10 glucose, 25 NaHCO;, and 2 Na-pyruvate (osmolarity 310
mOsm). Slices were continuously oxygenated with 95% O2 and 5% CO2 throughout the
preparation. Coronal brain sections, 300 um, were prepared using a Leica Microsystems
VT1200 vibratome. Slices were collected and placed in ACSF warmed to 37°C for 30 minutes
and then kept at room temperature for up to 5 hours.

Recordings

Brain slices were placed in a chamber superfused (~2 mL/min) with continuously oxygenated
ACSF solution warmed to 32 + 1°C. hGLP1R-expressing Central amygdala neurons were
identified by video microscopy based on the expression of eYFP marker. Whole-cell
electrophysiology recordings were performed using a Multiclamp 700B amplifier with signals
digitized by a Digidata 1550B digitizer. Currents were amplified, lowpass-filtered at 2 kHz, and
sampled at 35 kHz. Borosilicate electrodes were fabricated using a Brown-Flaming puller (model
P1000, Sutter Instruments) to have pipette resistances between 2.5 and 4.5 mQ. Current-clamp
recordings of membrane potentials were collected in ACSF solution identical to that used for
preparation of brain slices. The internal solution contained the following (in mM): 120
K-gluconate, 10 NaCl, 2 MgCl,, 0.5 K,EGTA, 10 HEPES, 4 Na,ATP, and 0.3 NaGTP, pH 7.2

(osmolarity 290 mOsm). Resting membrane potential was recorded as previously described
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(1,2). After 5 mins of baseline membrane potential recordings 10 ym of danuglipron was
perfused for 5 mins followed by washout.

Statistics

Electrophysiology recordings were analyzed using ClampFit 11.2. All statistical comparisons
were made using the appropriate test in GraphPad Prism 9.5.0. For membrane, AP properties,
and amplitude underwent descriptive statistics followed by normality and lognormality test using
gaussian distribution. Data were assessed for normality using the D’Agostino-Pearson omnibus
normality test, Anderson-Darling test, Shapiro-Wilk test, and Kolmogorov-Smirnov test with
Dallal-Wilkinson-Lillie for P-values. Data were tested for outliers using the ROUT method, and
statistical outliers were not included in data analysis. Followed by Tukey’s test with no gaussian
distribution creating a nonparametric t-test using Wilcoxon matched-pairs signed rank test to
compare responses caused by the drug. Data are presented as individual data points and/or

mean + SEM.

Fiber Photometry Recordings

In vivo calcium recording (GCaMP)

Mice underwent 20-minute daily habituation sessions over two consecutive days to acclimate to
the fiber-optic cable (Doric Lenses, @400-um core, 0.57 numerical aperture). On the test day,
mice were injected with either vehicle, saline, danuglipron (30 mg/kg) or liraglutide (0.3 mg/kg)
two hours prior to recording. The order of injections was randomized to avoid order effects.
Following the two-hour post-injection period, mice were connected to patch cables which were
interfaced with rotary joints to enable free movement. Recordings were conducted for one hour.
Fiber photometry data were recorded using fluorescent signals from both calcium-dependent
(465 nm) and calcium-independent isosbestic (405 nm) excitation wavelengths (Doric). The

isosbestic (405 nm) signal served to control for artifacts. The light power of the fiber optic cable

80



was measured before each experiment and maintained at approximately 20-30 uW for both the

calcium-independent isosbestic (405 nm) and calcium-dependent (465 nm) signals.

In vivo calcium analysis (GCaMP)

The isosbestic signal (405 nm) was fitted to the calcium-dependent (465 nm) signal using a
linear least squares method implemented in a custom MATLAB script. Then AF/F was
calculated as (465 nm - fitted 405 nm) / fitted 405 nm. For significant calcium event detection
analysis, we used a combination of methodologies previously described(367). Events were
detected using a threshold defined as the median plus two standard deviations of the entire
recording, with events required to be 1.5 seconds or longer. The number of events detected per
trial was then extracted and reported alongside heatmaps as %AF/F of entire recordings.
Heatmaps were generated in Python using Min-Max normalization, scaled to a range of 0-1.
For each mouse, the normalization range was determined based on the Vehicle condition: the
average of the lowest 360 data points was set as the minimum, and the average of the highest
360 data points was set as the maximum. This normalization range, derived from the Vehicle
condition, was then applied to the corresponding paired Danuglipron data for the same mouse.
A moving average with a window and bin size of 10 smoothed the data, which was then plotted
as a heatmap. Mice with missed virus injection or off-target fiber placement were excluded from

analysis.

In vivo dopamine recording (dLight1.3b)

Mice were single-housed and habituated to the fiber optic cable and high-fat diet (HFD) for one
hour over two consecutive days. On the test day, mice received an injection of either a drug
(liraglutide [0.3 mg/kg], danuglipron [30 mg/kg], or orforglipron [1mg/kg]) or vehicle/saline, with
the order of drug versus vehicle/saline injections randomized. Liraglutide and danuglipron were

administered two hours before recording, while orforglipron was given four hours prior. Fiber
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photometry data were recorded as described above. Fluorescent signals were collected from
both dopamine-dependent (465 nm) and dopamine-independent isosbestic (405 nm) excitation
wavelengths. During the testing sessions, small pellets of HFD (~10 mg) were dropped into a
cup at two-minute intervals after the mice retrieved the pellet. 5 to 6 trials were conducted per
mouse. The recording session was video recorded to timestamp food retrieval time. Dopamine

recordings were conducted during the light phase, between ZT3 and ZT6.

In vivo dopamine analysis (dLight1.3b)

The isosbestic signal (405 nm) was fitted to the dopamine-dependent (465 nm) signal using a
linear least squares method implemented in a custom MATLAB script. Then AF/F was
calculated as (465 nm — fitted 405 nm) / fitted 405 nm. To account for inter-animal differences in
signal intensities, Z-scores were calculated for the AF/F signals. The baseline period for each
food trial was defined as the 30-second interval prior to food retrieval. The mean and standard
deviation of the baseline period were used to compute the Z-scores, with the formula: Z score =
(F-Fu(baseline))/std(baseline), where F is the 405 nm corrected 465 nm signal (AF/F),
d(baseline) is the mean, and std is the standard deviation of the baseline period. Video frames
were analyzed to determine the exact timestamp when the mouse retrieved the pellet, which
was defined as time O for each retrieval. The 30-second window centered around the food
retrieval time was extracted. The area under the curve (AUC) and maximum fluorescence
Z-scored within the food retrieval window was further extracted and analyzed for quantification
of dopaminergic activity. 5 food trials were averaged per mouse. Mice with missed virus

injections or off-target fiber placements were excluded from the analysis.

Statistical analyses
All data are presented as mean +SEM unless otherwise noted. Statistical tests including paired

or unpaired two-tailed t-tests, Kruskal-Wallis tests, Wilcoxon signed-rank tests, Pearson
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regression, one-way ANOVA, two-way/repeated-measures ANOVA (with Bonferroni correction
or Tukey’s HSD post hoc tests), MANOVA (with MATS resampling), linear mixed effect models
with beta regression (with Tukey’s post hoc test) were performed using RStudio (v4.3.0), Python
(v3.11.5), JupyterLab (v3.6.3), MATLAB (R2023a), or GraphPad Prism (v10.4.0). Brief
descriptions of all experiments in each figure panel, sample sizes, mean +SEM, statistical test,
test statistics, and P-values are presented in Supplementary Table 1. *P<0.05; **P<0.01;

***P <0.001.

C3.5 Data availability
All data will be available on Dryad upon publication and select code will also be available on

Github at https://github.com/UVACircMetNeul ab.
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Extended Data Fig. 1. Metabolic profiling of WT and Glp1rs**W mice. a,e, (Elizabeth
Godschall, Isabelle Sajonia) Diurnal rhythms averaged over 3 days of (a) respiratory
exchange ratio (RER) and (e) energy expenditure (EE) in WT and Glp1rs*Y¥ mice. b-g,
(Elizabeth Godschall, Isabelle Sajonia) Average dark/light phase and total 24 hour (b,c) RER
and (f,g) EE between WT and Glp1rs*V mice (n = 11-12 per genotype, two-way ANOVA with
Bonferroni correction or Welch’s t-test). d,h, (Elizabeth Godschall, Isabelle Sajonia) Total 24
hour (d) RER and (h) EE averaged by sex (n = 4-5 females, n = 7 males per genotype, two-way
ANOVA with Bonferroni correction). i, (Elizabeth Godschall) Average baseline body weight of
WT and Glp1rs*V mice 10 to 20 weeks old (n = 18-19 per genotype, Welch's t-test). j,
(Elizabeth Godschall) Average baseline body weight of WT and Glp1rs*" male and female

mice (n = 8-9 females, n = 10 males per group, two-way ANOVA with Bonferroni correction).
Data are represented as medians + Q1-Q3. *P<0.05; **P<0.01; ***P<0.001.
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Extended Data Fig. 2. 24-hour effects of GLP1RAs on standard diet consumption. a-c,
(Elizabeth Godschall) Standard diet (SD) consumption 24 hours after (a) liraglutide, (b)
danuglipron, and (c) orforglipron injection in WT and Glp1rs*W mice. (n = 6 per injection,

two-way ANOVA with Bonferroni correction, **P<0.01; ***P<0.001). Data are represented as
means + SEM.
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Extended Data Fig. 3. cFos activation in NTS and AP of WT mice administered oral or IP
danuglipron. a,b, (Elizabeth Godschall) Neuronal cFos activation in the NTS and AP 2-hours
after danuglipron was administered to WT mice via (a) IP injection or (b) oral gavage. c,
Quantification of cFos expression in the NTS (left) or AP (right) following danuglipron IP or oral
delivery in WT mice (n = 3-4 per delivery route, Welch’s t-test). Data are represented as means
+ SEM. *P<0.05; **P<0.01; ***P<0.001.
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Extended Data Fig. 4. Home cage monitoring heatmaps of Glp1r°**¥ mice (Isabelle
Sajonia). Representative image of home cage set-up (dimensions: 30 x 30 x 43.5 cm) with
calibrated positions of wheel, IR translucent shelter (10.5 x 10.5 x 6 cm), food hopper (5.5 cm
from floor), and water bottle spout (5 cm from floor) identified in white outline (top).
Coordinate-based heatmaps of nose keypoint trajectories recorded at 25 fps over 2-hour
sessions for each treatment group during active (ZT 12-14) or inactive (ZT 3-5) phase. Color
scale represents dwelling time in seconds.
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Extended Data Fig. 5. Machine-learning assisted pipeline for home cage behavioral
analysis (Isabelle Sajonia) . Blue squares represent video pre-processing steps. Social LEAP
Estimates Animal Poses (SLEAP) was used to extract nine keypoint coordinates for each
mouse in the videos (Fig. 3, A to B; fig. S4). Keypoint Motion Sequencing (Keypoint-MoSeq)
identified behavioral syllables from these coordinates (fig. S6). Red squares represent Python
scripts used for the analysis of Keypoint-MoSeq syllable results: locations (identify regions of
interest), location_aware (Fig. 3c-n), I[da_cosine (Fig. 31,n), and pie_timeline (Fig. 3b,e,f,m).
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Extended Data Fig. 6. Trajectory plots of main behavioral syllables identified by
Keypoint-MoSeq (Isabelle Sajonia). Syllables identified from keypoint coordinates by
Keypoint-MoSeq were sorted into 11 categories by trained raters using grid movies generated
for each syllable. The proportion of each syllable category is presented as a percentage. Rare
syllables (minimum frequency < 0.5% but =2 0.01%) are not visually depicted but were included

in the analysis.
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Extended Data Fig. 7. Principal component analysis and inactive phase behaviors. a—f,
(Isabelle Sajonia) Principal Component Analysis (PCA) of 23 behavioral durations recorded
during 2-hour home cage video sessions. PCA score plots for: (a) Vehicle and
danuglipron-treated mice, (¢) saline and liraglutide-treated mice, and (e) inactive-phase SD- and
HFD-fed mice treated with vehicle or danuglipron. Corresponding PCA loading plots illustrating:
(b) vehicle and danuglipron, (d) saline and liraglutide, and (f) inactive-phase SD- and HFD-fed
mice treated with vehicle or danuglipron. g—k, (Isabelle Sajonia) Proportion of time allocated to
five behavioral categories during the inactive phase for SD- and HFD-fed mice on vehicle or
danuglipron: (g) food-motivated behaviors, (h) drinking, (i) movement/exploration, (j) grooming,
and (k) resting behaviors (n = 10 per injection, (n = 10, generalized linear mixed-effects model
(beta distribution) with main effects of drug and diet, as well as their interaction, followed by
Tukey's post-hoc test, *P<0.05; **P<0.01; ***P<0.001). Data are represented as medians *
Q1-Q3. *P<0.05; **P<0.01; ***P<0.001.
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Extended Data Fig. 8. Validation of AAV-hSyn-DIO-hGLP1R virus. a-h, (Elizabeth
Godschall) Fluorescent microscopy images of the brain regions stereotaxically injected with
AAV-DIO-hGLP1R. Images from Allen Brain Atlas, with regions of interest in bold and hGLP1R
antibody staining (green) in the (a,b) basomedial hypothalamus (BMH), (c,d) DMH, (e,f)
NTS/AP, or (g,h) CeA. Scale bars = 200 pm.
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Extended Data Fig. 9. Danuglipron depolarizes the resting membrane potential in
hGLP1R-expressing CeA neurons. a, (Tyler Deutsch, Manoj Patel) Representative trace
showing the effect of 5 minutes of danuglipron perfusion (10 uM) on the resting membrane
potential of CeA neurons. b, (Tyler Deutsch, Manoj Patel) Average depolarization induced by
danuglipron compared to baseline recording. Baseline: —62.72 £ 2.08 mV; danuglipron: -54.87
+ 2.49 mV; average change: 7.8 mV (n = 7 cells, Wilcoxon signed-rank test, *P<0.05). c—f,
(Tyler Deutsch, Bugra Gungul) Localization of eYFP-labeled hGLP1R-expressing neurons in
the central amygdala (CeA). Braind software(368) analysis indicates prominent eYFP labeling in
the capsular part of the CeA, with additional labeling in the lateral part. Scale bars = 1000 ym.
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Extended Data Fig. 10. AAV-DIO-mGLP1R3*W-HA targeted to the CeA of Glp1r-Cre mice
recapitulates effects of AAV-DIO-hGLP1R. a, (Elizabeth Godschall, Tony Spano) Schematic
of Glp1r-Cre mice injected with a Cre-dependent AAV carrying full length mouse Glp1r (mGlp1r)
or AAV carrying full length mouse GLP1R with the S33W mutation at position 33 (MGLP1RS%V)
in the CeA. b,c, (Elizabeth Godschall) Normalized 4-hour (b) SD and (c) HFD consumption
post-injection of vehicle or danuglipron in mGlp1r, full length human GLP1R (hGLP1R) or
mGlp1r-S33W (S33W) expressing mice (n = 4-9 per group, two-way ANOVA with Bonferroni
correction, *P<0.05; **P<0.01). d, (Elizabeth Godschall) Representative image of AAV-DIO-
mGLP1RS*W-HA expression in the CeA (green). Scale bars = 200 ym. Data are represented as
means + SEM. *P<0.05; **P<0.01; ***P<0.001.
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Extended Data Fig. 11. Fiber photometry recordings and validation of CeA®-*'R neurons.
a, (Bugra Gungul) Representative traces of fiber photometry recordings showing
calcium-dependent fluorescence (465nm) and calcium-independent, isosbestic fluorescence
(405nm) signals. b, (Bugra Gungul) Fitted 405nm signal (pink) transformed for AF/F
calculation. ¢, (Bugra Gungul) Representative trace of %AF/F used for analysis. Blue dots
indicate detected calcium events, identified using a threshold set at 2 standard deviations plus
the median of the entire 1-hour recording session, with an event required to be longer than 1.5
seconds. d, (Bugra Gungul, Elizabeth Godschall) Representative images of
AAV-DIO-GCaMP7s + hGLP1R targeted to the CeA. Validation with hGLP1R antibody (red; left),
GCaMP7s (green; middle), and verification of colocalization (right). Scale bars = 100 pm. e,
(Bugra Gungul) Number of significant calcium events averaged per mouse during 1-hour
recording session following saline or liraglutide in CeA-hGLP1R expressing mice (n = 6 per
injection, paired t-test, *P<0.05). f, (Bugra Gungul, Isabelle Sajonia) Representative heatmaps
of %AF/F neuronal calcium signal per mouse during 1-hour of fiber photometry recording after
saline (left) or liraglutide (right) injection in CeA-hGLP1R expressing mice. Data are represented
as means + SEM. *P<0.05; **P<0.01; ***P<0.001.
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Extended Data Fig. 12. CeA®"'R neurons innervate the VTA and validation of AAVs
targeting CeA and NAc. a, (Bugra Gungul, Elizabeth Godschall) Representative images of
AAV-DIO-ChR2-eYFP expression targeted to the CeA of Glp1r-Cre mice (green; n = 6). b,
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(Bugra Gungul, Elizabeth Godschall) Tyrosine hydroxylase (Th) expression in the VTA
(magenta). ¢, (Bugra Gungul, Elizabeth Godschall) Axon fiber projections from CeAS-"'R
neurons into the VTA, and d, (Bugra Gungul, Elizabeth Godschall) colocalization of Th with
CeACPR  fibers in the VTA. e, (Elizabeth Godschall) Traces of superimposed
AAV-DIO-ChR2-eYFP injection targeting per mouse, collapsed on the Allen Brain Atlas figure. f,
(Elizabeth Godschall) Schematic showing AAV-dLight1.3b injection into the NAc and
AAV-DIO-hGLP1R injection into the CeA of Glp1r-Cre mice, with fiber optic implants in the NAc.
d, (Bugra Gungul, Elizabeth Godschall) Validation of AAV-DIO-hGLP1R targeting the CeA
using hGLP1R antibody staining (red). h, (Bugra Gungul, Elizabeth Godschall)
Representative AAV-dLight expression in the NAc and fiber optic implant placement (green).
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Extended Data Fig. 13. Liraglutide reduces NAc dopamine release in response to HFD. a,
(Bugra Gungul) Averaged Z-score traces showing dopamine release in the NAc in response to
HFD following administration of saline or liraglutide in Glp1rs*WV mice. Traces are aligned to food
retrieval time (t = 0) and averaged across five food trials per mouse. b,c, (Bugra Gungul)
Quantified (b) area under the curve (AUC) for Z-scores and (¢) maximum fluorescence Z-scores
within the food retrieval window (n = 7, paired t-test, *P<0.05). Data are represented as means +
SEM. *P<0.05; **P<0.01; ***P<0.001.
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C3.9 Supplementary Materials

Supplementary Table 1 (Elizabeth Godschall)

Figure | Sample Type (mouse line) | Number of Sample (n/trial)| Behavior Test | Drug or Virus Injection Description Statistical Test | Degrees of Freedom (df) |Mean +/- SEM| Statistics _|Adjusted p-v
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Supplementary Video 1 (Isabelle Sajonia)
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Chapter 4. Conclusions and Future Directions

C4.1 Next Generation Obesity Therapeutics

Semaglutide and tirzepatide are groundbreaking treatments for type Il diabetes and obesity,
paving the way for the current obesity therapeutic boom, which is projected to surpass $100
billion by 2030 (369). Currently, more than 50 GLP-1 receptor agonists (GLP1RAs) are in clinical

trials, with that number expected to grow. Within GLP1RA treatments, multiple classes exist.

The peptide class includes liraglutide, semaglutide, tirzepatide, and CT-388, administered either
daily or weekly. Notably, tirzepatide and CT-388 are dual agonists targeting both the GLP-1
receptor (GLP1R) and glucose-dependent insulinotropic polypeptide receptor (GIPR) (370,
371). Survodutide (Bl 456906) is the first major therapy to act as a dual glucagon and GLP-1
receptor agonist (372). Metsera’s MET-097i is on track to become the first once-monthly
injectable peptide GLP1RA. Meanwhile, antibody-based therapies like AMG 133 (MariTide)
combine GLP1R agonism with GIPR antagonism (373), also utilizing a once-monthly injection
schedule. Peptide-based therapies, however, come with challenges—they require cold storage,
are costly to manufacture, and are typically limited to injectable formulations. Retatrutide, a triple
agonist targeting GLP1R, GIPR, and the glucagon receptor, demonstrates up to 25% weight
loss in trials and is formulated as a once-weekly injection (374), outperforming other agonists

that typically yield ~20% weight loss.

Emerging as a promising alternative, small-molecule GLP1RAs include danuglipron,
orforglipron, TERN-601, AZD5004, GSBR-1290, and GS-4571 (318, 321, 322, 375). These
molecules offer advantages such as simpler manufacturing, oral bioavailability, lower costs, and
fewer food-drug interactions. While Rybelsus (oral semaglutide) is an option, it carries significant

food-related restrictions. New developments include MET-2240, an oral peptide GLP1RA with
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“ultra-long lasting” effects, and VRB-101, a once-weekly peptide GLP1RA pill. The fact that
activating or inhibiting various incretin or glucagon pathways can produce similar weight loss

results highlights the need for further mechanistic investigation.

Beyond GLP1RAs, weight loss drugs are being combined with androgen receptor modulators
like enobosarm (Veru) and anti-myostatin therapeutics (Scholar Rock) to help preserve muscle
mass, promoting fat loss while maintaining lean body mass (376). Additionally, GLP1R and
amylin agonist combinations are showing promise for long-term weight loss with potentially
fewer nausea-related side effects, a common drawback of obesity medications. Novo Nordisk’s
semaglutide-cagrilintide combination (CagriSema) (377), AstraZeneca’s AZD6234, and Zealand
Pharma’s petrelintide (ZP8396) (378) represent long-acting amylin receptor agonists in
development. Metsera is also advancing a lineup of long-lasting amylin receptor agonists
alongside its GLP1RA MET-097i. Meanwhile, VRB-103 is a once-weekly oral amylin receptor
agonist, with additional combination oral and injectable options in development. Given their
potential, amylin analogs could represent the next major class of obesity therapeutics, either as

standalone treatments or in combination with incretin-based drugs.

Other innovative approaches to obesity treatment include Aardvark Therapeutics’ ARD-101
(379), which targets the gut bitter taste receptor (TAS2R) to stimulate the release of GLP-1,
GLP-2, and CCK, promoting prolonged satiety. ARD-101 is also being investigated for
monogenic obesity conditions like Prader-Willi Syndrome. Another novel strategy involves
Antag’s GIPR peptide antagonist (AT-7867) (380), which may enhance the efficacy of traditional
GLP1RAs. Preclinical studies in mice further suggest that combining GLP1R agonism with

NMDA receptor antagonism (GLP-1-MK-801) can induce significant weight loss (339).

While GLP1R agonists remain the foundation of obesity therapy, researchers and companies
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are continuously developing innovative treatment strategies. The pipeline of drug candidates is
rapidly expanding, with the next generation of obesity medications likely to feature simpler oral

formulations and potentially curative approaches such as targeted gene or cell therapies.

C4.2 GLP1RAs as a Panacea

Beyond their established role in type Il diabetes and obesity, GLP-1 receptor agonists
(GLP1RAs) are being increasingly explored for a range of other diseases, including metabolic
disorders, cardiovascular conditions, neurodegenerative diseases, and even addiction treatment
(299, 349). These drugs are now being studied as potential treatments for metabolic
dysfunction-associated steatohepatitis (MASH) and chronic kidney disease (CKD). MASH,
characterized by fatty liver, inflammation, and fibrosis, can lead to severe health complications,
including liver cancer, yet it currently lacks targeted treatments. GLP1RAs may offer a promising
solution by reducing body fat, slowing fibrosis, lowering inflammation, and improving insulin
sensitivity. Early clinical trials suggest semaglutide may resolve MASH in about 60% of cases,
with further studies underway (3871, 382). Similarly, GLP1RAs show potential in protecting
against CKD, a condition strongly linked to both type Il diabetes and obesity. By improving blood
glucose control, lowering blood pressure, and reducing disease progression, these drugs may
help prevent or treat kidney damage. Preliminary trials indicate that liraglutide and semaglutide
can prevent or reverse more than 20% of kidney damage (383). Additionally, because improving
metabolic health and weight loss can alleviate related conditions, tirzepatide has been approved

for treating obstructive sleep apnea (384).

GLP1RAs have also demonstrated significant cardiovascular benefits. Cardiovascular disease
remains one of the leading causes of death worldwide, making effective treatment strategies
crucial. These drugs help lower blood pressure, reduce the risk of heart attack and stroke,

prevent plaque buildup, and improve heart failure with preserved ejection fraction (HFpEF).
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Data suggests that GLP1RAs can reduce the incidence of major adverse cardiovascular events
by approximately 20% in both obese and non-obese patients, positioning them as promising

therapeutics for heart health (385-387).

Emerging research further suggests that GLP1RAs may offer neuroprotective,
anti-inflammatory, and cognitive-enhancing effects, particularly for Alzheimer’s disease (AD) and
Parkinson’s disease (PD). Because AD is linked to type Il diabetes, improving insulin sensitivity
in the brain with GLP1RAs could enhance cognitive function and slow disease progression.
Early studies indicate semaglutide may mitigate neurodegeneration and AD risk in over 40% of
patients who also had type Il diabetes (388, 389). Similarlyy, GLP1RAs may help slow
dopaminergic neuronal loss in PD, potentially improving motor function and offering
neuroprotective benefits (390, 397). Although the exact mechanisms are not yet fully
understood, these findings highlight the growing interest in using GLP1RAs to treat

neurodegenerative diseases.

Beyond metabolic and neurodegenerative disorders, GLP1RAs are also being explored for
addiction treatment (360, 392, 393). Research in both animals and humans suggests that these
drugs may modulate the brain’s mesolimbic dopamine system, which is responsible for
motivation, reward, and addiction (332, 394). By decreasing dopamine release in response to
rewarding substances, GLP1RAs could help reduce cravings and improve impulse control for
drugs, alcohol, and even food. While these preliminary findings are promising, more research
and long-term studies are needed to fully understand their potential impact on addiction and

broader brain health.

Despite their broad therapeutic potential, GLP1RAs are not without risks, and side effects can

affect multiple organ systems. Gastrointestinal issues are among the most commonly reported
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adverse effects, including nausea, vomiting, abdominal pain, gastroesophageal reflux disease
(GERD), gastritis, and hemorrhoids (395). Although GLP1RAs may benefit kidney health, they
have also been associated with risks such as interstitial nephritis, nephrolithiasis, and acute
kidney injury. While these drugs generally have positive cardiovascular effects, they can
sometimes cause hypotension (low blood pressure), which may be a concern for some patients.
Gallbladder-related disorders, including cholelithiasis, cholecystitis, and biliary disease, have

also been reported (396).

Additionally, there is concern that GLP1RAs could stimulate the growth of thyroid C cells,
potentially increasing the risk of medullary thyroid cancer. Monitoring blood calcitonin levels may
help mitigate this risk. Other potential complications include acute pancreatitis, which can be
dangerous if left untreated, as well as bone and joint-related pain, with increased reports of
arthralgia, osteoarthritis, tendonitis, and bone pain (396). Neurological side effects such as
sleep disturbances and headaches have also been noted. Furthermore, little is known about the
safety of GLP1RAs during pregnancy and breastfeeding, and as a precaution, women are
advised to discontinue these medications when pregnant or nursing. Discontinuing GLP1RAs
results in a significant increase in appetite, often leading to weight regain. Due to this, there

remains a huge market for more curative treatments for obesity and metabolic disorders.

The potential applications of GLP1RAs continue to expand, with ongoing research uncovering
new benefits across various disease areas. While these drugs have revolutionized metabolic
and cardiovascular treatment, their emerging roles in neurodegeneration, addiction, and other
conditions highlight their growing importance in medicine. However, as their use broadens, it
remains critical to monitor their risks and long-term effects. The future of GLP1RA therapy will
likely focus on optimizing targeted approaches and formulations for safety, efficacy, and

accessibility while exploring novel applications beyond their current scope.
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4.3 Contributions and Future Directions

Throughout this work, we have made significant contributions to the fields of circadian biology
and the neurobiology of feeding and obesity treatments. While the debate over food entrainment
and the anatomical location of the food-entrainable oscillator (FEO) has been ongoing, our
findings confirm that the suprachiasmatic nucleus (SCN) is not heavily involved in the FEO
network. Instead, we demonstrate that DMH"*"" neurons play a crucial role in orchestrating food
anticipatory activity and serve as a key node within the FEO network (Graphical Abstract 1).
Additionally, we developed the first single-nucleus RNA sequencing atlas of the DMH, identifying

transcriptional changes and pathways involved in fasting and scheduled feeding.
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Graphical Abstract 1.

Building on this foundation, we generated a novel mouse model expressing humanized GLP1R
(Glp1rs33W) which will be instrumental in preclinical investigations of small-molecule GLP1R
agonists. Our findings indicate that both small-molecule and peptide agonists produce
comparable effects in glucose tolerance tests (GTT), feeding experiments, and behavioral
patterns. To further explore the role of GLP1R in discrete neuronal populations, we engineered

three new Cre-dependent AAVs encoding human GLP1R, Glp1r*3%, and mGlp1r. Our results
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suggest that GLP1R-expressing neurons in the hypothalamus, DMH, and hindbrain
predominantly regulate homeostatic feeding, whereas GLP1R populations in the central
amygdala (CeA) and hindbrain contribute to hedonic feeding (Graphical Abstract 2). Notably, we
provide evidence that small-molecule GLP1R agonists can directly access brain regions
traditionally considered impermeable to the blood-brain barrier, such as the CeA—an insight

that could transform the way GLP1RAs are used to target and treat brain-related disorders.
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Graphical Abstract 2.

Furthermore, we identify CeA®*' neurons as a critical component in modulating mesolimbic
dopamine release in response to highly palatable foods. Our data show that both
small-molecule and peptide GLP1R agonists reduce dopamine output in response to high-fat
diet (HFD), an effect that is recapitulated when selectively activating CeA®*' neurons.
Collectively, this work represents a pivotal advancement in GLP1RA research, offering crucial
insights into how these next-generation drugs influence physiology, behavior, and

neuromodulatory networks.
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There are several promising directions to build on this work. In the first project, it would be
valuable to investigate how DMH"*"" neurons interact with the SCN to dampen its effects. This
could be explored both functionally and through snRNA-seq analysis. Additionally,
understanding the broader network of circadian or locomotor-related brain regions that
DMH-Lepr neurons project to could provide deeper insight into how food anticipatory activity

and food entrainment are regulated in the brain.

For the second project, long-term studies are needed to assess the chronic effects of GLP1RAs,
particularly in obese mice. Examining dopamine dynamics and behavioral responses to different
GLP1RAs in the context of obesity could be highly informative, as obesity is both influenced by
and a contributor to dysregulated dopaminergic signaling. Investigating how GLP1RAs restore
“appropriate” dopamine function would provide key mechanistic insights. Additionally, monitoring
VTA or CeA®P'" neuronal activity over time as animals become obese could reveal critical

changes in brain function in response to caloric excess and diet-induced obesity.

This is an exciting time for metabolic disease research, with new treatments emerging each

year. Expanding our fundamental understanding of how these therapies function across different

organ systems is essential for optimizing their efficacy and uncovering novel therapeutic targets.
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Addendum 1: Unpublished Results

Timing Effect of Liraglutide on Weight Loss and Food Consumption

Chronotherapy is an often overlooked but powerful strategy for optimizing treatment success by
coordinating a person’s circadian rhythm in conjunction with medical intervention (397).
Circadian regulated pathways contribute greatly to energy metabolism in a time-of-day
dependent manner. Westernized life schedules, high calorie diets, and constant access to food
dysregulate circadian rhythms via interference with normal physiological processes. This
circadian desynchrony, common in night-shift workers (71717-713), is linked to obesity and
metabolic disorders. Promising once-daily weight loss drugs liraglutide, danuglipron, and
orforglipron are highly efficacious but GLP1RA interactions with central and peripheral circadian
clock systems are unexplored. Emerging literature shows liraglutide can improve insulin
secretory rhythms in pancreatic islets and increase sleep (398, 399), suggesting potential
diverse central and peripheral circadian effects of GLP1RAs. Understanding how GLP1RAs
influence clock mechanisms to improve metabolic health could unlock improved drug targets

and exciting avenues for future circadian-metabolic research.

It is well understood that mice consume a majority of their standard diet during their active
phase in the dark cycle (Fig. 1a). If they are instead provided a highly caloric and fatty diet
(HFD), they change their feeding behavior to eat almost evenly throughout their active and
inactive phases and begin to gain weight (Fig. 1b). If HFD is restricted to the active phase, then
mice do not get obese, indicating a strong circadian interaction with metabolic processes (400).
Little is known about timing effects of GLP1RAs or if the timing of administration has an effect
on efficacy or tolerability of these drugs. To test this, we first looked acutely at effects of
liraglutide on hedonic feeding and bodyweight 12 to 24 hours after injection at either zeitgeber

(ZT) 0 or ZT12. Though there was a similar inhibition in feeding and body weight regardless of
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timing compared to saline both 12 and 24 hours after injection (Fig 1c-f), the ZT12
liraglutide-injected cohort lost significantly more weight than the ZTO cohort (Fig 1d,f). We also
found a shift toward more SD-like feeding patterns in ZTO liraglutide-injected mice reflected by

less inactive phase HFD consumption (Fig 1g).
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Figure 1. Acute and chronic effects of liraglutide chronotherapy on consumption and
body weight. a,b. (Elizabeth Godschall) Percent of (a) standard diet (SD) or (b) high fat diet
(HFD) consumed in the light or dark cycle across the 24 hour day. c. (Elizabeth Godschall)
12-hour HFD consumption after injection of liraglutide or saline at either ZTO or ZT12 (n = 12 per
group, Two-way ANOVA with Bonferroni Correction, ***P <0.001). d. (Elizabeth Godschall)
12-hour change in body weight after injection of liraglutide or saline at either ZT0 or ZT12 (n =
12 per group, Two-way ANOVA with Bonferroni Correction, ***P <0.001). e. (Elizabeth
Godschall) 24-hour HFD consumption after injection of liraglutide or saline at either ZTO or
ZT12 (n = 12 per group, Two-way ANOVA with Bonferroni Correction, ***P <0.001). f.
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(Elizabeth Godschall) 24-hour body weight change after injection of liraglutide or saline at
either ZTO or ZT12 (n = 12 per group, Two-way ANOVA with Bonferroni Correction, ***P
<0.001). g. (Elizabeth Godschall) Changes in light-dark HFD feeding structure injection of
liraglutide or saline at either ZTO or ZT12. h,i. (Elizabeth Godschall) (h) Percent body weight
change (n = 6 per group, Two-way ANOVA with Tukey's HSD Correction, *P <0.05; ***P <0.001)
and (i) daily HFD intake (n = 6 per group, Two-way ANOVA with Bonferroni Correction, *P
<0.05) of mice on chronic HFD administered liraglutide or saline at either ZTO or ZT12 over 10
days. j. (Elizabeth Godschall, Qijun Tang) Average phase shift of mice free running in
constant darkness administered saline or liraglutide at circadian time (CT) 14 (n = 3 per group,
Welch’s t-test, *P = 0.0395). Data are represented as means + SEM.

Next, we were interested in the long term effects of liraglutide chronotherapy on weight loss and
if these experiments recapitulated the acute liraglutide trends. Mice were put on a chronic HFD
and treated with either saline or liraglutide at ZTO or ZT12 for 10 days. Average HFD intake
across the 10 days revealed significantly decreased consumption between liraglutide and saline
groups at both ZTO and ZT12 (Fig. 1i). Average body weight was significantly decreased in
liraglutide ZTO or ZT12-injected groups compared to saline cohorts (Fig. 1h). Interestingly, we
found the most drastic weight loss effect in the ZT12 liraglutide-injected cohort (Fig. 1h). These
findings indicate liraglutide could be optimal for weight loss when administered at the onset of
the active phase, supporting an interplay between circadian mechanisms and GLP1RA

treatment to enhance metabolism and treatment outcome.

SCN Expresses GLP1R and is Activated by Liraglutide

While the effects of liraglutide on the circadian system are evident from our previous
experiments, we next wanted to understand if liraglutide could alter the central circadian
pacemaker, the suprachiasmatic nucleus (SCN). While some comprehensive studies have
indicated the SCN as a liraglutide responsive region (305, 401, 402), the effects of liraglutide on

the SCN have never been explored.

First, we asked if liraglutide can shift or alter the circadian clock through perturbations in the free
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running period of mice. Preliminary experiments suggest that liraglutide injection to mice in
constant darkness (DD) at circadian time (CT) 14 induces a significant phase delay (Fig. 1j).
These findings highlight a potential role for liraglutide in modulating the central circadian
pacemaker. Next, we looked to the SCN to understand if this interaction could be direct or
indirect. In order for liraglutide to exert direct effects on the SCN, it is first essential to know if the
SCN expresses GLP1R. Using single nuclei RNA-sequencing we identified Glp1r mRNA
transcripts in the SCN (Fig. 2a-c), validated by RNA in situ hybridization along with a
Glp1r-Cre;tdTomato reporter mouse line to verify protein expression (Fig. 2d,e). We find that
SCNCP'" cells appear in both the shell and core of the SCN and do not highly coexpress with
other known SCN subtypes (Fig. 2e). This SCNC®®'" population provides an interesting research
avenue into the intersection of feeding, metabolism, and circadian research, warranting further

investigation.
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Figure 2. Glp1r is expressed in the SCN and is a distinctive subtype. a. (Elizabeth
Godschall) Representative microdissection of tissue extracted from the SCN for single nuclei
RNA-sequencing. b. (Elizabeth Godschall) Uniform Manifold Approximation and Projection
(UMAP) of the SCN and its 8 neuronal clusters. ¢. (Elizabeth Godschall) Dot plot showing
which SCN clusters Glp1r mRNA is colocalized with. Dot size indicates percent expression and
dot color indicates average Glp1r expression. d. (Elizabeth Godschall) Glp1r-Cre;tdTomato
expression in the SCN shown in red. Scale bar = 100 ym. e. (Elizabeth Godschall) RNA in situ
hybridization of Glp1r (green) with either Nms (magenta; left), Drd1 (magenta; middle), or Avp
(magenta; right) in the SCN. Scale bar = 100 pm.
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