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Abstract

The hypothalamus integrates sensory and peripheral signals to maintain essential
homeostatic functions throughout the body. With respect to sleep and wakefulness, the
suprachiasmatic nucleus (SCN) acts as the body’s primary central clock and manages
the timing of essential behavior and physiological processes. With respect to appetite
and food intake, the arcuate nucleus (ARC) acts as the primary mediator of homeostatic
feeding, driving food intake behaviors when energy balance is low. Hypothalamic
circuits controlling sleep and food intake in mammals are some of the most ancient
structures in the mammalian nervous system, however the processes that maintain
equilibrium in the wild have not been selected for in the context of modern life. In
particular, we lack an understanding of how hedonic processes, such as those
regulated by dopamine (DA) and reward systems, impinge on the healthy functioning of
hypothalamic circuits in disease. Globally, human diets are increasingly composed of
foods rich in fats and sugars, and consumption of these foods results in DA signaling in
the midbrain and other regions. Identifying how DA acts on hypothalamic circuits is
essential to combating the negative impacts that obesity and circadian dysregulation
have on humanity. Here, | investigate the circuitry and signaling in these nuclei relevant
to DA and the dopamine 1 receptor (Drd1). My work demonstrates that Drd1 neurons
have multimodal and complex actions in hypothalamic nuclei, and modulate important

neuronal populations vital to homeostatic processes.



Acknowledgements and Dedication

This work is dedicated to my family. Achieving my PhD would have been impossible
without the enormous unconditional support | have received throughout my life from my
parents, siblings, and spouse. | also give enormous thanks to my advisor Ali Guler, not
just for his enormous patience and dedicated mentorship, but for never ceasing to push
me to be a better, more rigorous, and thoughtful scientist. Additionally, | am extremely
grateful for the unwavering support and generous attention | have received from my
committee members Ignacio Provencio, Masashi Kawasaki, Manoj Patel, and Chris
Deppmann throughout my time at UVA. | also extend my sincere gratitude to my
colleagues and collaborators, at UVA and elsewhere. In particular, | thank the current and
former members of my lab, including Qijun Tang, Ryan Grippo, Everett Altherr, Qi Zhang,
Aundrea Rainwater, and Tarun Vippa, whose advice and technical assistance have been
instrumental in my work. Finally, | am grateful for my friends (including the furry ones),

whose emotional support aided me throughout my graduate career.



Table of Contents

ADSIIACT. ... 2
Acknowledgements and Dedication...............ccoooiiiiiiiiiii i, 3
Table of CONtENtS. ... ..o 4
List of abbreviations. ... 5
Chapter I: Background..........cooiiiiiiii e 7
INtrodUCtioON. .. ... 7
Arcuate nucleus, food intake, and hedonic feeding..................... 13
SCN and circadian rhythms..........c.coooiiiiii e, 18
Metabotropic signaling in the hypothalamus.............................. 23
Electrophysiology of ARC and SCN neurons................ccceoevennnn. 30

Chapter II: Drd1-signaling Decreases the Firing rate of SCN neurons.... 37

Chapter Ill: Arcuate AQRP/NPY Neurons Receive Local Drd1 Input....... 60
Chapter IV: Conclusion and OUutlooK. ..., 87
ReEfEIreNCES. ... 95



AAV
AC
AgRP
ARC
ATP
AVP
BMAL
cAMP
ChR2
CLOCK
CREB
DA
DAG
Drd1
Drd2
DMH
GABA
GDP
GHSR
GPCR

GRP

List of Abbreviations

Adeno associated virus

Adenylyl cyclase

Agouti related peptide

Arcuate nucleus of the hypothalamus
Adenylyl-tri-phosphate

Arginine vasopressin

Brain and Muscle ARNT-Like 1

Cyclic adenosine monophosphate (CAMP)
Channelrhodopsin

Circadian locomotor output cycles kaput
cAMP response element binding
Dopamine

Diacylglycerol

Dopamine 1 receptor

Dopamine 2 receptor

Dorsomedial hypothalamus
y-aminobutyric acid

Guanosine diphosphate

Growth Hormone Secretagogue Receptor
G-protein coupled receptor

Gastrin-releasing peptide



GTP Guanosine triphosphate

HPA Hypothalamic pituitary axis

IP3 Inositol 1,4,5-trisphosphate

JAK Janus kinase

MCH4 Melanocortin-4 receptor

NPY Neuropeptide Y

OVLT Organum vasculosum lamina terminalis
Per2 Period 2

PIP2 Phosphatidylinositol 4,5-bisphosphate
PKA Protein kinase A

PK2 Prokineticin 2

PLC Phospholipase C

PNOC Prepronociceptin

RHT Retinohypothalamic tract

RTK Receptor tyrosine kinase

SCN Suprachiasmatic nucleus

SPZ Subparaventricular zone (SPZ)

SST Somatostatin

STAT Signal transducer and activator of transcription proteins
TH Tyrosine hydroxylase

TTFL Transcriptional/post-translational feedback loop
VIP Vasoactive intestinal peptide
VPAC2/ipr2 VIP receptor 2



Chapter 1
Background

Introduction

Health consequences of eating and sleeping disorders

Hunger and sleep are physiological states that drive essential homeostatic behaviors
required for survival. In the last 40 years, scientists have identified many neural and
molecular processes that underlie circadian and food seeking behaviors, and these
mechanisms are highly conserved among rodents, monkeys, humans, and other
mammalian species. Today, the worldwide prevalence of sleep and eating disorders in
humans is at an all-time high, driven by environmental factors associated with modern
life. Sleep disorders such as insomnia, which impacts an estimated 10% to 30% of adults
around the world (Bhaskar et al., 2016), have been linked to circadian disruptions caused
by artificial light and transmeridian travel. Obesity, now a pandemic, has been driven by
a global rise in modern calorie rich diets high in fats and sugars (Kearney, 2010; Statovci
et al., 2017). Sleep disorders and obesity can have serious health consequences, and
both conditions are associated with increased mortality and decreased quality of life (Li
et al.,, 2014; Parthasarathy et al., 2015). For instance, the consequences of sleep
dysregulation include cardiovascular and pulmonary problems, musculoskeletal issues,
and decreased immune function (Colten et al., 2006). Comorbid conditions of obesity

include increased risk of heart and fatty liver disease, diabetes, and cancer (Bhaskaran
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et al., 2014; A. Engin, 2017; Powell-Wiley et al., 2021; Scully et al., 2020). The origins of
these disorders are varied, complex, and not fully understood. However, insomnia, jet lag,
anorexia, and obesity share the same unifying feature of being diseases whose causes
are rooted in the biological activity of the brain. Circadian and feeding behaviors are
closely related, and the major neural architectures managing these processes reside
within the hypothalamus. Thus, curing humanity of eating and sleeping disorders will
require elucidation of the neural mechanisms that are disrupted in affected individuals.
This section reviews the current state of knowledge regarding the molecular and neural
processes governing circadian rhythms and food intake circuitry, and highlights
dopamine’s (DA) influence over these processes. We identify several key gaps in our
understanding of how hedonic systems influence hypothalamic processes and discuss

challenges facing scientists in answering these questions.

Neurons in the hypothalamus control essential homeostatic systems in

mammals

The hypothalamus is one of the oldest evolutionary structures in the mammalian nervous
system. Located in the basal forebrain, the hypothalamus is a symmetrical region divided
by the third ventricle. Hypothalamic neurons mediate numerous homeostatic processes,
including thermoregulation and metabolism (Z.-D. Zhao et al., 2017), thirst and electrolyte
balance (Leib et al., 2016), mating and reproduction (Robison & Sawyer, 1987; S. X.
Zhang et al., 2021), lactation and suckling (Ni et al., 2021), stress responses (M. A. C.
Stephens & Wand, 2012), circadian and sleep cycles (Herzog et al., 2017), and hunger

and energy equilibrium (Cone et al., 2001). The hypothalamus helps regulate endocrine


https://paperpile.com/c/vGORn9/PZCGZ+aobnt+sdtRO+9nYnl
https://paperpile.com/c/vGORn9/hBk4W
https://paperpile.com/c/vGORn9/yxmuk
https://paperpile.com/c/vGORn9/KKryE+mr9R3
https://paperpile.com/c/vGORn9/KKryE+mr9R3
https://paperpile.com/c/vGORn9/x2rLf
https://paperpile.com/c/vGORn9/fEizB
https://paperpile.com/c/vGORn9/fEizB
https://paperpile.com/c/vGORn9/K8EbT
https://paperpile.com/c/vGORn9/bWh0z

systems, in part by direct outputs to the pituitary gland through the hypothalamic pituitary
axis (HPA) (Sheng et al., 2020). Autonomic functions are mostly mediated by
parasympathetic and sympathetic preganglionic neurons which receive innervations from
hypothalamic neurons, controlling essential behaviors during states of rest and arousal,

respectively (lversen et al., 2000).

The hypothalamus integrates peripheral signals and sensory information, allowing
hypothalamic nuclei to perform their homeostatic functions in the context of physiological
states and environmental cues. The most rostral part of the hypothalamus is directly
rostral to the optic chiasm and inferior to the optic tract, and retinal inputs in the
retinohypothalamic pathway directly innervate hypothalamic neurons in the
suprachiasmatic nucleus (SCN) (Hattar et al., 2006; McNeill et al., 2011). Photic input
from the sunlight is the primary zeitgeber (German: time giver) which sets the phase of
SCN activity, synchronizing animal behavior with time of day. In terms of food intake and
metabolism, the arcuate nucleus (ARC), located at the base of the third ventricle and
dorsal to the medial eminence, receives numerous peripheral signals relevant to
metabolic state and energy balance. Outputs from neurons in the ARC drive or inhibit

feeding behaviors.

Negative consequences of obesity

Obesity afflicts millions of people all over the world, and the United States has one of the
highest rates of obesity globally. The 2017-2018 National Health and Nutrition
Examination Survey found that adjusting for age 42.7% of the adult US population had a

BMI of over 30 kg/m2, currently considered by the CDC and WHO to be the threshold for
9


https://paperpile.com/c/vGORn9/coPaX
https://paperpile.com/c/vGORn9/0qSRH
https://paperpile.com/c/vGORn9/hTWdl+T3Muw

obesity status (Fryar et al., 2020; Ogden et al., 2020). The obesity pandemic presents an
unprecedented challenge for the US healthcare system because being overweight is
associated with a variety of severe health risks including cardiovascular disease,
diabetes, stroke, and cancer (Bhaskaran et al., 2014). Understanding the root causes of
this epidemic is vital to not only improve the health and longevity of Americans but also
to ameliorate the massive economic burden obesity places on the public. By one
estimate, obesity related US national healthcare costs were calculated at $190.2 billion
in 2005 dollars, a staggering 20.6% of the US national healthcare expenditure (Cawley &

Meyerfoefer, 2021).

Attributed causes and mechanisms of becoming obese

Evolution has selected for mammalian brain circuits that activate in response to signals
of food availability in a given biome. Such neural architecture was likely adaptive in animal
populations experiencing food scarcity (lllius et al. 2002), however these systems were
not selected for in the context of human food environments enabled by the rise of industry
and modern agriculture. This is reflected by the biggest risk factor that leads to obesity:
maintenance of rewarding high calorie diets rich in fats and sugars. When coupled with a
sedentary lifestyle, individuals with a positive nutrient balance (i.e. higher calorie intake
vs energy expenditure) are at the greatest risk of aberrant weight gain (J. O. Hill et al.,
2013). Although many factors can contribute to the development of obesity, such as
community environments, genetic predispositions, diet exposures in childhood, or drugs
and illnesses (van der Valk et al., 2019; Wright & Aronne, 2012), it is ultimately the
behavior of the individual that results in obesity. Scientific experiments in rodents and

mammals reinforced this: animals which eat more fats and sugars and exercise less,

10
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invariably become overweight and eventually suffer from the same obesity associated
health issues as humans (C.-Y. Wang & Liao, 2012). As animals consume highly caloric
and rewarding foods, the peripheral and central mechanisms which control appetite and
satiation become dysregulated, and feedback systems underpinning energy balance and
metabolism become desensitized to high calorie inputs. This phenomenon has been
recently linked to changes in dopamine (DA) inputs to the SCN and ARC (Grippo et al.,
2017, 2020), as well as changes in outputs from a dopaminergic nucleus in the midbrain,

the ventral tegmental area (VTA) (Altherr et al. 2021; Valdivia et al. 2014).

The following sections focus on (1) the organization, structure and function of the ARC,
(2) those of SCN, (3) metabotropic signaling including DA and VIP in these areas, and (4)

electrophysiological studies and membrane excitability of neurons in these regions.
Arcuate nucleus, food intake, and hedonic feeding

The arcuate nucleus regulates food intake in mammals

In rodents and other mammals, the majority of the attention on central mechanisms
underpinning obesogenic behavior has been focused on the arcuate nucleus of the
hypothalamus (ARC), a relatively small brain region located at the base of the
hypothalamus, directly dorsal to the medial eminence and lateral to the third ventricle.
The earliest evidence that the hypothalamus was an important player in food intake
behaviors was found by experimenters almost 70 years ago. These experiments found

that lesioning various areas in the hypothalamus caused starvation or overeating (Anand
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& Brobeck, 1951; Morrison & Mayer, 1957; Teitelbaum & Stellar, 1954), and that
stimulation of hypothalamic brain areas could provoke feeding (N. E. Miller, 1960; O. A.
Smith, 1956). At this time, researchers speculated that the lateral hypothalamic area
(LHA) was the brain region most implicated in this phenomenon (Baillie & Morrison,
1963). However, these experiments likely suffered from challenges due to the relatively
primitive technology available at the time used for targeted lesioning of various brain
regions in the hypothalamus. The state-of-the-art protocols of the time were imprecise
compared to current techniques. Eventually, aided by the development of strategies for
generating knockout mice and gene cloning, a proliferation of discoveries regarding the
molecular players essential to hypothalamic control of feeding and metabolism occurred
in the 1990s. In 1994, researchers cloned the gene for the leptin receptor LepRb (named
Ob at that time), identified its hormone ligand leptin, and documented the striking obesity
phenotype of leptin receptor knockout animals (Y. Zhang et al., 1994). Simultaneously,
researchers identified the orexigenic proteins including the agouti related peptide (AgRP),
its cognate receptor melanocortin-4 receptor (MCH4) (Bultman et al., 1992; W. Fan et al.,
1997; Huszar et al., 1997; Lu et al., 1994; M. W. Miller et al., 1993), and neuropeptide Y
(NPY), which bind a family of receptors known as Y receptors (T. W. Stephens et al.,
1995; Yi et al., 2018). Experiments showed that a group of ARC cells marked by
expression of AQRP were an essential component of appetite regulation; genetic ablation
of these cells resulted in hypophagia and starvation (Gropp et al., 2005; Luquet et al.,
2005), while artificial activation of the neurons through optogenetic or chemogenetic
techniques induced voracious eating (Aponte et al., 2011; Atasoy et al., 2012; Betley et

al., 2013; Krashes et al., 2011). Since then, other neuronal populations participating in
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food intake circuitry have been identified, including prepronociceptin-expressing (PNOC)
(Jais et al., 2020) and somatostatin-expressing (SST) neurons (S. X. Luo et al., 2018).
However, to date no neuronal population has been shown to produce such a profound

effect on the feeding behaviors of mammals as that of ARC AgRP/NPY neurons.

Activation AgRP neurons elicits feeding behaviors

Activation of GABAergic ARC AgRP neurons is sufficient to rapidly and reversibly induce
feeding in freely awake and moving animals, while activation of POMC neurons inhibits
food intake. Studies found the extent of AQRP neuron evoked feeding behaviors are
dependent on the activation frequency, irradiance, and expression levels of the optogenic
actuator channelrhodopsin 2 (ChR2) in AGRP neurons (Aponte et. al. 2011, Atasoy et. al.
2012). In one in-vivo experiment, a unilateral optical fiber delivering 10 ms square pulses
of blue light at 2.0 mW mm? onto ChR2 expressing AgRP neurons was shown to
significantly increase feeding at frequencies as low as 2 Hz delivered every 10s (Aponte
et. al. 2011). This effect on food intake produced increasingly robust effects for 10 Hz and
20 Hz simulations, respectively (Aponte et. al. 2011). While this study found that food
intake increased linearly with increasing virally-mediated expression of axonal ChR2
(defined by authors as ChR2 penetrance), it is noteworthy that even relatively high ChR2
penetrance of some brain regions was insufficient to invoke feeding to the same extent
as low ChR2 penetrance in other regions, likely reflecting the relative functional
importance of different circuit outputs on animal behavior (Aponte et. al. 2011). Parallel
findings from patch clamp electrophysiology of AgRP neurons selectively expressing
ChR2 in acute brain slices showed that increasing the frequency of stimulation of

afferents caused graded increases in GABAergic inhibition of innervated cells in
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downstream regions, such as the paraventricular nucleus of the hypothalamus (PVH)
(Atasoy et. al. 2012). Remarkably, in this same experiment Atasoy et. al. found that a
single 1ms light pulse was capable of producing a multitude of IPSCs that could last up
to 1s. Additionally, the strength of the GABAergic input (i.e., the amount of GABA being
released by AgRP neurons and subsequent PVH inhibition) increased with successive
stimulations and reached a higher steady state for 10 Hz vs 5 Hz stimulation paradigms

(Atasoy et. al. 2012).

Outputs of AgQRP neurons to downstream regions drives feeding behaviors

AgRP neurons secrete vesicles containing y-aminobutyric acid (GABA), AgRP, and NPY
(Tong et al., 2008). The general connectivity of AQRP neurons has been described with
projection tracing and imaging experiments, which identified the paraventricular nucleus
(PVH), bed nucleus of the stria terminalis (BNST), lateral hypothalamic area (LHA),
periaqueductal gray (PAG), paraventricular thalamus (PVT), and the central nucleus of
the amygdala (CEA) as regions innervated by AgRP neurons axons. However, it was not
until 2013 that Betley et. al. performed additional experiments to determine which
downstream projections are capable of stimulating feeding and which have little or no
effect on food intake behavior. AgQPR afferents were stimulated via differential placements
of the fiber optic over the AgRP::Cre ChR2 terminals and several downstream projection
sites were identified where activation of those input fibers is capable of eliciting feeding.
These areas include the PVH, BNST, LHA and to some minor extent the PVT. However,
the question still remained if the AQRP axonal projections were organized in a ‘one to all’
or ‘one to many’ configurations. In an ‘one to one’ configuration, an individual cell outputs

to one distinct area alone (i.e. only to the BNST). In an ‘one to all’ configuration, a given

14



neurons has afferents and collaterals that project to all downstream target brain regions.
(i.e. an AgRP neuron could have projections to both BNST, PVH, LHA, etc.) Experiments
using retrograde tracing techniques strongly support the hypothesis that arcuate AgRP
cells have a ‘one to one’ connectivity, and lack axon collaterals to other projection areas
(Betley et al., 2013). The lack of axon collaterals is particularly important because it would
make it less likely that ChR2 stimulation was back propagating action potentials that were
resulting in synaptic vesicle release in the whole neuron and its additional projection sites.
The approximate stoichiometry of the outputs from AgRP neurons was characterized and
so was the stoichiometry of the actual AQRP synapses and collaterals. Roughly 29% of
AgRP neurons output to the PVH, 18% output to the BNST, and 2% to 4% of output to
the PAG or PVT. Based on their labeling of AQRP neurons, these investigators report
their analysis can account for roughly 60% of the outputs of AQRP neurons, of which the
remaining 40% of the axon projection destinations are unknown. Negligible or no
collateralization was found between target projection sites. Additionally, AQRP neurons
were capable of forming multiple synapses on the dendrites and soma of target cells,
indicating that the organization of AQRP afferents is parallel and redundant (Betley et al.,

2013).

Hedonic vs homeostatic feeding

Studies linking food intake behavior with ARC circuitry has led to the view that AgRP
neurons integrate stimuli relevant to the induction or inhibition of homeostatic feeding.
This has resulted in categorical classification of inputs as being homeostatic or hedonic

in nature. However, distinguishing between inputs regulating energy balance (such as
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enteric distension and detection of nutrients in the gut and blood stream), and stimuli
associated with pleasure and reward learning mechanisms (generally including
sensations of olfaction, palatability, and drug reinforcement) has proved challenging
(Berridge et al., 2010; Wise, 2006). Identifying the neural pathways and signals
associated with each category of feeding behavior (i.e. homeostatic vs hedonic) remains
one of the biggest challenges in elucidating the neural underpinnings of obesogenic

behaviors, and the role of dopamine in these processes is reviewed in later sections.
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SCN and circadian rhythms

The SCN is the master central clock in the brain

Located in the basal forebrain just above the optic chiasm, the SCN is composed of
approximately 20,000 neurons in two symmetrical, tear drop shaped nuclei at the base of
the third ventricle. The SCN acts as the main central clock in mammals, where the activity
of SCN neurons controls circadian processes in the brain and throughout the body. SCN
neurons have been divided into two morphological groups, residing in the shell and core
compartments of the SCN. The neural activity of the SCN synchronizes clocks in
peripheral tissues, regulating important homeostatic processes including metabolism.
SCN neurons are required for most circadian behaviors, including animal locomotion,
sleep, and learning (Evans & Davidson, 2013). Ablation of SCN neurons results in loss
of rhythmic behaviors and processes (Abe et al., 1979). Most cells in mammalian
organisms possess some degree of intrinsic circadian rhythmicity, although clocks in
peripheral tissues typically are delayed in their phase by several hours relative to SCN
neurons (Buhr & Takahashi, 2013; Welsh et al., 2004). Rhythmic cells are described as
cell autonomous oscillators, as dissociated cells maintain individual rhythms in intrinsic
membrane excitability and transcription factor turn over (Herzog et al., 2017; Welsh et al.,

2004).

Inputs to the SCN set the phase of circadian behaviors

The SCN is sensitive to environmental cues and integrates external signals to

synchronize the phase of SCN neurons, and by extension, peripheral tissues to the
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prevailing day:night cycle. Environmental stimuli which can provide time-of-day cues and
thereby affect the phase of the central clock are called Zeitgebers (German: time giver).
These include light (R. Y. Moore, 1995), signals of energy state and balance (R. M. Buijs
et al., 2006), exercise and locomotion (Power et al., 2010), eating (Koch et al., 2020;
Zarrinpar et al., 2016), drinking (C. Gizowski et al., 2016), medications and drugs
(Mohawk et al., 2009; Weaver, 1998), and social interactions (Mrosovsky et al., 1989).
Light is the most important Zeitgeber, synchronizing the phase of the SCN to the
astronomical day. Photic information is conveyed from melanopsin expressing neurons
in the retina to the SCN by retinohypothalamic tract (RHT) (Hattar et al., 2006). These
inputs activate VIP neurons in the SCN, synchronizing individual cell autonomous
oscillations (VIP signaling and its consequences for firing rate and synchronization of

SCN neurons is discussed in more detail below).

TTFLs control SCN phase and activity

The circadian rhythmicity of mammalian cells, including SCN neurons, is mediated by
daily changes in intracellular concentrations of transcription factors, commonly known as
clock genes. Two primary transcription factors, CLOCK and BMAL1, promote
transcription of other genes which consequently feedback to inhibit their activity. These
transcription factors oscillations have a period of approximately 24 hours and are
commonly referred to as transcriptional/translational feedback loops (TTFLs) (Buhr &
Takahashi, 2013). Circadian TTFLs occur in the majority of cells in the mammalian body,
most notably in SCN neurons and cells that comprise peripheral clocks in organs such as
the kidney and liver (Herzog et al., 2017). When active, CLOCK and BMAL1 proteins form

a heterodimer that drives transcription of Period (Per) and Cryptochrome (Cry) genes,
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via targeting of E-Box regulatory enhancer domains (Nakahata et al., 2008). Translation
of these genes is mediated in part by epigenetic mechanisms including histone
deacetylation and acetylation (Nakahata et al., 2008). After being translated, PER and
CRY proteins form heterodimers that consequently inhibit CLOCK:BMAL1, resulting in a
trough in CLOCK:BMAL1’s transcriptional activity. Finally, phosphorylation of PER and
CRY targets them for degradation by the 25S proteasome, and CLOCK:BMAL1 function

is restored, completing the cycle (Buhr & Takahashi, 2013).

SCN outputs drive circadian processes and behavior

SCN outputs drive circadian processes by providing information about time of day and
circadian phase to several important downstream brain regions, including the
hippocampus, amygdala, arcuate nucleus, paraventricular nucleus (PVH), dorsomedial
hypothalamus (DMH), supraventricular zone (SPZ), and paraventricular nucleus of the
thalamus (Harding et al., 2020; Kalsbeek et al., 2006). SCN neurons signal to these
targets via a combination of direct synaptic inputs and secreted hormones.
Neurotransmitters and peptides released by SCN terminals include vasopressin, GABA,
glutamate, arginine vasopressin (AVP) and prokineticin 2 (PK2), and gastrin-releasing
peptide (GRP) (Kalsbeek et al., 2006). A well characterized multisynaptic projection to
the pineal gland results in the regulation of melatonin production , influencing sleep
behaviors. The SCN expresses melatonin receptors, providing feedback signals
(Doghramii, 2007) from the pineal. Thirst control is mediated mostly by SCN AVP neurons
that innervate the organum vasculosum lamina terminalis (OVLT) (C. Gizowski et al.,
2016; Claire Gizowski et al., 2018). The timing of sexual behavior is also regulated in part

by SCN outputs (Sodersten et al., 1981). Clock phases in peripheral tissues are set by a
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mixture of secreted hormones and autonomic outputs (Kalsbeek et al., 2006). The SCN
also sends projections to the ARC, helping set daily rhythms in feeding activity (F. N. Buijs

etal., 2017).
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Metabotropic signaling in the SCN and ARC

Receptor signaling in the hypothalamus

The hypothalamus integrates local and peripheral signals to perform essential
homeostatic functions, and hypothalamic nuclei are modulated by a broad array of
signaling pathways, including endocrine and metabotropic neurotransmission. G-protein
coupled receptors (GPCR), cytokine receptors, and receptor tyrosine kinases (RTK) often
mediate metabotropic signaling in different hypothalamic neuronal populations (Nakajima
et al., 2016; Park & Ahima, 2014; M. Zhao et al., 2020). GPCR’s are integral membrane
proteins possessing seven transmembrane domains. Transmembrane domains typically
provide specificity to a given GPCR in terms of ligand binding and receptor activation.
Intracellular domains of a GPCR interact with a heterotrimeric G protein complex
consisting of alpha, beta, and gamma protein subunits. Ligand binding to the GPCR
triggers a conformational change in the receptor protein, catalyzing the exchange of
guanosine diphosphate (GDP) for guanosine triphosphate (GTP) on the alpha subunit of
the G protein. The dissociation of the gamma and beta subunits frees the alpha subunit
to mediate intracellular signaling cascades by regulation of enzymes controlling the
concentration of second messengers. GPCR pathways are divided generally into three
main types on the basis of the second messenger signal that is transduced: activating
adenylyl cyclase (Ga/s), inhibiting adenylyl cyclase (Gali) or activating phospholipase C
(PLC) (Gq/11). Gal/s and Gali type GPCRs have opposing functions, where the Ga
subunit in these GPCRs either catalyzes or inhibits adenylyl cyclase (AC), which converts

adenylyl-triphosphate (ATP) to cyclic adenylyl monophosphate (cCAMP). A prominent
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consequence of Ga/s signaling is increased kinase activity by protein kinase A (PKA).
The regulatory subunit of PKA is bound by cAMP, freeing the catalytic subunit of PKA to
perform its kinase functions. cCAMP also binds other targets, including transcription factors
such as cAMP response element binding (CREB) proteins, which can then target gene
regulatory elements and drive transcription. Contrasting this, the alpha subunit of the Gq
receptor pathway activates PLC which converts the membrane phospholipid
phosphatidylinositol 4,5-bisphosphate (PIP2) into diacylglycerol (DAG) and inositol 1,4,5-
trisphosphate (IP3). DAG remains in the membrane where it can bind other proteins,
whereas |IP3 diffuses into the cytosol. IP3 binds proteins and receptors including IP3-
dependent ionotropic calcium channels on intracellular compartments such as the
endoplasmic reticulum. Gamma isoforms of PLC can also be activated by TRKs and other
kinases (M. Zhao et al., 2020). In canonical cytokine signaling, heteromeric complexes of
cytokine receptor subunits provide specificity for the ligand, and generally signal through
janus kinase (JAK) and signal transducer and activator of transcription proteins (STATSs)
(i.e. JAK/STAT) pathways. These families of receptors are large and diverse, and cross
talk between signaling pathways is not uncommon. Below we review metabotropic

signaling in the SCN and ARC, with a focus on dopamine and VIP signaling.

Structure, function, and relevance of dopamine receptors in hypothalamic

processes

Dopamine (DA) is a monoamine neurotransmitter essential in processes of learning,
reward, reinforcement, and attention (Missale et al., 1998). Because of its role in addiction

and reward, DA has been described as the chief neurotransmitter regulating hedonic
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processes, responsible for conveying psychological states of “liking” or “wanting”
(Berridge et al., 2010; Berridge & Aldridge, 2008). However, DA’s role in the brain is more
complex and varied than simply controlling reward systems, and DA is essential to
regulation of many diverse neural processes from locomotion to axonal remodeling
(Missale et al., 1998). Drd1 classically has been documented in medium spiny neurons
of the striatum which are thought to be reliably identified by their morphology and the
presence of inward rectifying lh currents, which are generated by hyperpolarization-
activated cyclic nucleotide-gated (HCN) cation channels. DA receptors are GPCRs which
are classified into five families, divided into two groups on the basis of their second
messenger signals. Drd1-like receptors include DA receptor 1 and 5 (Drd1, D5R) and
signal through Gal/s signaling pathways. D2-like receptors include DA receptors 2, 3, and
4 (D2R, D3R, D4R) and generally signal through opposing Gi pathways (Beaulieu &
Gainetdinov, 2011). Some studies have suggested that DA receptors sometimes form
multi-receptor complexes, such as Drd1-D2 receptor heteromers, which can signal
through Gq signaling, although this is thought to be less common than typical Drd1 and
D2-like receptor signaling, and reports on the existence of functional Drd1-D2 receptor

complexes are conflicting (Frederick et al., 2015; O’'Dowd et al., 2012).

DA has several roles in hypothalamic processes, including mating (S. X. Zhang et al.,
2021), lactation (Fitzgerald & Dinan, 2008), circadian rhythms (Grippo et al., 2017), and
food intake (Alhadeff et al., 2019; Grippo et al., 2020). The mechanisms through which
DA affects hypothalamic cells are diverse and incompletely understood. During mating,

hypothalamic DA neurons drive mounting and sniffing behavior through cAMP signaling
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in neurons in the medial preoptic area (MPOA) (S. X. Zhang et al., 2021). During lactation,
DA acts on D2 receptors, providing a negative feedback loop that opposes actions of the
lactation hormone prolactin (Fitzgerald & Dinan, 2008). In the SCN, local increases in DA
tone from high fat diet exposure drive phase shifting of the central clock, accelerating
entrainment (Grippo et al., 2017). In the ARC feeding circuits, AQRP and POMC neurons
respond differentially to DA (X. Zhang & van den Pol, 2016), and responses of orexigenic
neurons to gastric fat are dampened by DA antagonists (Alhadeff et al., 2019).
Unsurprisingly, psychostimulants and other drugs which act on the dopamine transporter
(DAT) and DA neurons can have profound effects on these circuits. Particularly in feeding
circuits, the discrete mechanisms mediating DA'’s role are incompletely characterized. For
instance, it is unknown which DAergic neurons release DA to the ARC during food intake,
despite evidence suggesting DA’s action is only relevant during reward presentation

(Alhadeff et al., 2019).

VIP and other metabotropic signaling controls synchronization of SCN clocks

VIP is one of the most important factors regulating SCN neuron phase and
synchronization (Hastings et al. 2018). VIP signals to SCN neurons via its cognate
receptor VIP receptor 2 (VPAC2) encoded by the VIPR2 gene (Takeuchi et al., 2020).
Additionally, pituitary adenylate cyclase-activating polypeptide (PACAP) released by
retinal inputs to the SCN can also signal to SCN neurons by binding VPAC2. The cognate
receptor for PACAP is the pituitary adenylate cyclase-activating polypeptide type |
receptor isoform 1 (PAC1-R), encoded for by the PAC1 gene (Hirabayashi et al., 2018).
Both PAC1 and VPAC2 are seven transmembrane receptor Ga/s type GPCRs, however,

only VPAC2 holds specificity for both PACAP and VIP. Studies of single and double
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knockout animals for these receptors revealed that PAC1 is important for integrating
photic inputs, while VPAC2 signaling is mostly responsible for phase synchronization of
neurons in the SCN (Hannibal et al., 2017). VIP signaling sets the phase of TTFL
oscillations by synchronizing Ca+ and cAMP levels between SCN neurons (O’Neill et al.,
2013). These second messengers drive expression of Per protein through interactions
with cAMP/Ca2+ response elements (CREs), resetting the TTFL and entraining SCN

neurons (Tischkau et al., 2003).

AgRP neurons are inhibited by leptin

AgRP neurons are sensitive to a wide range of hormones and neurotransmitters,
facilitated by the arcuate’s unique anatomical location near the medial eminence and 3rd
ventricle, and privileged access to the blood due to the arcuate’s unique lack of blood
brain barrier. Most notably, AGRP neurons are modulated by leptin and ghrelin, which
inhibit and activate AgRP neurons, respectively (Cone et al., 2001). Encoded by the LEP
gene in humans and Lep gene in mice. Leptin is a cytokine hormone secreted by adipose
cells and enterocytes, in approximate proportion to the amount of stored triglycerides in
adipose tissue. It is highly conserved in mammals (Cammisotto et al., 2005). In mice and
humans the leptin protein consists of 167 amino acids and ranges in mass from roughly
16 to 18 kDa depending on species. Structurally, leptin is composed of 5 alpha helices, 4
longer helices and 1 shorter helix, and contains a disulfide bond between residues 117
and 167 (MUnzberg & Morrison, 2015). Increased fat stores result in more leptin secretion
and over production of leptin in overweight or obese animals is associated with
development of leptin insensitivity in obesity and eating disorders (Ewbank et al., 2020).

Leptin has a broad range of endocrine effects related to maintenance of energy balance,
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glucose metabolism, and feeding behavior. Secreted leptin circulates throughout the body
in the bloodstream and brain, and binds a multitude of diverse cell types. In the periphery,
leptin’s targets include pancreatic beta cells (modulates insulin production), intestinal
enterocytes (pro-angiogenic and reduced glucose absorption), vascular endothelial cells
(modulates extracellular matrix), and immune cells including macrophages and T-cells
(pro-inflammatory) (Cammisotto et al., 2005; Muoio & Lynis Dohm, 2002). In ARC AgRP
neurons, leptin binds its cognate receptor leptin receptor (LepRb), previously referred to
as ObR or obesity receptor. LepR is a type | cytokine receptor and specifically part of the
interleukin 6 (IL-6) receptor family which contains the glycoprotein 130 (gp130) subunit.
Several isoforms of LepR have been described, but all share the same extracellular
cytokine receptor homology-2 (CRH2) domain which is required for leptin binding
(Iserentant et al., 2005; Zabeau et al., 2012). The mechanisms underpinning leptin-
dependent changes of membrane excitability of ARC neurons is discussed in the next

section in more detail.
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Electrophysiology of ARC and SCN neurons

VIP, cell autonomous firing, and synchrony of pacemaker activity in the SCN

Neurons in both the SCN and ARC have properties of pacemaker cells, exhibiting
rhythmic firing patterns during their periods of increased activity (Herzog et al., 2017).
When active, SCN neurons fire action potentials at short, regular intervals, and the
frequency of these outputs provides direct information about the time of day to
downstream brain regions. Neuronal activity in the SCN neurons is directly linked to
TTFLs, and changes in electrical activity are coupled to oscillations in the concentration
of transcription factors. During the light phase, spontaneous activity of SCN neurons
gradually increases, peaking around early morning. Conversely, SCN neurons fire slowly
during the dark phase, reaching a nadir in the early night. This phenomenon is driven by
diurnal modulation of ion conductances which are phase locked with Per2 expression
(Atkinson et al., 2011). In the daytime, the increased intrinsic excitability of SCN neurons
is conferred by rising sodium (Na+) conductances. Conversely, during the dark phase,
increases in K+ conductance drives inhibition of spontaneous firing. In both cases,
changes are driven by regulation of ion channels. In the quiet phase, BK channels are
active and mediate an inhibitory potassium current referred to as K+ drag. Inactivation of
these BK channels increases the excitability of SCN neurons during light phase (Whitt et

al., 2016).
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ARC neurons exhibit TTFLs and circadian oscillations in firing

Meal timing is an essential behavior in mammals, where temporal coordination of rest
and food consumption are critical for survival. Thus, it is unsurprising that ARC neurons
exhibit properties of circadian rhythmicity, exhibiting daily oscillations of TTFLs and
spontaneous firing. Per2:Luciferase imaging of the ARC and basomedial hypothalamus
demonstrates ARC neurons have circadian oscillations with roughly 24 hour periods that
peak in the early night (Guilding et al., 2009). Bioluminescence of Per2 oscillations are
observed most strongly in dorsal ARC cells that line the ventricle and less prominently
(although still detectable) in lateral ARC cells (Guilding et al., 2009). Concomitantly, ARC
cells exhibit circadian rhythmicity in firing rate, and spontaneous firing of AQRP neurons
is highest in early evening during the start of dark phase, when mice are typically active
and seeking food. For instance, Mandelblat-Cerf et. al. used in vivo optrode to measure
the activity of AQRP neurons throughout the light cycle and found that the firing rate and
number of short interspike intervals is fewer in the morning (1.4 £ 0.3 Hz) and greater in
the afternoon (7.6 £ 1.7 Hz) (Mandelblat-Cerf et al., 2015). Although these results support
that AQRP and ARC neurons may function as an extra-SCN endogenous clock, SCN
inputs to AgRP probably drive much of the rhythmicity in intact animals, as oscillations in
ARC explants dampen quickly and exhibit much smaller amplitudes in vitro compared to

SCN explants (Guilding et al., 2009).
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Peripheral inputs mediate AgRP neuron silencing during nutrient

presentation, consumption, and absorption

In addition to circadian linked changes in spontaneous activity, the firing rate of AQRP
neurons declines over different time courses in response to peripheral inputs signaling
food seeking, consumption, and energy balance. Even before food is consumed,
exposure to sensory cues indicating food availability causes rapid, temporary reductions
in spontaneous firing of AGRP neurons within seconds (Berrios et al., 2021; Y. Chen et
al., 2015). After consuming food, sensory neurons in the gut detect the presence of
macronutrients such as fats and sugars, and relay this information to the hypothalamus
via spinal afferents and vagal nerve transmission (Alhadeff et al., 2019; Borgmann et al.,
2021). These gastric inputs subsequently drive stronger, longer lasting silencing of AQRP
neurons and are observed to occur within minutes of intragastric infusions of nutrients
(Beutleretal., 2017; Su et al., 2017). Finally, as nutrients are absorbed and animals reach
a state of energy equilibrium, AgRP neurons undergo further and even more persistent
silencing in response to secreted factors such as leptin and insulin (Beutler et al., 2017).
Conversely, during states of energy deficiency, the firing rate of AGQRP neurons activity is
highest (Takahashi & Cone, 2005). This phenomenon is mediated in part by the
orexigenic peptide ghrelin, a hormone released by enteric cells in the gut, which is most
abundant in the circulation before meals or after periods of fasting. The mechanisms
underlying ghrelin’s stimulation of hunger and increases in AgRP activity has been a
subject of debate (Andrews et al., 2008), as neurons expressing growth hormone
secretagogue receptor (GHS-R), ghrelin’s cognate receptor, are observed throughout the

brain. Furthermore, experiments demonstrated intracranial infusions of ghrelin to multiple
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brain regions can drive food intake (Muller et al., 2015). AgRP neurons express high
levels GHS-R, which is partially responsible for the direct activation of AQRP neurons in

response to ghrelin secretion (Andrews et al., 2008; Dietrich et al., 2010).

Findings from patch clamp electrophysiology recordings in AgRP neurons

Parallel findings from patch clamp electrophysiology of AgRP neurons selectively
expressing ChR2 in acute brain slices showed that increasing the frequency of stimulation
of afferents results in increasing GABAergic inhibition of innervated cells in downstream
regions, such as the PVH (Atasoy et. al. 2012). Remarkably, in this same experiment
Atasoy et. al. found that a single 1ms light pulse was capable of producing an increase of
IPSCs that could last up to 1s. Also notable was the finding that the strength of the
GABAergic input (i.e. the amount of GABA being released and subsequent PVH
inhibition) increased with successive stimulations and reached a higher steady state later
for 10 Hz vs 5 Hz stimulation paradigms (Atasoy et. al. 2012). Thus, with regard to the
goal of faithfully replicating the endogenous outputs during in vivo or in vitro experiments,
low frequency stimulation may best recapitulate the natural system, because a single
action potential from an AgRP neuron can have ionotropically mediated GABAergic
effects that last several orders of magnitude longer than the action potential itself (Atasoy
et. al. 2012). Twenty Hz (10ms pulses) of 12-18 mW light appears to be the highest
frequency tested in optogenetic experiments on AgPR neurons (Chen et al. 2019). It
should be noted most of these experiments were performed during daytime portions of
animal light cycles, when AgRP neuron firing is generally thought to be relatively low,

which is discussed in the next section.
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Effects of leptin on membrane excitability of ARC neurons

Leptin mediated inhibition of ARC neurons is well established, and AgRP neurons
undergo a reduction in membrane potential and spontaneous firing after leptin application
during patch clamp electrophysiology experiments (Baver et al., 2014; Takahashi & Cone,
2005). However, the mechanism underlying this phenomenon eluded scientists for
decades. The earliest studies examining the mechanism driving leptin based inhibition of
ARC neurons pointed to changes in K+ conductance as the primary driver of this
reduction in excitability. This work implicated ATP sensitive potassium channels as the
major ionotropic mediator of these events (Spanswick et al., 1997, 2000). These studies
lacked specificity for AQRP and POMC cell types and were associated with glucose
responsive cells in the arcuate (Spanswick et al., 1997, 2000). Studies have since
characterized the mechanisms by which LepRb and other receptor mediated intracellular
signaling can modulate ionotropic receptors in ARC neurons (Bermeo et al., 2020; Y. Gao
et al., 2017; J. W. Hill et al., 2008; Qiu et al., 2010; M. A. Smith et al., 2018; Spanswick
et al., 1997, 2000; van den Top et al., 2004; J.-H. Wang et al., 2008; Yang et al., 2010).
In ARC AgRP neurons, leptin’s inhibitory effects are at least partially mediated by
activation of ATP-sensitive inward rectifier potassium (ATP-K) and large-conductance
Ca2+-activated potassium (BK) channels (van den Top et al. 2004; Yang et al. 2010).
The role that leptin’s major second messenger phosphoinositide 3-kinase (PI3K) plays in
regulation of these ionotropic receptors has been debated (Lee et al. 2018), but leptin
inhibition in ARC AgRP neurons likely involves signaling through AMP-activated protein
kinase (AMPK) mediated inhibition of L-type calcium conductance (Minokoshi et al. 2004;

Bermeo et al. 2020). Inhibition of AQRP neurons by leptin is notably distinct from leptin-
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based activation of POMC neurons (Wang et al. 2008), which is mediated by PI3K
signaling (Hill et al. 2008), via a combination of transient receptor potential channel 5
(TrpcH) activation (Qiu et al. 2010; Gao et al. 2017) and activation of R-type calcium
conductance through regulation of voltage-dependent R-type calcium channel subunit

alpha-1E (CaV2.3) (Smith et al. 2018).
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Chapter 2

Drd1-signaling Decreases the Firing
Rate of SCN Neurons

Summary

Obesity is a pandemic driven by the consumption of high calorie foods. Besides aberrant
weight gain and resultant negative health and economic impacts of obesity, Grippo et. al.
2020 and others have presented evidence that high fat, high sugar diet (HFD) results in
mismanagement of meal timing and dampened circadian rhythmicity (Chaix et al., 2021;
Grippo et al., 2020). The work presented here includes a subset of the experiments
performed in Grippo et. al. 2020 and focuses on the patch clamp electrophysiology

studies of SCN using CRACM and the selective Drd1 agonist SKF-81279.

Introduction

Studying DA in the SCN and the impact of HFD on circadian rhythmicity is vital to
understanding the impact of hedonic systems on homeostatic processes. In the mouse,
the suprachiasmatic nucleus (SCN) contains approximately 20,000 neurons which fire
during the daytime and are quiescent during the night (Herzog et al., 2017). The SCN
acts as the master central clock and outputs from the SCN control phasic behavioral
activity or circadian rhythms in diurnal and nocturnal mammalian species (Weaver, 1998).

Neural activity of the SCN is necessary for proper timing of essential behaviors including
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sleeping, locomotion, feeding, and drinking (Aalto & Kiianmaa, 1984). The phase of the
SCN’s activity is regulated by several environmental cues known as Zeitgebers (German:
time giver), the most potent of which is light. However, non-photic Zeitgebers influence
the clock’s phase (Hastings et al., 1997), including exercise (Hastings et al., 1997; C.-Y.
Wang, 2017), feeding (Grippo et al., 2020), social interactions (Hastings et al., 1997;
Mrosovsky et al., 1989), and temperature (Okamoto-Mizuno & Mizuno, 2012). The SCN'’s
rhythmic activity is maintained through cyclic synthesis and degradation of several
transcription factors, including Per1/Per2 and CLOCK/BMAL1, which form transcription
translation feedback loops (TTFLs) (Weaver, 1998). Photic input can modulate TTFLs
through metabotropic signals passed to the SCN from the retinohypothalamic pathway
(LeSauter et al., 2011). Disruption of the Per1/Per2 and CLOCK/BMAL1 TTFLs can result
in a variety of disease states including obesity and altered immune function (West &

Bechtold, 2015)

SCN neurons expressing vasoactive intestinal peptide (VIP) and/or its cognate receptor
VIP receptor 2 (Vipr2, sometimes VPAC2) are necessary for normal detection and
entrainment to light (Hermanstyne et al., 2016). Vipr2 is a type 2 G protein-coupled
receptor (GPCR), which signals through activation/stimulation of adenylyl cyclase (Ga/s)
and second messengers including cyclic adenosine monophosphate (cCAMP) and protein
kinase A (PKA) (Atkinson et al., 2011). VIP neurons receive excitatory inputs from the
intrinsically ~ photoreceptive retinal ganglion cells whose axons constitute the
retinohypothalamic tract. Upon activation, SCN VIP neurons secrete VIP onto

surrounding neurons (Varadarajan et al., 2018). SCN VIP signaling acts to synchronize
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the individual firing rates and TTFL's of local SCN neurons, which can oscillate
independently in the absence of such inputs (Herzog et al., 2017). While the role of VIP
signaling in circadian biology has been well documented, the influence of other Ga/s type
receptor signaling in the SCN is not as well established. For instance, evidence suggests
that dopamine 1 receptor (Drd1) may be another type 2 GPCR present in SCN neurons
(Jones et al., 2015; Missale et al., 1998; Smyllie et al., 2016), although its influence on

the neural activity and TTFLs of the SCN is poorly understood.

While the discrete mechanisms of dopamine signaling in the SCN have thus far evaded
scientists, monoaminergic signaling in the brain is known to be essential to sleep and
feeding behaviors (Hastings et al., 1997; Varadarajan et al., 2018). DA and its cognate
receptors (dopamine receptors 1-5, i.e. DARs, e.g., Drd1) are essential players in neural
processes of learning, attention, and reward (Beaulieu & Gainetdinov, 2011; Missale et
al., 1998). DA has traditionally been associated with hedonic systems of pleasure and
reinforcement, but now our understanding of DA’s influence in homeostatic systems is
growing (Wise, 2006). For instance, Drd1 neurons in the nucleus accumbens control
animal arousal during wakefulness (Y.-J. Luo et al., 2018), and hypothalamic dopamine
signaling is known to influence homeostatic processes such as feeding (Alhadeff et al.,
2019; Grippo et al., 2020; Mazzone et al., 2020) and mating (S. X. Zhang et al., 2021).
Additionally, drugs of abuse such as ethanol, amphetamines, and cocaine, which are well
established modulators of DA processes, have profound effects on circadian rhythmicity
(Canhill et al., 2014; Paulson et al., 1991). Drd1 has been localized to SCN neurons in

primates (Rivkees & Lachowicz, 1997), and Grippo et. al. identified projections of
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dopamine neurons located in the midbrain ventral tegmental area (VTA) to the SCN
(Grippo et al., 2017). These results, coupled with the observation that VIPR2 and Drd1
share the same Gal/s signaling pathway, make Drd1-dependent signaling a promising
mechanism through which drugs and rewarding stimuli may influence neural activity in

the SCN.

To investigate the role of Drd1 in the SCN, we incubated acute coronal SCN brain slices
in artificial cerebrospinal fluid (ACSF) containing the selective Drd1 agonist SKF 81297
(SKF) and performed patch clamp electrophysiology to measure differences in
spontaneous firing. We found that SKF 81297 significantly decreased neuronal firing
across day and night conditions in the SCN of wild type mice, but not the SCN of mice
null for Drd1. We used Channelrhodopsin assisted circuit mapping (CRACM) (Petreanu
et al., 2007) to identify connections between SCN Drd1 neurons and other SCN cells and
find local GABAergic signaling plays an important role in Drd1-dependent inhibition.
These results provide novel functional evidence of Drd1 signaling in SCN neurons and
suggest SCN Drd1 neurons form a local inhibitory microcircuitry. In the context of Grippo
et. al. 2020, these findings highlight one possible mechanism by which a high fat diet can

disrupt proper meal timing and dampen circadian rhythms.
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Figure 1: SCN neurons can be inhibited in a Drd1-dependent manner
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Figure 1 Legend

A. Presence of 40x DIC IR and fluorescence of Drd1-Tdtom in SCN acute coronal
brain slices.

B. Representative image of 40x DIC IR WT SCN acute coronal brain slices used in
incubation experiments described in Figure 1C-G

C. Diagram of experimental setup of SKF incubation

D. Representative cell attached traces for SCN neuron recordings following SKF-
81297 (5 uM) of vehicle incubation at ZT8-ZT11 (day) or ZT14-ZT17 (night).

E. Mean firing rate of cell-attached SCN neuron recordings following SKF-81297 (5
MM) incubation at ZT8-ZT11 (day) or ZT14-ZT17 (night). Two-way ANOVA; n =
13-26/group; Ftime(1,70) = 16.9, p < 0.001; Ftreatment(1,70) = 6.8, p = 0.01.

F. Mean firing rate and individual values for cell attached KO animal SCN neuron
recordings, following SKF-81297 (5 uM) incubation at ZT8-ZT11 (day). Student’s
two tailed paired t-test, n=7-12/group. Data are represented as mean + SEM,
*p<0.05,**p<0.01,***p<0.001.

G. Mean firing rate and individual values for cell attached WT SCN neuron recordings,
following SKF-81297 (5 pM) incubation at ZT8-ZT11 (day) with PTX (50 uM) or
vehicle

H. Representative traces of whole cell current clamp recordings of neurons SCN

neuron recordings following SKF-81297 (5 uM) or vehicle incubation at ZT8-ZT11

(day)
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|. Mean firing rate and individual values of whole cell current clamp recordings of
neurons SCN neuron recordings following SKF-81297 (5 uM) or vehicle incubation

at ZT8-ZT11 (day)

Results: SCN neurons can be inhibited in a Drd1-dependent manner

following incubation with Drd1 agonist SKF

To visualize SCNP* we crossed Drd1im'(eRpa (j e Drd1-Cre) mice (Heusner et al.,
2008) with Gt(ROSA)26Sortm9(CAG-tdTomato)Hze (j o - Ai9 or TdTomato) mice (Madisen et al.,
2010), generating Drd1**):tdTomato®*) double transgenic mice, which express
TdTomato when Cre recombinase is expressed from the Drd1a locus. Similar to Grippo
et. al. 2017, we observed tdTomato fluorescence throughout the SCN in acute coronal
brain slices of the SCN, confirming functional Cre expression (Figure 1A). Previous
studies in using Drd1-Cre mice have validated Drd1a-promoter-driven Cre expression in
the SCN of adult animals (Grippo et al., 2017). Grippo et. al. 2020 show that HFD induces
increased SCN DA turnover, but failed to observe changes in circadian gene expression,
so we sought to evaluate the impact of increased Drd1 signaling on neuronal activity
within the SCN. To accomplish this, we incubated acute brain slices from WT mice with
the selective Drd1 agonist (SKF-81279; 5 uM) and performed loose cell-attached
recordings on randomly selected SCN neurons at ZT8-ZT11 (day) and ZT14-ZT17
(night). Incubation with SKF-81297 significantly decreased the firing rate of neurons within
the SCN during both phases (day: DMSO 4.3 + 0.4 Hz; day: SKF 3.2 + 0.4 Hz; night:

DMSO 2.6 + 0.4 Hz; night: SKF 1.5 £ 0.4 Hz; Figures 1D and 1E). To further confirm the
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observed changes in firing rate were Drd1-dependent, we repeated day incubation
experiments in Drd1(¢c®) knockout (KO) mice, which lack WT Drd1a alleles and instead
express Cre recombinase at the Drd1a locus, resulting in animals previously shown to be
incapable of functional Drd1-signaling (Grippo et al., 2020). Cell attached recordings in
KO animals showed no differences in firing rate between vehicle and SKF incubation in
the daytime condition (Figure 1F), further confirming functional Drd1 signaling. Because
the majority of SCN neurons are GABAergic, we asked if Drd1 signaling could be
inhibiting SCN neurons through a local GABAergic microcircuit. We repeated day SKF
experiments in WT animals, with the inclusion of the GABA receptor blocker picrotoxin
(PTX). Cell attached recordings in SKF/PTX incubated slices resulted in significantly
faster firing rate of day SCN neurons (Figure 1G), suggesting a role for GABAergic
signaling in Drd1-dependent inhibition of SCN neurons. To further investigate the effects
of Drd1 signaling on membrane properties of SCN neurons, we repeated day SKF
experiments in WT animals and performed whole cell current clamp recordings (Figures
1H and 11). As previously reported by others, we observed the firing rate in our whole cell
recordings was lower than the firing rate observed in our cell attached recordings in the
day condition (Atkinson et al., 2011). We did not observe significant differences in firing
rate in day SKF neurons. We speculate this may be in part due to dialysis of intracellular
spaces with the patch pipette solution and rundown of ionotropic processes in SCN cells
(Cloues & Sather, 2003). The difficulties associated with obtaining an accurate
measurements of firing rate in whole cell recordings of SCN neurons have been
previously reported (Cloues & Sather, 2003; J. Fan et al., 2015; Hermanstyne et al., 2016;

Schaap et al., 1999). Additionally, we were unable to reliably observe acute effects of the
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agonist in whole cell recordings of WT SCN neurons on a time scale of minutes, despite
validating the acute effects of SKF on medium spiny neurons in our hands as reported
previously (Hernandez-Lopez et al., 1997), see discussion. Taken together our results

support Drd1-dependent inhibition of SCN neurons on a time scale of hours.
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Figure 2: SCNP'"* neurons possess GABAergic outputs to other SCN

neurons
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Figure 2 Legend

A.

Schematic of bilateral intracranial injection of Cre dependent ChR2-YFP to the

SCN of Drd1-Cre mice.

. Representative image of 40x DIC IR and fluorescence of ChR2-YFP SCN viral

expression in acute coronal brain slices.

ChR2 stimulation-induced average peak responses for depolarizing (depol.),
hyperpolarizing (hyper.), and non-responsive (none) neurons. Distribution of
recorded responses is depicted

Representative whole cell current clamp traces of neuron responses to a 500 ms
train of 20 Hz 10 ms pulses of light, for ChR2+ (left) and hyperpolarizing (right)
neurons, respectively

Response latency of each group in (D). Student’s two-tailed t test; n = 11/group.
Baseline membrane potential of three types of neurons described in (Figure 2C)

before light stimulation. One-way ANOVA, n=8-12/group.

. Representative traces from whole-cell current-clamp recordings for ChR2

stimulation-induced postsynaptic responses before and after 5-min 100 uM PTX

incubation.

. ChR2 stimulation-induced average peak responses before and after PTX

incubation. Student’s two-tailed paired t test; n = 5/group.

Baseline membrane potential of neurons that hyperpolarize in response to ChR2
stimulation, before (Pre) or after picrotoxin incubation (+PTX). Student’s two tailed
paired t-test, n=5/group. Data are represented as mean * SEM,

*p<0.05,**p<0.01,***p<0.001.
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J. Example trace for one SCN neuron that has both hyperpolarizing and depolarizing
response to light stimulation from Figure 2I. Top: Before picrotoxin incubation
(Pre), the light stimulation induces hyperpolarization with re-occurring
depolarization events time locked to each light pulse without exhibiting action
potentials. Bottom: Following incubation of picrotoxin (+PTX), action potential light

stimulation evokes action potentials.

Results: SCNDrd1+ neurons possess GABAergic outputs to other SCN
neurons

Drd1 is a Gs-coupled GPCR, and the majority if not all of SCN neurons are GABAergic
(R. Y. Moore & Speh, 1993; Okamura et al., 1989). Work by Grippo et. al. 2020 confirmed
the presence of glutamate decarboxylase (GAD), the principal enzyme in GABA
synthesis, in SCN neurons (Grippo et al., 2020). These observations, coupled with our
finding that PTX increases SCN neuron firing during Drd1-dependent inhibition (Figure
1G) led us to hypothesize that stimulation of Drd1-expressing SCN neurons attenuates
the overall firing rate of the local microcircuitry. Therefore, we performed whole-cell
current clamp recordings from the SCN of Drd1(¢"*) mice injected with an AAV2 that
expresses ChR2 Cre-dependently (AAV2-DIO-ChR2-YFP; Figure 2B). Neurons were
randomly selected during electrophysiological recordings independent of ChR2
expression within the anatomically defined region of the SCN. Although 26% of recorded
cells (8 cells) had no response to light stimulation, 35% of the cells depolarized within 1

to 2 ms of the stimulation with time-locked optogenetic responses indicative of ChR2
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expression in these cells (11 cells). Additionally, 35% of the SCN neurons hyperpolarized
following a minimum of 4-ms delay (11 cells; Figures 2C-2F), although one neuron
displayed both light-induced action potentials and post-stimulation hyperpolarization
(Figure 2J). Perfusion picrotoxin (PTX) (100 uM), diminished the amplitude of the
inhibitory responses, confirming that they are ChR2-driven postsynaptic currents (Figures
2G and 2H). These data identify a local inhibitory response to Drd1-SCN neuron
activation, revealing that the HFD-induced elevated DA tone observed in Grippo et. al.

2020 may directly modulate SCN firing rate (Grippo et al., 2020).

Discussion

DA system as a novel target for circadian related sleep disorders and obesity

Grippo et. al. 2020 showed that a high fat and sugar diet results in increased dopamine
signaling in the SCN and mis-timing of feeding. Previous work showed that striatal D2R,
the Gi coupled DA receptor class, plays a role in addiction and compulsive eating
processes, and reducing D2R signaling accelerates addiction progression and weight
gain from high calorie diets (Johnson & Kenny, 2010). Our results suggest that DA input
to the SCN from rewarding foods leads to a Drd1-dependent reduction in neuronal activity
of the SCN, and contributes to the dampening of SCN rhythmicity. Snacking and meal
consumption outside of regular times can have negative consequences for animals and
leads to increased weight gain and obesity in mice (Grippo et al., 2020). Conversely, time
restricted feeding (TFR) has been shown to have protective effects in mice, including

prevention of fatty liver, preservation of glucose regulation, and better outcomes during
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sepsis, although some of these effects are sex and age dependent (Chaix et al., 2021).
Thus, DA inputs to the SCN during consumption of rewarding food represents a novel
therapeutic target in the treatment of sleep disorders and obesity. Future studies will
identify how SCN dampening increases food consumption and determine how outputs

from SCN neurons impact activity in orexigenic nuclei in the hypothalamus.

GABAergic microcircuitry of the SCN

The connectivity of the SCN has been characterized according to molecular markers and
proteins expressed by SCN cells, including VIP, arginine vasopressin (AVP), (enkephalin)
ENK, gastrin-releasing peptide (GRP), calretinin (CALR) (Varadarajan et al., 2018), and
neuromedin S (NMS) (Smyllie et al., 2016). Our work adds to this growing body of
knowledge and provides evidence for functional Drd1 expression in the SCN. In normal
12hr light/12hr dark cycles, VIP-signaling from neurons at the base of the SCN
synchronize and activate other SCN neurons, including AVP neurons in the dorsomedial
SCN (Abrahamson & Moore, 2001; Robert Y. Moore et al., 2002). SCN neurons are
predominantly GABAergic (R. Y. Moore & Speh, 1993; Okamura et al., 1989), and our
work provides more evidence that SCN neurons possess GABAergic interconnections.
Because we randomly selected SCN neurons for patching, we cannot know the exact
connectivity of the neurons in this work, and thus additional experiments are needed to
elucidate the exact connectivity of the Drd1 neurons in the SCN. Based on our CRACM
experiments and our observation that PTX can counteract SKF driven reduction in firing
rates, we posit that Drd1-signaling results in increased GABAergic tone in the SCN,
driving the observed decrease in activity. Elucidating the projection patterns and

connectivity of Drd1 neurons in the SCN would help confirm this hypothesis, and future
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experiments should attempt to describe the connections between these neurons. This
could be accomplished through visualization of cell type specific labeling of synaptic
processes, in conjunction with fluorescent labeling of other neuronal markers. For
instance, observations that Drd1:Cre ChR2-mCherry axons synapse exclusively onto
AVP, VIP or other SCN cell types would enhance our understanding of these

microcircuits.

VIP and DA signaling in the SCN

The firing rate and pacemaker activity of SCN neurons is mediated by rhythmic
expression and modulation of ionotropic receptors, including diurnal changes in
potassium, sodium, and calcium channel conductances (Jackson et al., 2004; Whitt et al.,
2016). VIP is mainly released by cells in a region in the ventral retinorecipient aspect of
the SCN, and VPAC?2 signaling in SCN neurons drives changes in ionotropic receptors,
TTFL phase, and synchronization of individual neurons (Patton et al., 2020). Because the
SCN network is densely interconnected, both directly and indirectly, pharmacological
experiments looking at acute changes in brain slices are difficult to interpret. Studies using
dissociated cultures have proved useful in looking at the effects of peptidergic signaling
in SCN neurons (Mazuski et al., 2018), but patch clamp studies of VIP SCN neurons have
only been able to show changes in firing rates and membrane potentials on the order of
hours (Kudo et al., 2013). Our results regarding the effects of SKF must be taken in the
context of the time course of our experiments (hours) and possibly reflect signaling from
VIP or other neurons in a pattern different from the canonical VIP-VPAC2 axis (Patton et
al., 2020). Other studies have utilized calcium imaging as a method to ascertain

topological and spatiotemporal relationships between different parts of the SCN network

47


https://paperpile.com/c/vGORn9/1f6Tl+dbErn
https://paperpile.com/c/vGORn9/1f6Tl+dbErn
https://paperpile.com/c/vGORn9/g8yVr
https://paperpile.com/c/vGORn9/QjfuQ
https://paperpile.com/c/vGORn9/mkQcD
https://paperpile.com/c/vGORn9/g8yVr
https://paperpile.com/c/vGORn9/g8yVr

(Patton et al., 2020), and future experiments will look at Drd1 signaling using these
methods. Overlap between NMS and Drd1 SCN populations is high but not 100%, and
questions about the heterogeneity of different SCN markers remain (Smyllie et al., 2016).
Grippo et. al. 2020 observe Drd1 expression in both the shell and dorsal regions of the
SCN, and future studies will further define subpopulations of neurons which express Drd1

and other markers.

Future work will map SCN outputs to orexigenic circuits

Here in conjunction with the work in Grippo et. al. 2020 we show that HFD results in
increased DA tone in the SCN and dampening of circadian behavioral rhythms. Mice
consume food during their active phase at night (Mistlberger, 2011), and we posit that
dampening of SCN outputs results in weaker outputs from the central circadian nucleus
to orexigenic circuits in the brain. SCN neurons possess outputs to other hypothalamic
nuclei (Kalsbeek et al., 2006), and the most obvious candidate for SCN modulation of
downstream orexigenic processes would be a direct reduction in GABAergic outputs to
agouti related peptide (AgRP) neurons in the arcuate nucleus of the hypothalamus (ARC).
AgRP neurons display circadian features of firing rate time locked to the phase of SCN
neuronal activity (Z. Chen, 2019), and disinhibition of AgQRP neurons during daytime
would explain the mis-timing of feeding. Future studies will map SCN outputs to
orexigenic nuclei in the hypothalamus and further our understanding of circadian

dysregulation and obesity.
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Methods

Experimental Model and Subject Details

All animal experiments were conducted in compliance with the University of Virginia
Institutional Animal Care and Use Committee (IACUC). Animals were provided cotton
nesting material (Ancare, Bellmore, NY) and animal cages were individually ventilated
and temperature and humidity controlled, (approx. 40% humidity, 22°C—-24°C). Animals
were housed on a 12 hour light/dark cycle, and given water and food ad libitum, except
for approved periods of time during fasting experiments. The following mouse lines were
used: Drd1tmicelRpa (Heusner et al.,, 2008) and Gt(ROSA)26Sortm(CAG-tdTomato)Hze
(Madisen et al., 2010). Drd1(cr¢/Cre) (KO) mice and littermates bred for husbandry were
raised on standard chow diet of Teklad 8664 (Envigo, United Kingdom) or PicolLab
Rodent Diet 20 5053 (LabDiet, USA) placed on the cage floor to facilitate access to the

food for the Drd1-KO mice.

Methods Details

Mouse diets

Standard chow diet (SCD):Teklad 8664 (Envigo, United Kingdom: 3.1 kcal/gram; 19% fat,
31% protein, 50% carbohydrates) or PicoLab Rodent Diet 20 5053 (3.07 kcal/gram; 13%

fat, 24% protein, 62% carbohydrates; 3.2% sucrose).
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Viral Expression and Stereotaxic Surgery

All surgery was performed on mice between 8 and 14 weeks of age using aseptic
technique in compliance with the University of Virginia IACUC. Surgical anesthesia was
induced with 5% isoflurane (Isothesia) and then maintained at 2% to 2.5% throughout the
procedure. After induction animals were mounted in a stereotaxic frame (Kopf) with an
electric heating pad underneath to maintain body temperature. Veterinary ocular lubricant
was used on each animal's eyes and reapplied as necessary to prevent
dehydration/desiccation. A recombinant AAV was used to express a specific transgene,
containing a double-floxed inverted open reading frame (DIO cassette). Virus was
delivered at 100nl/min by a microsyringe pump controller (World Precision Instruments,
model Micro 4), via a 10 pL syringe (Hamilton) and 26-gauge needle (Hamilton). After
infusion of the AAV was completed, the syringe was left in place for 10 min, after which it
was retracted 0.2mm and then left in place for another 10 minutes before being withdrawn
completely. As an analgesic, immediately after surgery mice and for three days post
surgery mice were subcutaneously injected with veterinary ibuprofen (ketoprofen, 3

mg/kg).

Viral constructs

AAV1-hSyn-DIO-ChR2(H134R)-eYFP (500 nl; 6.9 x 10°11 viral genomes/ul) was injected
into the SCN (ML: £ 0.28 mm, AP: - 0.30 mm, DV: -5.75 mm). All coordinates are relative

to bregma (George Paxinos and Keith B. J. Franklin).
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Slice electrophysiology

Slice visualization and data collection: SCN cells were visualized with infrared DIC in an
upright Slicescope 6000 microscope. The SCN was identified by the shape of the both
3rd ventricle and most inferior middle region of the slice, as well as the presence of the
optic chiasm. Images of patched brain regions were taken using Scientifica SciPro
camera and Ocular imaging software. A Multiclamp 700B amplifier and Digidata 1550B
digitizer (Molecular Devices; San Jose, California) were used to perform all patch clamp
experiments. All experiments were conducted using 2.5-6MQ microelectrodes pulled with
a Sutter P97 puller. All brain slice solutions were saturated with 95% 02 and 5% CO2

gas. SKF-81297 was used at 5 uM concentration in all incubation experiments.

Cell attached recordings: Male and female WT mice were individually housed in light-tight
boxes under a 12 hr:12 hr LD cycle for at least 7 days. Mice between P31 and P55 were
deeply anesthetized with isoflurane and brains were rapidly dissected and mounted for
slicing in the compresstome slicer. Slices were taken with in ice cold HEPES based
holding ACSF solution containing (in mM): 92 NaCl, 2.5 KCI, 1.25 NaH2PO4, 30
NaHCO3, 20 HEPES, 25 glucose, 2 thiourea, 5 Na-ascorbate, 3 Na-pyruvate, 2
CaCl2:4H20 and 2 MgS04-7H20 with pH ranging from 7.3 to 7.4 and osmolarity ranging
from 300 to 310 mOsm (Ting et al., 2014, 2018). Slices were allowed to recover for < 12
min at 34°C in the same HEPES based holding ACSF solution, and then allowed to come
to room temperature. ‘Day’ collections condition (sacrificed at ZT 5-6) were incubated for
a minimum of 90 min, and data was collected between ZT 8 and 11. ‘Night’ collections

condition (sacrificed at ZT 11-12) were incubated and data was collected at ZT 14 to 17.
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After a minimum of 90 min of incubation slices were transferred to the microscope
recording bath and superfused with a continuous flow (1.5 - 2 ml/min) recording ACSF
which consisted of (in mM): 124 NaCl, 2.5 KCI, 1.2 NaH2PO4, 24 NaHCO3, 5 HEPES,
10 glucose, 2 CaCl2:4H20 and 2 MgS04-7H20 with pH ranging from 7.3 to 7.4 and
osmolarity ranging from 300 to 310 mOsm, and included the vehicle or agonist. The
resulting DMSO concentration in these buffers ranged from 0.01% to 0.12%. Vehicle
control solutions contained the same amount of DMSO as the treatment conditions. Drug
solutions were added directly to the bath after the recovery incubation. Cell attached
recordings were made at 32°C. For cell attached recordings the pipette was filled with
ACSF, slight positive pressure applied when approaching the cell was released and the
seal was allowed. Seal magnitude ranged from 5 to 50MQ. In all experiments the pipette
offset was < 15mV, typically ranging from 1 to 11mV. Pipette offset was set just before
initiating a recording, and the seal resistance was monitored closely. Recordings
measuring spontaneous spiking lasted approximately 1 min. Recordings were filtered
offline at 1kHz and baseline was manually adjusted using ClampFit (Molecular devices)
software. Action potential events were then extracted using ClampFit and analyzed using

custom scripts in MATLAB (Mathworks).

Whole cell recordings and optogenetic stimulation: Whole cell recordings in WT animals
were conducted on acute coronal brain slices obtained and treated using the same
methods described above for cell attached recordings. All whole cell recordings in WT
animals used the same intracellular solution described below used in optogenetic

experiments. For optogenetic experiments, heterozygous Drd1(c®*) mice minimum of 8
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weeks of age received bilateral injections of AAV2-DIO-ChR2-YFP to the SCN as
previously described. After a minimum of 5 weeks to allow for viral expression and animal
recovery, animals were deeply anesthetized (ketamine:xylazine, 280:80 mg/kg, i.p.) and
transcardially perfused with an NMDG recovery ACSF solution containing (in mM): 92
NMDG, 2.5 KClI, 1.25 NaH2P0O4, 30 NaHCO3, 20 HEPES, 25 glucose, 2 thiourea, 5 Na-
ascorbate, 3 Na-pyruvate, 0.5 CaCl2-:4H20 and 10 MgS0O4:7H20, pH adjusted to 7.3 to
7.4, osmolarity 300 to 310 mOsm (Ting et al., 2014, 2018). Slices were held in the NMDG
recovery ACSF for < 12 min at 34°C, and then transferred to recording ACSF (described
above) and allowed to rest at room temperature for 45 min before being transferred to the
microscope bath for data collection. All recordings were made at room temperature and
a potassium gluconate (K-glu) based intracellular solution containing 135 K-glu, 5 KCI, 5
NaCl, 10 HEPES, 2.5 MgATP, 0.3 GTP, pH 7.2-7.4, 290mOsm (LeSauter et al., 2011).
SCN cells were randomly patched without regard for YFP expression. After formation of
a gigaohm seal (> 2GQ), cell membrane was ruptured and current clamp recordings
acquired. A minimal current injection hold of 0 to -15pA was used to compensate for
minor current leakage. Whole cell voltage measurements made as described for whole
cell incubation recordings. Optogenetic stimulation consisted of 500ms of 20 Hz square
pulses of 488 nm light (10 pulses total, each pulse 10ms). Light was delivered at the
beginning of each 10 s trace. For a subset of cells (5) which showed a hyperpolarized
response to blue light stimulation, recording ACSF with 100 pM Picrotoxin (PTX) was
perfused for 6 min and cell responses to the optogenetic stimulation protocol were

recorded. No further recordings were made on slices which were exposed to PTX.
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Response magnitudes and latencies were manually extracted in ClampFit, and consisted

of an average of 5-6 traces.
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Summary

Obesity is a pandemic afflicting more than 300 million people worldwide, driven by the
consumption of calorically dense and highly rewarding foods. Dopamine (DA) signaling
has been implicated in neural responses to highly palatable nutrients, but the exact
mechanisms through which DA impinges upon homeostatic feeding circuits remains
unknown. A subpopulation of arcuate (ARC) agouti-related peptide (AgRP)/neuropeptide
Y (NPY) (ARCAIRPNPY*) heurons are stimulated by DA through activation of the dopamine
1 receptor (Drd1), suggesting a potential avenue for dopaminergic regulation of food
intake circuitry. Using patch clamp electrophysiology, we evaluated the responses of
Drd1-expressing (ARCP'*) neurons in the arcuate nucleus of the hypothalamus to
overnight fasting and leptin. While a portion of ARCP'* neurons express AgGRP/NPY, as
a whole ARCP"™* neurons were less responsive to caloric deficit than ARCAIRP/NPY+
neurons. However, ARCP"* neurons reduced their activity in response to the satiety
signal leptin, as has been observed for ARCAIRPNPY* neyrons. To identify novel functional
connections between ARCPd™ neurons and other ARC neurons we used
Channelrhodopsin Assisted Circuit Mapping (CRACM) and found subgroups of ARCPrd'+
neurons that differentially modulate ARCARPINPY+ neyrons. These findings provide
evidence for DA as a key player in hypothalamic circuits that underpin appetite regulation

and obesity.
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Introduction

Throughout the world, human diets are increasingly composed of high calorie food, a
major factor contributing to the obesity pandemic (Kearney 2010; Statovci et al. 2017).
Overeating is the primary driver of obesity, and consumption of fat and sugar activates
the brain's innate reward systems (Berridge et al. 2010; Verdejo-Roman et al. 2017).
Obese individuals suffer from a plethora of comorbid conditions including type 2 diabetes,
cardiovascular disease, cancer, and metabolic syndrome (Engin 2017; Powell-Wiley et
al. 2021; Scully et al. 2020; Bhaskaran et al. 2014), and these conditions significantly
reduce lifespan and create an enormous burden on healthcare systems (Cawley and
Meyerhoefer 2012). Except for invasive bariatric surgery, current treatments for obesity
such as altered diet are inadequate for controlling patient weight, particularly over
protracted periods of time (Mann et al. 2007). Elucidation of how reward systems impinge
on energy balance circuits is necessary to develop better treatment strategies in the fight

against this public health crisis.

Within the central nervous system, the arcuate nucleus of the hypothalamus (ARC) is an
essential integrator of peripheral signals that reflect metabolic states (Cone et al. 2001;
Dietrich and Horvath 2013; Sternson et al. 2013). Landmark experiments demonstrated
that activation of ARC agouti-related peptide (AgRP) neurons, which co-express
Neuropeptide Y (NPY) (hereinafter referred to as ARCAIRPNPY* neyrons), is sufficient to
invoke voracious feeding, even in sated animals (Aponte et al. 2011; Krashes et al. 2011;
Atasoy et al. 2012; Betley et al. 2013). ARCAIRPNPY* neyrons are modulated by hormones

and neurotransmitters secreted during states of caloric deficit and surplus (Cone et al.
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2001; Aponte et al. 2011; Garfield et al. 2016). For instance, ARCAIRPNPY* neyrons
increase their firing in response to orexigenic peptides including ghrelin, orexin,
neuromedin B, or gastric releasing hormone (GRH) (Hewson et al. 2002; van den Pol et
al. 2009; Kohno and Yada 2012; Mandelblat-Cerf et al. 2015; Cowley et al. 2003; Chen
et al. 2017). Conversely, ARCAIRPINPY* neyron firing is decreased in response to peptide
YY, insulin, or leptin (Xu et al. 2005; Takahashi and Cone 2005; Yang et al. 2010; Bouret
et al. 2012; Baver et al. 2014; Jones et al. 2019). ARCAIRPNPY* neyrons release gamma-
aminobutyric acid (GABA), AgRP, and NPY onto their downstream targets, and these
inhibitory outputs drive different aspects of feeding behaviors (Krashes et al. 2013; Atasoy
et al. 2012; Betley et al. 2013). Today, ARCA9RP/NPY* neyrons are recognized as a crucial
orexigenic population in energy homeostasis, but our understanding of the discrete
molecular mechanisms governing their activity remains incomplete (Claret et al. 2007;

Garfield et al. 2016; Alhadeff et al. 2019; Goldstein et al. 2021).

Current models of food intake circuity lack explanations for how information about the
rewarding properties of food is integrated with homeostatic systems, and researchers
have hypothesized that dopamine (DA) may be a key player in hedonic regulation of
appetite during the consumption of rewarding and highly palatable foods (Wise 2006;
Palmiter 2007; Alhadeff et al. 2019; Mazzone et al. 2020). Staining for DA receptors has
revealed dopamine 1 receptor (Drd1) immunoreactivity in the ARC, peri-ARC, and median
eminence (ME) (Romero-Fernandez et al. 2014). However, characterization of ARC
neuron subtypes has proven challenging (Vong et al. 2011; Krashes et al. 2011; Campbell
et al. 2017), and it is unknown which neuronal populations express Drd1 in this region.

Recent studies have demonstrated that DA modulates the activity of ARC neurons (Zhang
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and van den Pol 2016; Alhadeff et al. 2019), including AgQRP neurons that express Drd1
(Zhang and van den Pol 2016). These results implicate DA signaling as one mechanism
through which information about the rewarding properties of drugs and palatable foods

integrate into homeostatic circuits.

Using patch clamp electrophysiology, we compared the membrane properties of Drd1-
expressing neurons (ARCP'*) and ARCAIRPNPY* neurons. ARCP'* neurons exhibited
significant inhibitory responses to leptin, although these responses were less drastic than
those observed in ARCAIRPINPY* neyrons. Surprisingly, ARCP™* neurons membrane
properties were not significantly affected by overnight fasting. To gain better insight into
the role of ARCPr'* neurons in ARC circuitry, we used Channelrhodopsin Assisted Circuit
Mapping (CRACM) to identify novel connections from ARCP™'* neurons to other ARC
neurons and characterized these inputs. We established that the ARCP™'* neuron
population is heterogeneous and includes a subpopulation of neurons which co-express
AgRP and NPY (ARCPrd1+AgRPINPY+) | Jltimately, we uncovered subgroups of ARCPrd'*
neurons that either inhibit or excite ARCAIRPNPY* neyrons. These findings reveal a
complex circuitry where ARCP'* neurons can differentially modulate a key population of

orexigenic neurons and further our understanding of DA’s role in regulation of appetite.

59



Figure 1: Overnight fasting increases spontaneous firing in ARCAIRP/NPY*
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Figure 1 Legend

A. Representative fluorescence images of ARCPd™* (TdTom, red) and ARCAIRPNPY+
(GFP, green) neurons. Scale bar 150 pM.

B. Diagram of overnight fasting experimental setup.

C. Spontaneous firing rates of ARCP™'* neurons (n = 24 neurons from control
animals and n = 30 neurons from fasted animals) and ARCARPNPY+ neyrons (n =
20 neurons from control animals and 17 neurons from fasted animals). For all
groups: (*p < 0.05, **p < 0.01, ***p < 0.001 as determined by 2-way ANOVA with
Bonferroni post-hoc comparison, Fgenotype (1, 87) = 7.12, p = 0.009; Frasting (1, 87)
=9.73, p = 0.003).

D. Inter spike interval membrane potentials of ARCP'* (n = 24 neurons from control
animals and n = 30 neurons from fasted animals) and ARCAIRPINPY* (n = 20
neurons from control animals and 17 neurons from fasted animals). For all
groups: (*p < 0.05, **p < 0.01, ***p < 0.001 as determined by 2-way ANOVA with
Bonferroni post-hoc comparison, Fgenotype (1, 87) = 0.104, p = 0.7482; Frasting (1,
87) =0.830, p = 0.3647).

E. Firing thresholds of ARCP™'* (n = 20 neurons from control animals and 22
neurons from fasted animals) and ARCAIRPNPY* (n = 16 neurons from control
animals and n = 13 neurons from fasted animals). For all groups: (*p < 0.05, **p
< 0.01, *™*p < 0.001 as determined by 2-way ANOVA with Bonferroni post-hoc
comparison, Fgenotype (1, 68) = 0.396 p = 0.531; Frasting (1, 68) = 2.42 p = 0.124).

F. Representative traces of whole cell current clamp recordings of spontaneous

firing.
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Overnight fasting increases spontaneous firing in ARCARPNPY* neyrons, but

not ARCP"* heurons

Drd1 expression has been documented in ARC, including in ARCAIRPNPY* neyrons
(Romero-Fernandez et al. 2014; Zhang and van den Pol 2016). However,
neurophysiological characteristics of the ARCP@'* neurons have not been established.
Therefore, we determined the electrophysiological properties of ARCP'* neurons in
comparison to ARCAIRPNPY+ neyrons. To visualize Drd1 expressing neurons in the ARC
(ARCP') " we crossed Drd1tm'(eRpa (Drd1-Cre) mice (Heusner et al. 2008) with
Gt(ROSA)26Sorim14(CAG-tdTomato)Hze  (Aj14 or TdTomato) mice (Madisen et al. 2010),
generating Drd1¢®*;tdTomato'¥* double transgenic animals, which express TdTomato
when Cre recombinase is expressed from the Drd7a locus. In the hypothalamus, we
observed tdTomato expression in the ARC, ME, and ventromedial hypothalamus (VMH)
(Figure 1A). To visualize ARCAIRPNPY* neyrons, we used Tg(Npy-hrGFP)1Lowl (NPY-
GFP) mice (van den Pol et al. 2009), which express GFP under control of the Npy
promoter, labeling NPY neurons in the ARC and other brain regions (Figure 1A). To
establish the baseline electrical behavior of these two neuronal populations, we
performed whole cell current clamp and recorded spontaneous firing in fluorescently
labeled ARCP'* and ARCAIRPINPY* neyrons from animals provided ad libitum access to
standard chow (henceforth control ARCP™'* neurons, and control ARCAIRPINPY* neyrons,
respectively) (Figures 1A-D). To further assess membrane excitability, a subset of
recorded neurons were injected with progressively increasing steps of square current
(Figure 1E). Control ARCP'* and ARCAIRPNPY* neyrons did not have significant
differences in spontaneous firing rates (ARCP™'*: 0.60 + 0.15 Hz; ARCAIRPINPY+: (0 84 +
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0.26 Hz; unpaired two-tailed Student’s t-test t = 0.846, df = 42, p = 0.403), inter spike
interval membrane potentials (ISI-MPs) (ARCP1*: -48.90 + 2.20 mV; ARCAIRPINPY+.
46.54 £ 1.33 mV ; unpaired two-tailed Student’s t-test t = 0.720, df = 43, p = 0.476), and
firing thresholds (ARCP™1*: -32.62 + 0.77 mV; ARCAIRPNPY+: .32 81 + 0.75 mV; unpaired

two-tailed Student’s t-test t = 0.173, df = 34, p = 0.864).

ARCAIRPINPY+ nayrons become excited during states of caloric deficiency (Takahashi and
Cone 2005; Liu et al. 2012; Wei et al. 2015; Laing et al. 2018), and we hypothesized this
phenomenon might also be observable in ARCP'* neurons in fasted mice. Therefore, to
determine if the electrophysiological properties of ARCP'* neurons are impacted by
negative energy balance, we fasted Drd1¢®*;tdTomato'¥* and NPY-GFP mice overnight,
and performed whole cell current clamp recordings in fluorescently labeled neurons
(Figure 1B). In line with previous reports, ARCAIRPNPY* neyrons from fasted animals
(henceforth referred to as fasted ARCAIRPNPY* neyrons) fired at a significantly faster
frequency than neurons from control animals (Figure 1C). Strikingly, the spontaneous
firing, ISI-MP and firing threshold of ARCPr'™ neurons from fasted animals (fasted
ARCP'* neurons) were not significantly different from ARCP'* neurons from control
animals (Figures 1C-E). Additionally, fasted ARCAIRPNPY+ neyrons fired at a higher
frequency than the ARCP™™ neurons from fasted mice (Figure 1C). Thus, fasting
increases the spontaneous firing rate of ARCAIRPNPY* neyrons, but not ARCP'* neurons,
indicating that these neuronal populations may not be identical in terms of their inputs or

sensitivity to anorexigenic signals.
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Figure 2: ARCP"™* neurons are inhibited by leptin
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A. Representative traces of whole cell current clamp recordings of leptin mediated

inhibition in ARCASRPINPY+ neyrons from control animals (top) and ARCAIRP/NPY+

neurons from fasted animals (bottom).

B. Change in firing rate from baseline for neurons perfused with leptin, binned for 1-

minute intervals. Each data point represents the average firing in the previous 60

seconds. Green: control ARCAIRPINPY* neyrons (n = 6); light green: fasted

ARCAIRPINPY* neyrons (n = 7). Data are represented as mean + SEM.

C. Firing rate at baseline and 8 minutes after the start of leptin perfusion for

ARCAIRPINPY* neyrons from control animals (*p < 0.05, **p < 0.01, ***p < 0.001 as

determined by paired two-tailed Student’s t-test, t = 4.14, df = 5, n = 6 pairs).
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. Inter spike interval membrane potential at baseline and 8 minutes after start of
leptin perfusion for ARCAIRPNPY* neyrons from control animals (*p < 0.05, **p <
0.01, ***p < 0.001 as determined by paired two-tailed Student’s t-test, t = 5.73, df
=5, n = 6 pairs).

. Representative traces of whole cell current clamp recordings of leptin mediated
inhibition in control ARCP™'* neurons (top) and fasted ARCP'* neurons
(bottom).

. Change in firing rate from baseline for neurons perfused with leptin, binned for 1-
minute intervals. Each data point represents the average firing in the previous 60
seconds. Red: control ARCP'* neurons (n = 6); pink: fasted ARCP™'* neurons (n
= 6). Data are represented as mean + SEM.

. Firing rate at baseline and 8 minutes after the start of lepin perfusion for ARCPd1+
neurons from control animals (*p < 0.05, **p < 0.01, ***p < 0.001 as determined
by paired two-tailed Student’s t-test, t = 4.95, df = 5, n = 6 pairs).

. Inter spike interval membrane potential at baseline and 8 minutes after start of
leptin perfusion for ARCP™'* neurons from control animals (*p < 0.05, **p < 0.01,
***p < 0.001 as determined by two-tailed Student’s t-test, t=3.81,df=5,n=6

pairs).
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ARCP"™ neurons are inhibited by leptin

ARCAIRPINPY+ nayrons are inhibited by sensory cues and peripheral signals of food
detection, nutrient consumption, and positive energy equilibrium (Chen et al. 2015;
Borgmann et al. 2021; Beutler et al. 2017; Su et al. 2017; Alhadeff et al. 2019; Berrios et
al. 2021). One potent inhibitor of ARCAIRPNPY* neurons is the anorexigenic hormone
leptin, which directly hyperpolarizes and silences ARCAIRPINPY+ neyrons during states of
energy surplus (Takahashi and Cone 2005; Baver et al. 2014; Bermeo et al. 2020). To
ascertain the responses of ARCP'* neurons to leptin, we performed whole cell patch
clamp electrophysiology on ARCP'* and ARCAIRPNPY* neyrons and measured changes
in firing rate and membrane potential after a 3 minute of perfusion of 100 nM leptin (Figure
2). As expected, bath application of leptin decreased the firing rate of all ARCAIRPNPY+
neurons from control and fasted animals (Figures 2A-C). Additionally, leptin significantly
hyperpolarized all tested control and fasted ARCAIRPNPY+ neyrons (Figure 2D). While
leptin perfusion also inhibited the majority of ARCP'* neurons, the hormone’s effects
were of smaller magnitude compared to responses observed in ARCAIRPNPY* neyrons. In
control ARCP'™* neurons, bath application of leptin decreased firing rate of all tested
neurons (Figures 2E-G). However, this reduction was only 64% on average, compared to
an average 93% reduction in firing rate for control ARCAIRPNPY* neyrons, a difference that
was not statistically significant (unpaired two-tailed Student’s t-test, p = 0.13, t = 1.64, df
= 10, n = 6 neurons per group). Additionally, while leptin perfusion significantly
hyperpolarized control ARCP'* neurons, only 83% of tested neurons had a reduction in

membrane potential. Taken with our previous finding that ARCP™'* neurons had
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insignificant changes in firing rates due to fasting (Figure 1C), these results indicate

heterogeneity in terms of how ARCP'* neurons respond to energy balance signals.
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Figure 3: ARCP"™ neurons functionally connect other ARC neurons
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Figure 3 legend

A. Left: Schematic of bilateral intracranial injection of Cre dependent ChR2-mCh to
the ARC of Drd1-Cre mice. Right: representative image of 40x DIC IR and
fluorescence of ChR2-mCh ARC viral expression in acute coronal brain slices.

Scale bar 50 ym.
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. Change in membrane potential for light off and on for ChR2 expressing neurons,
(*p < 0.05, *p < 0.01, *™*p < 0.001 as determined by paired two tailed Student’s t-
test, t =4.763, df = 5, n = 6 pairs).

. Change in membrane potential of ARC neurons which depolarized,
hyperpolarized, or had no response to ARCPd"* ChR2 inputs. (*p < 0.05, **p <
0.01, ***p < 0.001 as determined by paired two tailed Student’s t-test; depolarized:
t = 4.763, df = 5, n = 8 pairs; hyperpolarized: t = 3.81, df = 5, n = 6 pairs); no
response: t = 3.81, df = 5, n = 12 pairs). Top right: pie chart summary recorded
responses in ARC neurons. (*p < 0.05, **p < 0.01, ***p < 0.001 as determined by
paired two tailed Student’s t-test).

. Representative whole cell current clamp traces for responses to four light
stimulations, three individual traces from the same neuron shown per response
type.

. Latency from light onset to response initiation for responding neurons. (*p < 0.05,
**p < 0.01, **p < 0.001 as determined by ordinary one-way ANOVA with
Bonferroni post-hoc comparison, n = 6-8/group; Fgroup = 1.85 (2, 17), p = <0.001).
. Change in membrane potential for hyperpolarizing neurons during baseline and
after 5 minutes from the start of the perfusion of PTX. (*p < 0.05, **p < 0.01, ***p
< 0.001 as determined by paired two-tailed Student’s t-test, t = 8.440, df=5,n =6
pairs, p = <0.001).

. Representative trace of extinction of hyperpolarization response after 5 minutes of

PTX perfusion.
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ARCP"™* neurons functionally connect to other ARC neurons

After comparing the effects of fasting and leptin on ARCP'* neurons, we evaluated if
other ARC neurons receive inputs from ARCP"* neurons in the region. To achieve this,
we injected an AAV carrying Cre dependent Channelrhodopsin-mCherry (ChR2-mCh)
(Boyden et al. 2005) into the ARC of Drd1°®* mice. We then performed patch clamp
electrophysiology on randomly selected neurons in the ARC (Figure 3). This strategy
allowed us to use Channelrhodopsin assisted circuit mapping (CRACM) (Petreanu et al.
2007; Atasoy et al. 2008) to interrogate the postsynaptic responses of ARC neurons

following ARCPr'* neuron activation (Figures 3A-E).

We obtained current clamp recordings from 32 neurons in 19 coronal hypothalamic slices
from 12 animals. Of these 32 neurons, we identified 6 neurons that expressed ChR2
(ChR2+), 8 neurons with postsynaptic depolarizations, 6 neurons with postsynaptic
hyperpolarizations, 12 neurons with no discernible response (Figures 3B and 3C). Light
stimulation in ChR2+ neurons resulted in a significant change in peak membrane potential
from baseline (Figure 3B) and the latency of the response for these neurons was 0.30 £
0.04 ms (Figure 3E), consistent with the temporal kinetics of ChR2-based neuron
activation (Boyden et al. 2005). Light stimulation did not result in a significant change in
peak membrane potential from baseline in non-responders but was significant for neurons
with depolarizing and hyperpolarizing responses (Figure 3C). Latency of the response
from onset of the light stimulus for depolarizing and hyperpolarizing neurons was 5.16 £
0.54 ms and 7.46 £ 1.39 ms, respectively (Figure 3E). Because these neurons often

demonstrate spontaneous firing and occasionally show postsynaptic depolarization
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resulting in action potentials, only traces where the analysis window was free of action
potentials were analyzed, likely resulting in underestimation of the strength of depolarizing
inputs to these neurons. One hyperpolarizing neuron was observed to have an average
response latency of 13.9 ms, suggesting the input may have originated from a neuron
with an intermediary connection to an upstream ChR2 expressing neuron. Bath perfusion
of ACSF containing 100 uM of the gamma aminobutyric acid (GABA) receptor blocker
picrotoxin (PTX) resulted in a significant reduction in the hyperpolarizing response in all
tested neurons (Figures 3F and 3G). On average, response magnitudes decreased by

10.46 £ 1.23 mV, confirming the hyperpolarizing inputs observed were GABAergic.
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Figure 4: ARCP™ neurons make functional connections to ARCAIRPNPY*
neurons, and ARCAIRPNPY* neurons include a subpopulation of ARCP '

neurons

i

o

o
|

80 —

Total=37

: : Il chR2+
-5 — : M Depolarizing

: : Il Hyperpolarizing
: [ No response

20+

Drd1::CRE x NPY-GFP &
DIO-ChR2-mCH

o
1

Change from baseline (AmV)
A O
o o
L1
Change from baseline (AmV)
o (6]
| |
*
*
*

20— T T T T 1
OFF ON OFF ON OFF ON OFF ON
D = — = = E P F

20— — : * KK
ChR2+

154

40mV 104

-59mV »

membrane potential (AmV)

- = p— -— o-Lloe

Depolarizi & & & : «®
epolarizing QP K : o
ORVARS i ;
10mVv :
- S s S . SN SN

-— - - G

Hyperpolarizing = = =

Response latency (ms)
o
Y i,
Change in

-62mV e

o 10mV. 42mv p
/»—/-’/“f
50ms
No response - — = L=

SR w 10 —— Baseline ~ —— Picrotoxin

50ms

10mvV

Figure 4 Legend

A. Left: schematic of bilateral intracranial injection of Cre dependent ChR2-mCherry

(ChR2-mCh) to the ARC of Drd1¢*;NPYC®™* mice. Right: representative image
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of 40x DIC IR and fluorescence of ChR2-mCh ARC viral expression and ARC
NPY-GFP expression in acute coronal brain slices. Scale bar 50 um.

. Change in membrane potential for light off and on for ChR2 expressing
ARCAIRPINPY+ ey pressing neurons (*p < 0.05, **p < 0.01, ***p < 0.001 as
determined by paired two tailed Student’s t-test, t = 4.038, df = 5, n = 6 pairs).
Analysis was conducted in an identical manner to those in Figure 3B.

. Change in membrane potential of ARCAIRPNPY+ neyrons that depolarized,
hyperpolarized, or had no response to ARCP"* ChR2 inputs. (*p < 0.05, **p <
0.01, ***p < 0.001 as determined by paired two tailed Student’s t-test;
depolarized: t = 4.149, df=4, n = 5 pairs; hyperpolarized: t=7.494,df=8,n=9
pairs); No response: t = 0.1774, d f= 16, p = 0.861, n = 12 pairs). Top right: pie
chart summary for responses recorded in ARCAIRPNPY* neyrons (*p < 0.05, **p <
0.01, ***p < 0.001 as determined by paired two tailed Student’s t-test, t = 4.149,
df=4, n = 5 pairs). Analysis was conducted in an identical manner to those in
Figure 3C.

. Representative whole cell current clamp traces for various responses to light
stimulation, three individual traces from the same ARCAIRPNPY* neyron shown per
response type.

. Latency from light onset to response initiation for responding ARCASRPNPY+
neurons. (*p < 0.05, **p < 0.01, ***p < 0.001 as determined by ordinary one-way
ANOVA with Bonferroni post-hoc comparison, n = 5-9/group; Fgroup = 1.61 (2, 17),

p = <0.001. Analysis was conducted in an identical manner to those in Figure 3E.
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F. Change in membrane potential for hyperpolarizing ARCAIRPNPY* neyrons during
baseline and after 5 minutes from the start of PTX perfusion. (*p < 0.05, **p <
0.01, ***p < 0.001 as determined by paired two-tailed Student’s t-test, t = 14.2, df
=7, n =8 pairs, p = <0.001). Analysis was conducted in an identical manner to
those in Figure 3F.

G. Representative trace of extinguishment of hyperpolarization response of

ARCAIRPINPY+ nayrons during baseline and after 5 minutes of PTX perfusion.

ARCP""* neurons possess functional connections to ARCASRPNPY* neurons,

and ARCAIRPINPY* neurons include a subpopulation of ARCP'™ neurons

Given their anatomical location, ARCAIRPNPY* neyrons likely comprised a substantial
subgroup of neurons we recorded from during our initial CRACM experiment (Figure 3).
Thus, we hypothesized that some ARCP'"* neurons may have functional inputs to
ARCAIRPINPY+ nayrons. To investigate this connection, we injected an AAV carrying Cre-
dependent ChR2-mCherry into the ARC of Drd1°¢*;NPYS®* mice resulting in green
labeled ARCAIRPINPY* cells and red labeled ARCP'™* cells. We then performed patch
clamp electrophysiology on GFP labeled ARCAIRPNPY* neyrons, allowing us to evaluate

the presence of functional inputs (Figure 4).

We obtained current clamp recordings from 37 ARCASRPNPY* neyrons in 13 coronal
hypothalamic slices from 9 mice. Of these ARCNPY* neurons, we identified 6 ChR2+
neurons, 5 neurons with postsynaptic depolarizations, 9 neurons with postsynaptic

hyperpolarizations, and 17 neurons with no discernible response (Figures 4B-D). ChR2
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expression in ARCAIRPINPY+ nayrons confirms that a subpopulation of ARCP'* neurons
are also AgRP/NPY positive, in line with previous findings (Zhang and van den Pol 2016).
Light stimulation in ChR2+ ARCA9RPNPY* neyrons resulted in a significant change in peak
membrane potential from baseline (Figure 4B), and the latency of the response for these
neurons was 0.65 + 0.08 ms (Figure 4E). For ARCAIRPINPY* neyrons which were classified
as non-responding, light stimulation did not result in a significant change in peak
membrane potential compared to baseline but was significant for both depolarizing and
hyperpolarizing ARCASRPINPY* neurons (Figure 4C). Latency of the response from onset
of the light stimulus for depolarizing and hyperpolarizing ARCAIRPNPY* neurons was 6.80
+ 0.77 ms and 7.98 + 1.15 ms, respectively (Figure 4E). One hyperpolarizing
ARCAIRPINPY+ nayron was observed to have an average response latency of 16.42 ms,
again suggesting the input may have originated from a neuron with an intermediary
connection to an upstream ChR2 expressing neuron. Bath perfusion of ACSF containing
100 uM PTX resulted in a significant reduction in the hyperpolarizing response in all tested
ARCAIRPINPY+ neyrons (Figures 4F and 4G). On average, response magnitudes
decreased by 5.84 + 0.41 mV, confirming that the hyperpolarizing inputs from ARCP™ 1+

neurons — ARCAIRPINPY* neyrons observed were GABAergic.
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Discussion

Responses of ARCP™'* neurons to signals of metabolic deficit and surplus

We show leptin inhibits ARCP™'* neurons in a comparable manner to responses observed
in the ARCAIRPINPY* neyronal population. Other patch clamp studies have focused on the
effects of small molecules on ARC neurons including leptin (Glaum et al. 1996; Cowley
et al. 2001; van den Top et al. 2004; Vong et al. 2011; Takahashi and Cone 2005; Hill et
al. 2008), ghrelin (Tong et al. 2008; Kohno and Yada 2012), DA and DA receptor agonists
and antagonists (Zhang and van den Pol 2016; Alhadeff et al. 2019), insulin (Mirshamsi
et al. 2004; Kohno and Yada 2012), and glucose (Kohno and Yada 2012; Jais et al. 2020).
Our results regarding leptin’s action on ARCAIRPNPY* neyrons are in line with previous
studies demonstrating leptin-based inhibition of this neuron subtype (Takahashi and Cone
2005; Baver et al. 2014). Similar responses observed in ARCP'* neurons may be
explained partially by incidental targeting of the ARCPrd1+AdRPINPY* nayron population,
which was identified during subsequent CRACM experiments. Interestingly, profiling of
the spontaneous firing and membrane properties of ARCP™'* neurons revealed that, as
a whole, they are less responsive than ARCAIRPINPY+ neyrons to fasting. Others have also
measured the electrophysiological properties of ARC neurons given different
experimental treatments, including fasting (Liu et al. 2012), exercise (Han et al. 2018),
high fat diet (HFD) (Baver et al. 2014; Wei et al. 2015; Jais et al. 2020), and gastric inputs
(Alhadeff et al. 2019; Goldstein et al. 2021; Jais et al. 2020). Ultimately, our results

suggest the ARCP'* neuronal population is heterogeneous.
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Connectivity of ARCP™* and ARCAIRPNPY* neurons

Our CRACM experiments revealed overlap of ARCPd'™* neurons with ARCAIRP/NPY+
neurons, presenting a potential site of direct regulation by dopaminergic inputs from the
midbrain or other regions. Interestingly, we identified two subpopulations of ARCPrd'*
neurons which had either GABAergic or depolarizing outputs to ARCAIRPNPY+ neyrons.
We consider it unlikely that ARCP'*—ARCAIRPNPY* neyron connections were in fact
AgRP—AgRP or POMC—AgRP connections, given previous findings on the connectivity
of ARC neurons. Studies identified functional AQRP—POMC connections, but failed to
find functional interconnections within AQRP and POMC populations (i.e., AQRP—AgRP
and POMC—POMC) (Atasoy et al. 2012). Additionally, no evidence of POMC—AgRP
connectivity has been identified, despite early speculation of feedback loops (Betley et al.
2013). Thus, ARCPrd* , ARCAIRPINPY* nayrons (i.e. ARCP'* neurons which putatively do
not express AgRP/NPY) represent a unique group of neurons with differential inputs to

ARCAIRPNPY+ nayrons.

DA signaling in the ARC

Our findings instantiate both direct and indirect mechanisms through which ARCPrd'+
neuronal populations could modulate the ARCAIRPINPY* circuit. Our CRACM experiments
confirm the existence of an ARCPrd1+AgRPINPY+ nayronal population, supporting previous
findings that Drd1-dependent signaling can drive direct activation of ARCAIRP/NPY+
neurons (Zhang & van den Pol, 2016). Synapses containing DA have been localized to
the soma of ARCAIRPNPY* neyrons (Zhang & van den Pol, 2016), however the

circumstances that precipitate DA release at these terminals are unknown. Our lab
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recently found that mice fed a HFD have increased DA tone in other hypothalamic regions
containing Drd1 expressing neurons (Grippo et al., 2020), and the occurrence of a
comparable phenomenon in the ARC remains a distinct possibility. In one proposed
model, palatable food would drive increased DA input to ARCPrd+AgRPINPY+ nayrons,
which in turn become activated by Drd1 Ga/s-type G-coupled protein receptor signaling.
This might be complemented by parallel DA release to POMC neurons, which are directly
inhibited by Gal/i coupled dopamine receptor 2 (Drd2) signaling (Zhang & van den Pol,
2016). Such signaling could drive increased feeding, perhaps even in sated animals, but
the specific molecular pathways underlying DA receptor signaling in ARC neuron

subtypes is unknown.

In addition to the ARCPrd1+AgRPINPY*+ nayronal population, we identified two additional
groups of ARCP'* neurons which had inhibitory or excitatory inputs to ARCAIRPNPY*
neurons. The circumstances driving activation of various ARCP'* subtypes are unknown,
and different signals may elicit distinct ARCPd"*—ARCAIRPINPY* inputs. However,
evidence supports DAergic mediated inhibition of ARCAIRPNPY* neyrons in response to
gastric signals. In experiments performed by Alhadeff et al., intragastric infusions of
nutrients and ethanol increased midbrain DA signaling and inhibited ARCAIRP/NPY+
neurons. Infusion of a DA receptor antagonist cocktail was shown to dampen these
inhibitory responses during reward delivery (Alhadeff et al. 2019), but the direct inputs
and mechanism underlying this DA signaling was not elucidated. The findings are notably
counterintuitive to the results presented by Zhang et al., who observed that DA and the
Drd1 selective agonist SKF 38393 excite AgRP neurons (Zhang & van den Pol, 2016).

Our work provides a bridge between these results, showing ARCP'* neurons can both
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activate or inhibit ARCASRPINPY+ neyrons. This supported by the growing body of evidence
that DA and Drd1 can have differential actions in the same brain region (Trudeau et al.
2014; Miller et al. 2019), supporting this Miller et al. showed different medial amygdala
dopamine 1 receptor (MeApv-D1R) neurons can possess outputs with divergent
functional connections, where MeApv-D1R neurons send excitatory outputs to the dorsal
medial region of the ventromedial hypothalamus (VMHdm) and inhibitory projections to
the bed nucleus of the stria terminalis (BNST) (Miller et al. 2019). Further highlighting the
potential complexity of the system, Miller et al. found that the selective Drd1 agonist SKF
81297 increased the excitability of BNST projecting MeApv-D1R neurons, while
decreasing the excitability of VMH projecting MeApv-D1R neurons. Only with retrograde
labeling of MeApv-D1R projections were the investigators ultimately able to distinguish
these two subpopulations of Drd1¢¢*-tdTomato'¥* labeled neurons in the same nucleus.
An analogous phenomenon may be occurring in populations of ARCP'* neurons in our
study. ARCP'™ neurons in close proximity may possess differential responses to the
same factor, and complete functional characterization of distinct ARCP'* subpopulations

will require segmentation by inputs, projections, and additional markers.

Limitations of the Study

Leptin signaling can have differential effects in different subgroups of ARC neurons.
Because this study focused on leptin’s inhibitory actions, we cannot rule out the possibility
that some ARCP'™* neurons would have had responses to leptin that are not typically
detectable in quiescent or hyperpolarized neurons with membrane potentials below -

50mV (Smith et al. 2018). Furthermore, this report describes the electrophysiological
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properties and functional connections of a specific subset of neurons labeled by Drd1-
Cre and NPY-GFP, and while these transgenic systems have been previously used to
corroborate the presence of functional Drd1 and Npy protein or mMRNA in labeled neurons
(Heusner et al. 2008; van den Pol et al. 2009; Zhang and van den Pol 2016; Miller et al.
2019), this study did not validate functional signaling in the ARC neurons of these mice.
Future studies will evaluate the response of ARCPd'™ neurons to DA and selective
agonists to further examine the role ARC Drd1 signaling plays in shaping animal behavior

and metabolism.

Methods

RESOURCE AVAILABILITY

Lead contact and Materials availability

This study did not generate new unique reagents or mouse lines. Further information and
requests should be directed to and will be fulfilled by the Lead Contact, Ali D. Gller

(aguler@virginia.edu).
EXPERIMENTAL MODEL AND SUBJECT DETAILS

All animal experiments were conducted in compliance with the University of Virginia
Institutional Animal Care and Use Committee (IACUC). Animals were provided cotton
nesting material (Ancare, Bellmore, NY) and animal cages were individually ventilated
and temperature and humidity controlled, (approx. 40% humidity, 22°C-24°C). Animals

were housed on a 12-hour light/dark cycle, and given water and food ad libitum, except
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for approved periods of time during fasting experiments. The following mouse lines were
used: Drd1tmi(celRpa (Heusner et al. 2008), Gt(ROSA)26Sorim14(CAG-dTomato)Hze - (\adisen
et al. 2010), Tg(Npy-hrGFP)1Lowl! (van den Pol et al. 2009). Drd1(re/Cre) (KO) mice and
littermates bred for husbandry were raised on standard chow diet PicoLab Rodent Diet
20 5053 (LabDiet, USA) placed on the cage floor to facilitate access to the food for the

Drd1-KO mice.

METHOD DETAILS

Mouse diets

Standard chow diet (SCD): PicoLab Rodent Diet 20 5053 (3.07 kcal/gram; 13% fat, 24%

protein, 62% carbohydrates; 3.2% sucrose).

Viral Expression and Stereotaxic Surgery

All surgery was performed on mice between 8 and 14 weeks of age using aseptic
technique in compliance with the University of Virginia IACUC. Surgical anesthesia was
induced with 5% isoflurane (Isothesia) and then maintained at 2% to 2.5% throughout the
procedure. After induction animals were mounted in a stereotaxic frame (Kopf) with an
electric heating pad underneath to maintain body temperature. Veterinary ocular lubricant
was used on each animal's eyes and reapplied as necessary to prevent
dehydration/desiccation. A recombinant AAV was used to express a specific transgene,
containing a double-floxed inverted open reading frame (DIO cassette). Virus was
delivered at 100nl/min by a microsyringe pump controller (World Precision Instruments,

model Micro 4), via a 10 pL syringe (Hamilton) and 26-gauge needle (Hamilton). After
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infusion of the AAV was completed, the syringe was left in place for 10 min, after which it
was retracted 0.2mm and then left in place for another 10 minutes before being withdrawn
completely. As an analgesic, for 24 hours before and for three days after surgery mice
were provided with 30 mg/kg ibuprofen drinking solution (4.7 ml Children’s Motrin
dissolved in 500 ml sterile water). Mice were then sacrificed for optogenetic experiments

6 to 11 weeks after intracranial injections.

Viral constructs

AAV1-hSyn-ChR2(H134R)-mCherry (300nl; diluted to ~1.2x10*12 viral genomes/ul with
sterile PBS) was injected into the ARC (ML: £ 0.29 mm, AP: - 0.30 mm, DV: =5.75 mm).

All coordinates are relative to bregma (George Paxinos and Keith B. J. Franklin).

Slice electrophysiology

Acute brain slice preparation methods including Na+ spike protocol were adapted from
(Ting et al. 2014; Ting et al. 2018). When preparing acute brain slices from surgery
animals, mice were IP injected with a mixture of ketamine/xylazine and transcardially
perfused with roughly 30ml of ice cold NMDG-ACSF containing in mM: 93 NMDG,; 2.5
KCI, 1.2 NaH2PO4, 30 NaHCO3, 20 HEPES, and 25 dextrose, 5 sodium ascorbate, 2
thiourea, 3 sodium pyruvate, 10 MgS04.7H20, 0.5 CaCI2.2H20, saturated with 95% O2
and 5% CO2. The brain was then rapidly dissected and 300uM sections containing the
hypothalamus were taken using a Compresstome VF-200 in ice cold NMDG-ACSF.
Slices were incubated in 34°C NMDG-ACSF and after completion of the Na+ spike
protocol (Ting et al. 2018) the slices were transferred to a high HEPES low Ca2+ buffer

holding buffer at 34°C and allowed to come to room temperature where they were held
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until transfer to microscope for recording. HEPES buffer contained in mM: 92 NaCl, 2.5
KCI, 1.2 NaH2PO4, 30 NaHCO3, 20 HEPES, and 25 dextrose, 5 sodium ascorbate, 2
thiourea, 3 sodium pyruvate, 10 MgS04.7H20, 0.5 CaCI2.2H20, saturated with 95% O2
and 5% CO2. Mice lacking ChR2 expression or which had mistargeting of the viral
infusion, were not included in this study. For non-surgery animals, mice ages P31 to P58
were decapitated after being deeply anesthetized with isoflurane using the jar drop
method. Brains were rapidly dissected and mounted for slicing in the compresstome
slicer. Slices were taken ice cold sucrose cutting solution containing (in mM): 200
sucrose, 26 NaHCO3, 1.25 Na2HPO4, 3.5 KCI, 10 glucose, 3.8 MgClI2, 1.2 MgS0O4, pH
was adjusted to 7.3 to 7.4 and osmolarity ranged from 299 to 302 mOsm (Whitt and
Meredith 2016). Slices were then transferred to the same high HEPES low Ca2+ holding
buffer described above at 34°C and allowed to come to room temperature where they
were held until transfer to microscope for recording. In all experiments slices were allowed
to rest for a minimum of 45 minutes before transfer to a Slicescope 6000 microscope with
4x dry and 40x water immersion Nikon objectives. For all whole cell current clamp
recordings, the bath was superfused with a continuous flow (2.5 ml/min) of recording
aCSF at room temperature (26°C to 28°C), containing the following (in mM): 119 NacCl,
2.5 KCI, 1.25 NaH2PO4, 24 NaHCOQO3, 12.5 glucose, 2 mM CaCl2:4H20 and 2 mM
MgSO4-7H20, saturated with 95% O2 and 5% CO2 (Ting et al. 2018). For all extracellular
solutions, osmolarity ranged from 299 to 302 mOsm and pH was adjusted with strong HCI
and ranged from 7.3 to 7.4. Coronal slices containing the ARC were identified visually by
the shape of the both 3rd ventricle and the presence of medial eminence. To target

ARCAIRPINPY+ nayrons for patching, NPY-GFP fluorescence was excited and visualized
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using a pE-300-white LED light source and GFP filter set. Images of patched brain regions
were taken using Scientifica camera and Ocular imaging software. A Multiclamp 700B
amplifier and Digidata 1550B digitizer (Molecular Devices) were used to perform all patch
clamp experiments. Voltage measurements were digitized at 50 kHz and bridge balance
was monitored closely. All experiments were conducted using 3-6MQ microelectrodes
pulled with a Sutter P97 puller. For all current clamp recordings, the pipette was backfilled
with an intracellular solution adapted from (Miller et al. 2019) containing, in mM: 135 K-
gluconate, 10 HEPES, 3.5 NaCl, 1 EGTA, 5 Mg-ATP, 0.5 Na3-GTP. For intracellular
solution, osmolarity ranged from 290 to 295 and pH was adjusted with KOH and ranged
from 7.3 to 7.4. For each neuron, recordings measuring spontaneous firing rate were
taken each lasting a minimum of 90 seconds. No holding current was used during whole
cell recordings of spontaneous firing. Offline the recordings were analyzed using a
combination of ClampFit (Molecular devices) and custom scripts in Matlab (Mathworks)
software. Statistical tests were performed in Prism 9 (Graphpad). Light stimulation
consisted of 10ms square pulses of light delivered at 20Hz (10 pulses total). Light
stimulation was delivered by the high (40x) magnification objective to a hexagonal area
approximately 250 yM diameter centered on the recorded cell, and the same light
intensity maintained all recordings. To report changes in membrane potential and latency
in CRACM experiments, 3 to 6 traces (typically 5 or 6 traces) were analyzed. Non-
responding cells were confirmed to be healthy by either observation of normal
spontaneous firing or minor current injection to elicit action potentials. For each trace the
absolute peak value reached relative to baseline was identified within the 50ms

immediately after stimulus onset. Results were then averaged for all traces analyzed for
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that recording. Some neurons spontaneously fired action potentials during the pre or post
stimulus analysis window, and traces where this occurred were excluded from analysis,
and only cases where the analysis window fell within an inter spike interval were included.
For all experiments involving drug perfusions, recordings were acquired only in slices
previously treated with pure ACSF. After drug perfusion and washout, no more recordings
were made and that slice was discarded. Firing threshold was calculated using scripts
adapted from code made available by Mathieu Noe on the Mathworks website (Noe

2021).

Quantification and Statistical Analysis

When comparing two groups of normally distributed data, a Student’s two tailed t test was
used. To compare the effects of genotype and fasting within 4 groups, two-way ANOVA
test was used. When data was collected from the same animals across time, a three-way
ANOVA test was performed to analyze time, genotype and fasting effect. In experiments
with a single variable and more than two groups, a one-way ANOVA was performed.
Following a significant effect in the ANOVA test, Bonferroni’s post hoc comparison was
used to determine differences between individual data points. Analyses were conducted
using the GraphPad Prism 9 statistical software for Windows. All data are presented as

means + standard error of the mean with p < 0.05 considered statistically significant.
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Chapter 4: Outlook

Summary

Today, a primary objective of neuroscience is to generate a complete connectome of
mammalian nervous systems. In the last few decades, advances in technology and
techniques have driven major discoveries of the electrophysiological properties,
connectivity, and molecular mechanisms of individual neurons. However, many obstacles
exist in the path to a complete elucidation of the molecular mechanisms and circuits which
underpin animal behavior and consciousness, including their relevance to the betterment
and enhancement of the human condition. The rise of cell type specific transgenic
systems, aided by CRISPR/Cas9 and other gene editing tools, has identified different
neuronal populations in the hypothalamus and brain that have essential homeostatic
functions. In this dissertation, | contribute to this ongoing work by characterizing Drd1
expressing neurons in the SCN and ARC, including their functional connectivity and the
impacts of DA signaling in these regions. However, our understanding of DA’s role in
modulating food intake and circadian rhythms remains incomplete. The hypothalamus is
exceptionally heterogeneous, and ongoing efforts to fully characterize hypothalamic
circuits face major challenges. Additionally, the limitations of widely used tools, such as
genetically encoded actuators or cell type specific markers, are non-trivial and
increasingly relevant. First, this chapter discusses the challenges of interrogating

heterogeneous populations of neurons. Second, we examine difficulties inherent to
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studying the effects of metabotropic signaling on neuron membrane properties. Third, we
describe best management practices when using genetically encoded actuators and
performing hypothalamic patch clamp electrophysiology. Finally, we discuss future work

and challenges in understanding DA in the brain.

The heterogeneity of hypothalamic neuronal
populations complicates scientific efforts to
characterize them

Cell type specific markers are molecular hallmarks which enable scientists to target
specific populations of neurons during experiments, such as transcripts, cell surface
proteins, or internal factors. In transgenic systems, alleles or regulatory elements can be
modified to confer specificity for a given cell marker, allowing experimenters to selectively
label and manipulate cells which share some homology in protein expression or gene
regulation. Cell specific marking and transgenic systems have proved invaluable tools for
linking neuronal activity with animal behavior. For instance, in ARC research, cell type
specific activation of AQRP neurons with genetically encoded actuators was instrumental
in elucidating homeostatic circuits of food intake and orexigenic behavior (Aponte et al.
2011; Krashes et al. 2011; Atasoy et al. 2012; Betley et al. 2013). These tools have also
allowed scientists to perform cell lineage tracing, leading to significant advances in our
understanding of neural development. Use of cell markers has become ubiquitous, but
we are now faced with the realization that the value of a given label is only as good as its

specificity. Single cell transcriptomics has revealed heterogeneity within previously
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grouped cell types in the hypothalamus and other brain regions (Campbell et al., 2017),
and cell type specific labeling can mark neurons in the same nucleus or brain region that
possess completely different functions or gene expression profiles. For instance,
transgenic labeling of Slc6a1, the gene which encodes the mouse sodium- and chloride-
dependent GABA transporter 1 (Slc6a1), broadly labels GABAergic neurons throughout
the body and nervous system. While inherently useful for detecting GABAergic neurons
in a given region, many unique cell types can be co-labeled by this Slc6a1, even in the
same nucleus. Failure to account for the possibility of over-labeling can lead to overly
broad conclusions about the function of neurons in close proximity. In these cases,
multiple neuronal subpopulations may be targeted for expression of genetically encoded
tools or selected for recording during patch clamp experiments. Thus, experimenters must
take additional steps to improve the specificity of experiments and to reach deeper
conclusions. Several strategies have been utilized to enhance the specificity of cell
marker experiments. Using one or more additional cell markers to perform intersectional
studies within a given group of neurons is one such strategy (Fenno et al., 2014) but
requires breeding dual or triple transgenic animals which lowers experimental throughput
due to the increased time and resources often required to breed and genotype such
animals. Another strategy is post hoc verification of other aspects of a given cell, such as
use of biocytin labeling of patched neurons, which can reveal morphological and
immunological differences between similarly labeled cells in the same experiment.
Ultimately, more tools and strategies will be needed to describe state specific differences

or subgroups in neuronal populations.
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Characterizing the effects of metabotropic receptor
signaling on neuron membrane properties remains
challenging

A central goal in connectivity research is to attain complete descriptions of the inputs to
a given neuron or neuronal population. lonotropic signaling, mediated by
neurotransmitters which regulate ion channels, has been the major focus of patch clamp
experiments characterizing neuron to neuron communication. This is unsurprising, given
that voltage and current clamp techniques are well suited for detection of ion channel
activity and changes in membrane conductances. Lesser studied are the mechanisms
underlying changes in neuron excitability which occur as a consequence of metabotropic
signaling. This is probably because such signaling events, including those mediated by
GPCRs and other intracellular signaling, often have effects which occur on timescales
greater than minutes. Metabotropic signaling can have profound effects on neuron
membrane properties which last hours or days, ranging from changes in intrinsic
excitability and conductances to remodeling of axonal and dendritic processes.
Additionally, these effects can be indirect and change as the signaling cascades progress.
This is reflected in early experiments characterizing Drd1-dependent signaling in medium
spiny neurons (MSNs), where selective Drd1 agonists were not observed to cause
immediate changes in spontaneous electrical properties (i.e. agonists failed to elicit
spontaneous firing or dramatic changes in membrane potential). In fact, Ga/s and Drd1

signaling can have profound effects on membrane properties of neurons, and injections
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of depolarizing current in MSNs revealed Drd1 agonist mediated changes in intrinsic
excitability. Compared to controls, Drd1 agonist-treated MSNs initially fired more action
potentials in response to current injections, although this excitability decreased after ten
minutes (Hernandez-Lopez et al., 1997). Technical aspects of the patch clamp technique
compound the difficulty of acquiring reliable results in such experiments. Longer
recordings are more likely to be affected by pipette seal instability, and the dialysis of
intracellular compartments by intracellular solutions can distort signaling events in
traditional whole cell experiments. Perforated patching, which does not dilute intracellular
factors, has emerged as one of the most promising techniques for studying receptor
mediated changes in neuron excitability (Lahiri & Bevan, 2020). However, this technique
also suffers from low throughput, as the experimenter must wait for adequate pore
formation and access before data acquisition can begin. Optical techniques, including
calcium imaging and genetically encoded voltage sensors, have also shown promise, as
these methods minimize disruption of intracellular signaling. However, these techniques
involve estimation of voltage or current changes based on photic detections, limiting their
ability to finely interrogate electrical events inside neurons. Additionally, these techniques

require expression of a sensor protein and suffer from limited temporal resolution.
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Practical considerations for experimenters using
patch clamp electrophysiology and genetically

encoded actuators

Activation of AgRP cells during behavioral experiments induce voracious feeding, but
researchers should be mindful that in-vivo chemogenetic and optogenetic experiments
are unlikely to faithfully replicate endogenous outputs of those cells in question. The
magnitude and other properties of cell activation depend directly on how a given actuator
protein is expressed and how it is activated during experiments. Thus, stimulation via a
genetically encoded actuator such as ChR2 or HM3Dq may result in activation that is
artificially strong or temporally incongruous with endogenous outputs (K. S. Smith et al.,
2016). Ultimately, the experimenter is responsible for controlling, reporting, and
interpreting experiments in an unequivocal manner, and should employ best management
practices to this end. Several strategies to minimize unintended effects during actuator
experiments have been described. For instance, after behavioral experiments some
researchers have blindly verified ChR2 vs control AAV targeting and expression levels
(Aponte et al.,, 2011; Atasoy et al., 2012). Additionally, several studies have utilized
experimental paradigms which varied the frequency of stimulus delivery or the magnitude
of irradiance in a graded manner, as an approach to identify the minimum strength and
frequency of inputs that achieve a desired threshold of output or effect (Aponte et al.,
2011; Atasoy et al.,, 2012; Banghart et al., 2004; Petreanu et al., 2007). CNO and

clozapine, the drugs used to activate DREADDs, have both been shown to have off-target
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effects, and should be used at the lowest dose possible to avoid accidental signaling by
endogenous receptors (Manvich et al., 2018). Actuators notwithstanding, experimenters
performing circadian electrophysiology should take care to standardize time of acute brain
slice preparation across experiments and report relevant zeitgeber or circadian times

where possible.

Future directions for Drd1 research

As discussed throughout this dissertation, the consequences of Drd1 activation are
multifaceted and cell specific. Strategies for examining Drd1 function are numerous and
can generally be broken into two categories: identifying protein expression and
localization, and functional assays of signaling and membrane properties. To identify
expression and localization of Drd1 mRNA and Drd1 protein, studies have used
fluorescent in-situ hybridization and immunohistochemistry, radiolabeled ligand binding
studies, and RNAseq. Functional assays for Drd1 expression and signaling are mainly
based on pharmacological approaches using selective agonists and antagonists, and
include in-vitro cell assays, calcium imaging, brain slice electrophysiology, c-Fos staining,
in vivo fluid cannulation and behavioral tests. Researchers have generated several
transgenic mouse models to study Drd1, which allow for a range of capabilities such as
genetic targeting of Drd1a::cre neurons (Madisen et al., 2010), Drd1-tomato fusion protein
animals (Shuen et al., 2008), and animals where Drd1a is flanked by Flox sites, which
allow for Cre-mediated selective ablation of Drd1 (Sarifiana et al., 2014). In tandem with
these methods, researchers also use approaches to identify release of DA and

identification of DAergic fibers including immunohistochemistry against DA, TH, and DAT,
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fast scan cyclic voltametry, HPLC of DOPAC/DA turnover ratios, and most recently
engineered fluorescent in vivo DA sensors which can detect DA or ligand binding
(Patriarchi et al., 2018). While these techniques have provided invaluable insights into DA
systems, challenges with these technologies remain. Antibody staining for membrane
proteins can be challenging, and Drd1 is no exception. Additionally, Drd1 is expressed in
neurons throughout development, and the longevity of Cre recombinase in Drd1a mRNA
positive cells is unknown. Genetic techniques that rely on Cre induced reporters such as
the Ai14 mouse may have TdTomato labeling in cells which only briefly expressed Cre
from the Drd1a locus during development. Compounding this problem is the lack of
knowledge of regulation of Drd1 membrane expression, as neurons with Drd1 mRNA
expression may not have functional receptor signaling due to low membrane expression
or receptor internalization. Finally, some techniques are insensitive to Ga/s signalling
despite our knowledge that the receptor is activated. A good example of this can be found
when looking at research conducted with Ga/s type DREADDs. A recent study found that
activation of Ga/s DREADD in AgRP neurons of the arcuate nucleus was capable of
inducing sustained increases in food intake (Nakajima et al., 2016). However, in contrast
to the large depolarizing effects of the Gq DREADD, no acute changes in membrane
potential or excitability were found for these cells despite the obvious behavioral
phenotype. Regardless, these transgenic animals have been vital to studying Drd1,
especially findings derived from experiments in knockout animals. Future work will better
characterize these systems, and enhance our understanding of DA’s role in behavior and

disease.
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