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Binge-eating disorder (BED) and obesity are major public health problems that are
associated with psychosocial distress, impairments in daily function, and life-
threatening co-morbidities. Both diseases are driven by maladaptive feeding
behaviors, namely pathological overconsumption of high-fat food. Pathological
overconsumption of high-fat food is potentiated by aberrant homeostatic feeding
behavior (i.e. titration of caloric intake), which typically associates with
hypothalamic brain nuclei, specifically the paraventricular nucleus of the
hypothalamus (PVN) which controls food intake to maintain body weight.
Additionally, pathological overconsumption of high-fat food is exacerbated by the
reinforcing properties of high-fat food that drive hedonic feeding, which is mediated
by the nucleus accumbens (NAc) and the ventral tegmental area (VTA).
Furthermore, dysfunction of homeostatic (PVN) and hedonic (NAc, VTA) feeding
circuitry is hypothesized to underlie pathological overconsumption of high-fat food.

This dissertation aimed to elucidate the interconnected mechanisms of
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homeostatic and hedonic signaling that may underlie pathological
overconsumption of high-fat food, and identified the neuropeptide receptor
NMUR2 and the neurotransmitter glutamate as novel regulators of binge-type

eating, intake of high-fat food, and motivation for high-fat food.
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Chapter 1 Introduction

OBESITY EPIDEMIC IN THE UNITED STATES

Obesity is an alarming chronic health crisis that affects almost 40% of the
adult population in the United States (Hales et al., 2017). Obese individuals
present a challenging public health problem because they are at increased risk for
several life-threatening and costly co-morbidities including diabetes, metabolic
syndrome, cardiovascular disease, and cancer (2013). Additionally, obesity is
strongly linked to mental illness, including anxiety and depression, as well as
neurodegenerative diseases that ultimately lead to cognitive decline (Freeman et
al., 2014).

The medical costs associated with obesity and its comorbidities were
estimated at $147 billion dollars in 2008 (Finkelstein et al., 2009). Because the
financial and health burdens of obesity are so pernicious, a more mechanistic
appreciation of the maladaptive feeding behavior(s) that contribute to obesity is
critical to understanding the etiology of this disease and for identifying druggable
targets (Finkelstein et al.,, 2009). Several pharmacotherapies have been
developed to treat obesity. However, current therapeutics offer limited efficacy, and
have side effects that often result in noncompliance. For example, the anti-obesity
drug orlistat blocks fat absorption in the gut through inhibition of gastrointestinal
lipases, but causes severe diarrhea (Zhi et al., 1994). Liraglutide, another anti-
obesity drug, stimulates insulin release from the pancreas to control blood sugar,

but is hypothesized to alter feeding through central mechanisms (Pi-Sunyer et al.,



2015). While weight loss has been reported with liraglutide treatment, side effects
can include pancreatitis and cancer (Pi-Sunyer et al., 2015). Overall, the efficacy
of these pharmacotherapies is limited because they target the metabolic
complications resulting from obesity, as opposed to targeting the maladaptive

feeding behaviors that play a part in the pathology of obesity.

PATHOLOGICAL OVERCONSUMPTION OF HIGH-FAT FOOD DRIVES OBESITY

One maladaptive feeding behavior that contributes to obesity is pathological
overconsumption of highly palatable food. Highly palatable food, including high-fat
food, is extremely reinforcing in both humans and rodents alike (Drewnowski,
1997; Drewnowski and Almiron-Roig, 2010; Drewnowski and Greenwood, 1983;
Drewnowski et al., 1982). Reinforcement is defined in humans as an experience
that produces a pleasurable effect and shapes future behavior (White, 2011).
Humans frequently seek out naturally reinforcing stimuli, including social contact,
sex, and food (Kelley and Berridge, 2002).

The reinforcement value attributed to food is determined by sensory
responses to food that generate feelings of “liking” and “wanting” (Kelley and
Berridge, 2002). Sensory responses to food include taste, macronutrient profile,
and total caloric value. The taste and texture of fat create a combination that is
extremely palatable, and fat is the most energy dense macronutrient (Drewnowski,
1997; Drewnowski and Almiron-Roig, 2010; Drewnowski and Greenwood, 1983;
Drewnowski et al., 1982). Accordingly, the high palatability and reinforcement
value associated with high-fat food drive overconsumption, irrespective of caloric

state (Drewnowski, 1997; Drewnowski and Almiron-Roig, 2010; Drewnowski and
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Greenwood, 1983; Drewnowski et al., 1982). Overconsumption has been primarily
studied in the context of physiological and hormonal control of energy balance.
However, overconsumption of high-fat food, even in the presence of positive
energy balance, may be due to activation of reward neurocircuitry and
overconsumption of high-fat food resembles drug-taking behavior observed in
substance use disorder, and has been concisely described as the addictive
dimensionality of obesity (Volkow et al., 2013a, b; Volkow and Wise, 2005).

The reinforcing properties of highly palatable food can perpetuate
maladaptive feeding behaviors that mirror substance use disorder where repeated
drug taking drives complex neuroadaptations in plasticity. These alterations
eventually lead to an elevated reward threshold which promotes escalation
behavior- accelerated and increased drug taking is required to achieve
reinforcement value (Berthoud et al, 2011). Likewise, pathological
overconsumption of high-fat food causes neurobiological changes leading to
hyperphagia and craving, which may perpetuate obesity (Berthoud et al., 2011).

Moreover, the obese state also alters the reinforcing properties of highly
palatable food. The obese state is partly characterized by dysregulated metabolic
function, particularly decreased leptin signaling, increased ghrelin signaling, insulin
resistance, and inflammation, all of which can potentiate maladaptive feeding
(Kasper et al., 2017). Pathological overconsumption of a high-fat diet produces a
pro-inflammatory environment in the brain, and endoplasmic reticulum stress (De

Souza et al., 2005), which leads to neurotoxicity and cell death (Ozcan et al.,
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2009). This may result in further dysregulation of energy balance and

reinforcement governing brain structures.

MOTIVATION FOR HIGH-FAT FOOD

The reinforcement value of food drives future intake, even in the absence
of a caloric deficit. Perceived reinforcement value is intimately tied to reinforcement
efficacy, or the amount of effort expended in order to obtain a reinforcer (Swanson,
1989). Generally speaking, motivation is described as the amount of effort an
individual is willing to expend in order to obtain a specific goal (Swanson, 1989). A
motivated individual will work towards obtaining a goal even though it may require
complex activity and time (Swanson, 1989). Often, motivated behavior is initiated
by a stimulus (external or internal), and is voluntary.

In rodents, operant conditioning is used to quantify reinforcement efficacy.
During operant conditioning, rodents learn to associate lever pressing with the
delivery of a reinforcer, such as a high-fat food pellet. Motivation underlies this
reinforced behavior (Dayan and Balleine, 2002), and requires coordinated
recruitment of complex brain circuitry, including the nucleus accumbens (NAc)
(Sharma et al., 2013).

Motivation is quantified with operant conditioning where rodents learn to
perform a behavior (lever press) in response to a cue (light) that the animal
associates with a specific reinforcement, such as a high-fat food pellet.
Specifically, motivation is association of the cue with the reinforcement (Dayan and

Balleine, 2002), and requires coordinated recruitment of reward circuitry in the

19



brain (Sharma et al., 2013). In Chapter 5, we investigated motivation for a high-fat

food pellet reinforcer via operant conditioning.

NEUROBIOLOGICAL UNDERPINNINGS OF FEEDING BEHAVIORS

Feeding behavior is a complex process that is orchestrated through a web of
neural circuitry and a multitude of central and peripheral signals which serve to
either promote or inhibit food intake (Ferrario et al., 2016; Rossi and Stuber, 2018).
Food intake is driven by both homeostatic nutritional requirements and also by the
reinforcing properties of food. The paraventricular nucleus of the hypothalamus
(PVN) is one brain region that plays a critical role in the management of food intake
and body weight. On the other hand, the NAc controls the reinforcing properties of
food to control hedonic feeding. The remainder of this section is focused on

describing both the PVN and the NAc and how they regulate feeding behavior.

HOMEOSTATIC FEEDING IS DRIVEN BY THE PARAVENTRICULAR NUCLEUS

Food intake is partially driven by metabolic energy demand, which is
regulated by the hypothalamus. The PVN is one nucleus within the hypothalamus
that is described as a “relay switch” that integrates a multitude of central and
peripheral signals to regulate food intake and energy balance. The hypothalamus
is characterized by glutamatergic connectivity between sub-nuclei, including the
PVN, which has been shown to express markers of glutamtergic neurons (Ziegler
et al., 2002). Several afferents innervate the PVN to control appetite, food intake,
and energy homeostasis through appetite-modifying neurotransmission (EImquist

etal., 1999; Williams et al., 2001). The PVN also integrates signals from peripheral
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circulation, including the hormones insulin, leptin and ghrelin (Mimee et al., 2013).
Once current metabolic status is established, the PVN relays signals to either drive
food intake or suppress food intake. Lesioning of the PVN increases food intake
and obesity in rats (Leibowitz et al., 1981). Lesions restricted to the PVN result in
a 104% increase in food intake and a 207% increase in body weight, while lesions
made to surrounding tissue had no effect (Leibowitz et al., 1981). Overall, the PVN
regulates food intake at the level of physiological energy requirements, and

facilitates homeostatic feeding behavior.

HEDONIC FEEDING IS DRIVEN BY THE NUCLEUS ACCUMBENS

Food intake is also driven by the hedonic value of food, which is regulated
by the NAc (Berridge, 1996). The NAc is well-characterized as a regulator of
reinforcement and goal-directed behaviors, and receives input from feeding-
related circuitry. These afferents originate from other striatal structures, cortical
structures, thalamic and hypothalamic structures and facilitate communication
from feeding circuitry that regulates taste perception and energy homeostasis to
the NAc (Kelley et al., 2005; Swanson, 2000).

Within the NAc, several neuromodulatory systems have been implicated in
feeding behavior, including gamma aminobutyric acid (GABA), dopamine, and
endogenous opioids (Evans and Vaccarino, 1986; Mucha and Iversen, 1986;
Zhang et al., 2003).The NAc and its sub-regions are densely populated by GABA
medium spiny neurons (Meredith et al., 1993). Pharmacological stimulation of
GABA receptors in the NAc markedly increases intake of all macronutrient types-

sucrose, carbohydrate and fat, but does not alter salt or water intake (Basso and
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Kelley, 1999; Stratford et al., 1999; Zhang et al., 2003). However, similar studies
investigating the effects of intra-NAc infusion of the GABA receptor agonist
muscimol on motivation for food determined that stimulation of GABA receptors
in the NAc does not affect motivation for food (Zhang et al., 2003).

Within the NAc, dopamine neurons are also implicated in regulating food intake,
however the literature on dopamine feeding effects is mixed (Baldo et al., 2002;
Carlezon and Thomas, 2009; Trojniar et al., 2007; Zhu et al., 2016). Lesions to
NAc dopamine D1 receptor expressing neurons demonstrate decreased food
intake (Baldo et al., 2002; Heffner et al., 1977; Salamone et al.,
1990).Pharmacological manipulations of NAc dopamine, including intra-NAc
infusion of dopamine agonists and antagonists, does not induce robust feeding
effects (Zhang et al., 2003).In fasted animals, however, intra-NAc administration
of amphetamine decreases food intake and motivation for food (Baldo et al.,
2002).

Studies investigating opioids and feeding behavior have demonstrated that
efficacy of opioid agonists and antagonists on feeding is intimately tied to
palatability (Zhang et al., 2003). Arguably, high-fat food is the most palatable
macronutrient due to the taste, texture, and its caloric density (Drewnowski, 1997).
Robinson and Berridge developed a model to describe some of these aspects of
palatability, and hypothesized that the neural circuitry that underlies motivated
behavior can be disentangled into a “wanting” system and a “liking” system
(Berridge, 1996; Berridge and Robinson, 1998). “Liking” is mediated by

endogenous opioids, such as enkephalin, which is expressed throughout several
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striatal regions, including the NAc (Pickel et al., 1980). The NAc is also densely
populated with mu, delta and kappa opioid receptors (Le Merrer et al., 2009).
Pharmacological agonism of the mu opioid receptor via intra-NAc infusion of
DAMGO potently and selectively increases intake of high-fat food, while
antagonism of the mu opioid receptor decreases feeding (Kelley et al., 1996;
Zhang et al., 1998; Zhang and Kelley, 2000). Furthermore, intra-NAc infusion of
DAMGO increases motivation for food, underscoring the importance of the opioid

system in regulating feeding behaviors (Zhang et al., 2003).

INTEGRATION OF HOMEOSTATIC AND HEDONIC CIRCUITRY: PVN—NAC

PVN projections to the NAc (PVN—NACc) were first identified via retrograde
labeling in the NAc by Dolen and colleagues (Ddlen et al., 2013). The PVN—NACc
neural pathway expresses oxytocin receptor, both pre and post-synaptically, and
mediates social reinforcement via an oxytocin-dependent manner (Délen et al.,
2013). Both the PVN and the NAc have been implicated in the control of feeding
behaviors, but the direct interplay of these regions, including functional
mechanisms of PVN—NACc signaling, in regulating feeding behavior is unknown
(Anastasio et al., 2019; Baldo and Kelley, 2007; Benzon et al., 2014; Corwin et al.,
2011; Maldonado-Irizarry et al., 1995; McCue et al., 2017; Sharma et al., 2013;
Smith et al., 2019). We show for the first time that PVN—NACc is a novel regulator
of intake of highly palatable food. Specifically, we show that PVN—NAc neurons
are localized to parvocellular PVN, equipped with vesicular glutamate transporter
1, and that stimulation of PVN—NAc neurons increases presynaptic glutamate in

the NAc. Furthermore, stimulation of PVN—NAc decreases intake of highly
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palatable food in rats. Overall, our data provide both neuroanatomical and
functional evidence of an integrated neural circuit between homeostatic and

hedonic brain regions that underlies feeding behavior.

GLUTAMATE IS AN IMPORTANT REGULATOR OF FEEDING BEHAVIORS

Glutamate signaling is a critical regulator of feeding behaviors in both the
PVN and in the NAc. The PVN is densely populated by glutamatergic neurons that
express vesicular glutamate transporter 1 (VGLUT) (Ziegler et al., 2002). The
presence of these VGLUTL1 positive neurons in the PVN would suggest that
glutamate signaling plays a role in homeostatic control of feeding. In the NAc,
pharmacological blockade of presynaptic glutamate receptors is extremely
relevant to feeding behavior. Specifically, infusion of non N-methyl-D-aspartate
receptor (NMDAR) glutamate antagonists into the medial NAcSh have been shown
to evoke an immediate and sustained increase in food intake (Maldonado-Irizarry
et al., 1995; Stratford et al., 1998). Additionally, infusion of a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) directly into the NAc decreases food
intake in food restricted rats (Stratford et al., 1998). We suspect that this observed
increase in food intake might be mediated by postsynaptic a-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic receptors (AMPARS) in the NAc.

SPECIFIC AIMS
PVN—NAc has been described as oxytocinergic in nature, however the
neuroanatomical properties and functional mechanism of PVN—NAc signaling are

not known. Therefore, the goal of Specific Aim 1 was to identify the
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neuroanatomical and neurochemical properties of PVN—NAc. To accomplish
Specific Aim 1, we utilized viral tracing techniques to label PVYN—NAc, and then
immunohistochemistry to further characterize neuronal cell bodies in the PVN and
synapses in the NAc. To determine the functional mechanism of PVN—NAc
signaling, we employed hM3d, the excitatory designer receptor exclusively
activated by a designer drug (DREADD), to stimulate presynaptic release of
neurotransmitters from PVN—NAc. Neurotransmitters were identified and
guantified in real-time via microdialysis.

Although PVN—NAc has been implicated in social reinforcement, the

pathway has not been investigated in the context of feeding behavior. Both the
PVN and the NAc have been implicated in the control of feeding behaviors, but the
direct interplay of these regions, including functional mechanisms of PVN—NAc
signaling, in regulating feeding behavior is unknown (Anastasio et al., 2019; Baldo
and Kelley, 2007; Benzon et al., 2014; Corwin et al., 2011; Maldonado-Irizarry et
al., 1995; McCue et al., 2017; Sharma et al., 2013; Smith et al., 2019).
Specific Aim 2 was designed to identify the role of PVN—NACc in regulating intake
of highly palatable food. We employed the excitatory hM3d to facilitate
neurotransmitter release from PVYN—NAc, and quantified intake of high-fat food
and motivation for high-fat food.

Based on the existing literature about the role of glutamate in the regulation
of feeding behaviors in both the PVN and the NAc, we hypothesized that

PVN—NAc regulates feeding behaviors in a glutamate-dependent manner.
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Chapter 2 General Materials and Methods

ANIMALS

Male Sprague-Dawley rats (Harlan, Houston, TX) weighing 225-250g were
used in all experiments. Animals were housed individually in a temperature- (21-
23°C) and humidity- (40-50%) controlled environment with a standard 12h light-
dark cycle (lights on between 0600 and 1800 hours). All animals were given ad
libitum access to normal chow (17% fat by kcal; Teklad LM-485 Mouse/Rat
Sterilizable Diet; Teklad Diets, Madison, WI) and water in their home cages. Upon
arrival, animals were allowed to acclimate to the room for seven days prior to
handling and experimental procedures. All experiments were conducted in
accordance with the NIH Guide for Use and Care of Laboratory Animals (2011),
and with approval from the Institutional Animal Use and Care Committee at the

University of Texas Medical Branch.

VIRAL VECTOR ADMINISTRATION

Rats were deeply anesthetized with 1-5% isoflurane (VetEquip, Pleasanton,
CA) and secured in a stereotaxic apparatus (Kopf Instruments, Tujunga, CA). A
small incision was made along the midline and the skull exposed. Flat head
placement was ensured by comparing the D/V coordinates of bregma and lambda
(<0.03mm difference). Bilateral holes were drilled through the skull at the indicated

A/P and M/L coordinates.

5ul syringes with 26 gauge blunt-tipped needles (Hamilton, Reno, NV)

containing purified virus were inserted bilaterally and lowered to the D/V
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coordinates (Benzon et al., 2014; Kasper et al., 2016; McCue et al., 2017). Viruses
were delivered at 0.2ul/30 seconds for 5 minutes. Syringes remained in place for
2 minutes subsequent the injection. Incisions were closed using surgical staples.
Rats received injections of 0.1mg bupivacaine (63323-464-37, Fresenius Kabi
USA, Lake Zurich, IL), 0.3mg penicillin (0049-0520-84, Pfizer, New York, NY) in
addition to topical lidocaine and topical neomycin at the incision site. Rats
recovered for 7 days post-surgery before training and at least 14 days post-surgery
before experiments to allow for optimal viral expression. All surgeries were

performed during the light cycle (0600-1800).

GUIDE CANNULA IMPLANTATION

Rats were deeply anesthetized with 1-5% isoflurane (VetEquip, Pleasanton,
CA) and secured in a stereotaxic apparatus (Kopf Instruments, Tujunga, CA). A
small incision was made along the midline and the skull exposed. Flat head
placement was ensured by comparing the D/V coordinates of bregma and lambda
(<0.03mm difference). Bilateral holes were drilled through the skull at the indicated
A/P and M/L coordinates. Guide cannula (PlasticsOne, Roanoke, VA) were
inserted bilaterally and lowered to the D/V coordinates (Kasper et al., 2016; McCue
et al., 2017).

Guide cannula were secured with dental cement and two stainless-steel
bone screws. Incisions were closed using surgical staples. Rats received injections
of 0.1mg bupivacaine (63323-464-37, Fresenius Kabi USA, Lake Zurich, IL),
0.3mg penicillin (0049-0520-84, Pfizer, New York, NY) in addition to topical

lidocaine and topical neomycin at the incision site. Rats recovered for 7 days post-
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surgery before training and at least 14 days post-surgery before experiments to
allow for optimal viral expression. All surgeries were performed during the light
cycle (0600-1800). In surgeries requiring viral vector administration and guide
cannula implantation, viral vectors were administered before guide cannula

implantation.

PERFUSION AND EUTHANASIA

Rats were anesthetized with 5% isoflurane and perfused intracardially with
1X PBS for 5 minutes, then with 4% paraformaldehyde (PFA) for 15 minutes.
Heads were removed using a guillotine and brains extracted manually. Brains were

post-fixed in 4% PFA at 4°C overnight. The following day, brains were moved to

1X PBS and 20% glycerol and stored at 4°C until immunohistochemical analysis.

IMMUNOHISTOCHEMISTRY

Brains were sliced into 40um sections using a cryostat (SM2010R, Leica,
Buffalo Grove, IL). Sections were washed twice in 1X PBS, and then in 1% SDS
for 5 minutes for antigen unmasking. Next, sections were blocked in donkey serum
for 1-hour and incubated in primary antibody for 24-hours or overnight at room
temperature.

The following day, sections were washed 3 times in 1X PBS, then incubated
with secondary antibody for 2 hours. Sections were washed 3 times in 1X PBS,
then mounted on glass slides (12-550-15, Fisher Scientific, Waltham, MA). Slides

were allowed to dry for a minimum of 4-hours prior to rehydration.
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For rehydration, slides were incubated in 1X PBS for 20 minutes, followed
by a series of ethanol washes (80%, 90% and 100%) for 10 seconds each. Lastly,
slides were incubated two times in Citrisolv Hybrid solution (1601H, Decon Labs
Inc., King of Prussia, PA) for 3 minutes each (6 minutes total). DPX Mounting
Medium (13510, Electron Microscopy Sciences, Hatfield, PA) was used to secure
coverslips to slides. Slides were visualized via confocal microscopy once dry

(usually overnight).

MICRODIALYSIS

Neurotransmitter data was collected via microdialysis and quantified by
capillary electrophoresis with laser-induced fluorescence (Bowser and Kennedy,
2001; Kasper et al., 2015; Li et al., 2008). A standard curve (7 concentrations of
glutamate, aspartate, ornithine, GABA, taurine, glutamine, serine, and glycine
ranging from 0 to 20 yM) was generated using a microdialysis probe prior to
beginning the experiment. The elution time of these neurotransmitters had been
validated and characterized previously (Bowser and Kennedy, 2001). After
calibration, the probe was implanted in a non-anesthetized and freely moving rat
via the guide cannula. A baseline for each animal was collected for 2 hours prior
to the experiment (average glutamate 6.20 uM, GABA 0.37 puM).

For the experiment, 2uL of 1uM clozapine-N-oxide (CNO) (6329, Tocris
Biosciences, Minneapolis, MN) was administered via the guide cannula at a rate
of 0.5ul/min. Microdialysis probe placement and cannula placement were verified

and all misses were eliminated prior to data analysis.
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BEHAVIORAL ASSAYS
FooD INTAKE

Rats were maintained in their home cages with ad libitum access to normal
chow (17% fat by kcal; Teklad LM-485 Mouse/Rat Sterilizable Diet; Teklad Diets,
Madison, WI) and water during food intake studies, which began at the onset of
the dark cycle. At 1800 hours, labeled food hoppers containing high-fat chow (45%
fat by kcal, D12451, Research Diets, New Brunswick, NJ) were placed in home
cages and rats were given ad libitum access for 24-hours. Food hopper weights
were recorded at 2-hours (2000 hours), 4-hours (2200 hours) and 24-hours (1800
hours on the next day). Differences in food hopper weights were quantified and

interpreted as grams consumed.

OPERANT CONDITIONING

Rats were placed in standard rat operant chambers (Med Associates,
Georgia, VT) between 0800 and 1000 housed in ventilated and noise-cancelling
boxes with fans (Med Associates, Georgia, VT). Each chamber contained a
delivery receptacle for food pellets centered between two response levers with a
house light on the opposite side of the chamber. Levers were assigned as either
“active” or “inactive” via Med Associates Software. Responses on the active lever
resulted in delivery of a high-fat food pellet (45% fat by kcal, 45mg, F06162,
Bioserv, Frenchtown, NJ), while responses on the inactive lever yielded no
outcome. Operant chambers were randomized such that some chambers had an
active lever on the right/inactive lever on the left or an inactive lever on the

right/active lever on the left. Rats were placed in the same chamber throughout
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and active/inactive designations were consistent throughout training and

experimental days.

FIXED RATIO SCHEDULE OF REINFORCEMENT

Operant chambers were used to train rats to self-administer high-fat food
pellets. Rats trained daily for 30 minute sessions, and were promptly returned to
their home cages at the conclusion of the program. Initially, rats trained on a fixed
ratio (FR) 1 schedule, where one correct response on the active lever results in
the delivery of the high-fat food pellet. Rats were advanced to an FR3 schedule
once the percentage of responses on the active lever exceeded 85% for three
consecutive days, where 3 correct responses are required for delivery of the high-
fat food pellet. Accordingly, when rats met criteria on FR3, they were advanced to
FR5 (5 correct responses). Rats unable to maintain at least 20 responses on the

active lever during a 30-minute session were eliminated from the study.

PROGRESSIVE RATIO SCHEDULE OF REINFORCEMENT

Once rats achieved criteria on FR5, they advanced to a progressive ratio
(PR) schedule, where earning each successive high-fat food pellet within the
session requires a greater number of responses
(1,2,3,6,9,12,15,20,25,32,40,50,62,77,95). During the 30-minute experimental
session, responses on the active lever, inactive lever, reinforcements delivered,

and latency were recorded and used in data analysis.
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LOCOMOTOR ACTIVITY

Locomotor activity was quantified in all rats included in behavioral assays
to identify any potential motor effects. Rats were placed in a Photobeam Activity
System-Home Cage (PAS-HC, San Diego Instruments, San Diego, CA) that
consisted of a 4x8 photobeam mounting frame enclosed with clear plexi-glass. The
Photobeam Activity System utilizes software that records all beam interruptions,
including central peripheral activity and rearing. One to two inches of corncob
bedding was placed in the bottom of each chamber. Rats were placed in chambers
between 0800-1000. Central beam breaks, peripheral beam breaks, and elevated

beam breaks (rearing) were quantified during a 30-minute session.

DATA ANALYSIS

All statistical analyses were performed in GraphPad Prism 7.0a (GraphPad
Software Inc., La Jolla, CA) with an experiment wise error rate of a=0.05. For
surgeries, viruses were administered in an interleaved fashion to avoid an effect
of surgeon. For behavioral assays, each rat received aCSF/CNO or vehicle/CNO

on different experimental days to control for nonspecific effects.
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Chapter 3 Binge-Type Eating in Rats is Facilitated by
Neuromedin U Receptor 2 in the Nucleus Accumbens and

Ventral Tegmental Areat

INTRODUCTION

Binge-eating disorder (BED) is an under-recognized public health problem
that is prevalent worldwide (Guerdjikova et al., 2017; Kessler et al., 2013). In the
US, BED affects 3.5% of adult women and 2% of adult men, with a combined
lifetime prevalence of 1.4% (Guerdjikova et al., 2017; Kessler et al., 2013).
Although BED is the most common eating disorder, it remains both under-
diagnosed and understudied (Guerdjikova et al., 2017). Therefore, a more
mechanistic appreciation of feeding behaviors that contribute to BED is critical to
understanding disease etiology and for identifying potential pharmacotherapeutic
targets.

BED is characterized by binge episodes when an individual overconsumes
high-fat food in a discrete period of time (< 2 hours) (2017; Association, 2013a, b).
The frequency of these binge episodes are a hallmark of BED and are used to
determine disease severity (2017; Association, 2013a, b). BED is partially
attributed to increased availability of highly-palatable food, and also shares

physiological, psychological, and epidemiological overlaps with obesity (2017;

1 Smith, A.E., Kasper, J.M., Ara 13, Anastasio, N.C., Hommel, J.D. (2019, February). Binge-Type Eating in Rats is
Facilitated by Neuromedin U Receptor 2 in the Nucleus Accumbens and Ventral Tegmental Area. Nutrients. 11(2):327.
PMID: 30717427; PMCID: PMC6412951
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Berridge, 2009; Berridge et al., 2010; de Zwaan, 2001; Kessler et al., 2013;
Rancourt and McCullough, 2015; Volkow et al., 2013b).

Obesity is an alarming health crisis that affects 39.8% of adults within the
US alone (Hales et al., 2017). Obese individuals present a challenging public
health problem due to increased risk for life-threatening co-morbidities (2013).
Thus, the health burden of obesity is immense and demands an improved
understanding of the feeding behaviors that contribute to obesity. Similar to BED,
one of the feeding behaviors that contributes to obesity is pathological

overconsumption of high-fat food.

BED AND OBESITY SHARE OVERLAPPING NEURAL PHENOTYPES

Highly-palatable food, including high-fat food, is both energy dense and
highly reinforcing in humans and rodents (Drewnowski and Almiron-Roig, 2010).
These reinforcing properties promote overconsumption behavior that is
potentiated by dysregulation in portion control (Carstairs et al., 2018; Lyons et al.,
2018; Reale et al., 2018; Rippin et al., 2018). In fact, individuals with BED ascribe
higher reinforcement value to high-fat food than individuals without BED (Price et
al., 2018a; Schebendach et al., 2013). The reinforcing properties of food are
largely encoded by brain regions within the mesolimbic “reward” pathway, which
includes the nucleus accumbens (NAc) and the ventral tegmental area (VTA)
(Volkow et al., 2013a; Volkow and Wise, 2005). Both the NAc and the VTA have
been implicated in BED and obesity (Corwin et al., 2016; Davis and Carter, 2009;
Dichter et al., 2012; Guerdjikova et al., 2017; Satta et al., 2018; Volkow et al.,

2013a, b; Volkow and Wise, 2005; Witt and Lowe, 2014). Reinforcement value is

34



mediated by the NAc, a key neuroanatomical region that regulates hedonic
feeding, or food intake in the absence of a caloric deficit (Volkow et al., 2013a, b;
Volkow and Wise, 2005). The VTA, also linked to reinforcement value, affects

obesogenic diet consumption (Hommel et al., 2006).

RODENT MODELS OF PATHOLOGICAL OVERCONSUMPTION BEHAVIOR

Overall, BED and obesity share multifaceted feeding behaviors involving
multiple brain circuits that regulate a complex interplay of emotions, food intake,
and food reinforcement. These feeding behaviors can be probed using animal
models designed for quantifying specific aspects of these diseases. Models of
binge-type eating have been validated in rodents, demonstrating success in
studying the overconsumption behavior characteristic of both BED and obesity
(Babbs et al., 2012; Benzon et al., 2014; Corwin et al., 2011; Corwin and Babbs,
2012; Corwin and Wojnicki, 2006; Kasper et al., 2014; Price et al., 2018b; Price et
al., 2018c; Wojnicki et al., 2010). The intermittent access model provides ad libitum
access to regular chow and water, with limited presentation of a highly palatable
food, which simulates a binge episode, similar to that observed in BED and obesity
(Benzon et al., 2014; Corwin et al., 2011; Corwin and Babbs, 2012; Corwin and
Wojnicki, 2006; Kasper et al., 2014; Price et al., 2018c). While this model can
recreate and quantify food intake during a binge episode, it does not replicate the
psychological aspects of BED, such as feelings of loss of control and feelings of
shame and guilt (2017; Association, 2013a, b; Guerdjikova et al., 2017).

Nonetheless, this model is helpful in understanding neural mechanisms underlying
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binge-type consumption and identifying potential regulators of this specific

maladaptive feeding behavior.

NEUROMEDIN U RECEPTOR 2

Here, we investigate a novel mediator of binge-type eating, the
neuropeptide receptor neuromedin U receptor 2 (NMUR2). NMUR2 is a G protein-
coupled receptor predominantly expressed throughout the mammalian central
nervous system. This receptor is known to regulate food intake and body weight
(Brighton et al., 2004; Hosoya et al., 2000; Howard et al., 2000; Raddatz et al.,
2000; Shan et al., 2000). For example, NMUR2-knockout mice are hyperphagic
and demonstrate increased food intake patterns (Egecioglu et al., 2009).
Additionally, deletion of hypothalamic NMUR2 via viral-mediated RNAI resulted in
increased motivation for high-fat food and potentiated binge-type eating (Benzon
et al., 2014; McCue et al., 2017). These studies indicate that NMUR2 regulates
food intake, a process dysregulated in BED and obesity. Interestingly, the role of
NMURZ2 in reinforcement brain centers such as the NAc and VTA in binge-type
eating has not been explored.

Importantly, endogenous expression of NMUR2 is highly variable among
individuals and among various brain regions (Egecioglu et al., 2009; Gartlon et al.,
2004; Kasper et al., 2018). Neuroanatomical variability and individual differences
in NMURZ2 expression may underlie aspects of individual differences observed in
BED and obesity (Zander and De Young, 2014). The purpose of the current study
is to explore relationships between synaptosomal NMUR2 expression in the NAc

and the VTA—Kkey brain regions associated with reinforcement—in a rodent model
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of binge-type eating across a spectrum of dietary fat contents. Our findings
revealed a strong positive correlation between intake of “lower” fat food and
synaptosomal NMUR2 protein expression in the NAc and a strong negative
correlation between intake of “extreme” high-fat food and synaptosomal NMUR2

protein expression in the VTA.

SPECIFIC METHODS
ANIMALS

Male Sprague-Dawley rats (Harlan, Houston, TX) weighing 225-250g were
used in all experiments. Animals were housed individually in a temperature- (21-
23°C) and humidity- (40-50%) controlled environment with a standard 12h light-
dark cycle (lights on between 0600 and 1800 hours). All animals were given ad
libitum access to normal chow (17% fat by kcal; Teklad LM-485 Mouse/Rat
Sterilizable Diet; Teklad Diets, Madison, WI) and water in their home cages,
including during binge sessions. Upon arrival, animals were allowed to acclimate
to the room for seven days prior to handling and experimental procedures. All
experiments were conducted in accordance with the NIH Guide for Use and Care
of Laboratory Animals (2011), and with approval from the Institutional Animal Use

and Care Committee at the University of Texas Medical Branch.

NMUR2 IMMUNOREACTIVITY IN THE NAC AND VTA
Naive rats (n=4) were anesthetized with 1-5% isoflurane, perfused with 1X
PBS for 5 minutes, followed by 4% paraformaldehyde (PFA) for 15 minutes. Brains

were removed and sliced into 40um sections using a cryostat. NAc and VTA
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sections were stained as described in previous studies (Benzon et al., 2014;
Kasper et al., 2016; McCue et al., 2017). Briefly, sections were washed twice in 1X
PBS, and then antigen-unmasked with 1% SDS for 5 minutes. Next, sections were
blocked in donkey serum and incubated in 1:150 primary antibody rabbit aNMUR2
(Novus Biologicals, NBP1-02351) overnight. The following day, sections were
washed 3 times in 1X PBS, then incubated with 1:200 donkey arabbit IgG Alexa
Fluor 568 (Invitrogen, A10042). Images were acquired using Leica True Confocal
Scanner SPE with 63X objective in confocal mode and Leica Application Suite X

software (Leica Microsystems, Wetzlar, Germany).

BINGE-TYPE EATING PARADIGM

Our binge-type eating protocol is based on models published previously
(Benzon et al., 2014; Corwin et al., 2011; Corwin and Wojnicki, 2006; Kasper et
al., 2014; Price et al., 2018c). Briefly, male Sprague-Dawley rats (n=10) were
maintained on a diet of normal chow (17% fat by kcal) and water. Rats were not
food restricted prior to the binge period, and had ad libitum access to normal chow
and water throughout the study, including during the binge period. Two days prior
to experiments, animals were exposed to a mixture of 60% fat by kcal and 40%
carbohydrate by kcal to minimize food neophobia. Fat mixtures were prepared and
weighed immediately before the binge period. Vegetable shortening (Crisco,
Orrville, OH) comprised of 100% fat by energy was mixed with marshmallow creme
(Kraft, Chicago, IL), containing 100% carbohydrate by energy, to create
combinations of 20% fat (80% carbohydrate, 0% protein), 40% fat (60%

carbohydrate, 0% protein), 60% fat (40% carbohydrate, 0% protein), 80% fat (20%
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carbohydrate, 0% protein), and 100% fat (0% carbohydrate, 0% protein) by energy.
One limitation is that the marshmallow creme does contain some flavoring.
However, the consistency and texture of the marshmallow cream were required to
promote homogeneity among the mixtures.

Rats were randomized into five groups using a Latin square design, with
each animal receiving all mixtures of fat in a randomized order. Each group was
presented with mixtures of 20% fat, 40% fat, 60% fat, 80% fat, and 100% fat, for a
period of 5 days. Exposure to fat mixtures occurred during the binge 1 at the first
2-hours of the dark cycle (1800-2000) and binge 2 at 2-hours near the end of the
light cycle (1400-1600). For all exposures, fat mixtures were weighed prior to
presentation and then immediately after the 2-hour binge period. Differences in
food weight were interpreted as total grams consumed or total calories consumed

during the binge period.

NAC AND VTA PROTEIN EXTRACTION

After the completion of binge studies, rats (n=10) were anesthetized with 1-
5% isoflurane, and brains were removed. Both NAc and VTA were microdissected
from each rat, using guidance from a rat brain atlas (Hommel et al., 2006; Kasper
et al., 2018; Paxinos and Watson, 2007), then stored at -80C until protein
extraction. The crude synaptosomal protein fraction was isolated as previously
published to identify long-term changes in protein expression (Anastasio et al.,
2015). NAc and VTA tissue were homogenized in ice-cold Krebs-sucrose buffer
containing protease inhibitors (P8340, Millipore Sigma, St. Louis, MO), and

phosphatase inhibitors (P5726, P0044 Millipore Sigma, St. Louis, MO). The crude
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synaptosomal protein fractionation protocol enriches samples for pre- and
postsynaptic proteins (i.e. presynaptic terminals, postsynaptic membranes, etc.)
(Breukel et al., 1997). Samples were centrifuged for 10 minutes at 1000g at 4C to
pellet the nuclear protein fraction. The supernatant was centrifuged for 20 minutes
at 160009 at 4C to separate the crude synaptosomal protein fraction (pellet). The
NAc and VTA synaptosomal protein fractions were used for all further analyses.
After extraction, total protein concentration was determined using a Pierce BCA

Protein Assay Kit (23225, Thermo Fisher, Waltham, MA).

NMUR2 PROTEIN QUANTIFICATION VIA CAPILLARY ELECTROPHORESIS

NAc (n=10) and VTA (n=10) samples were assayed for NMUR2 protein
expression using the Wes™ (ProteinSimple, San Jose, CA) automated western
blotting system. Wes™ is a capillary electrophoresis-based immunoblotting
instrument, and was optimized for receptor quantification in brain tissues
(Anastasio et al., 2015; Fink et al., 2015). Wes™ reagents (biotinylated molecular
weight marker, streptavidin-HRP fluorescent standards, luminol-S, hydrogen
peroxide, sample buffer, DTT, stacking matrix, separation matrix, running buffer,
wash buffer, matrix removal buffer, secondary antibodies, antibody diluent, and
capillaries) were obtained from the manufacturer (ProteinSimple) and used
according to the manufacturer’s specifications with minor modifications. NMUR2
polyclonal antibody (NBP1-02351, Novus Biologicals, Littleton, CO) was diluted
1:50 in antibody diluent.

Samples were prepared and subjected to capillary electrophoresis-based

immunoblotting as described previously (Anastasio et al., 2015). Briefly, 2ug of
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protein was denatured in 0.1X sample buffer and 5X master mix at 95C for 5
minutes. Then, samples and primary antibody were dispensed into a prefilled
microplate (ProteinSimple). Capillary electrophoresis (375 V, 25 min, 25°C) and
immunodetection were completed using the following settings: separation matrix
load: 200s, stacking matrix load: 15s, sample load: 9s, antibody diluent: 30 min,
primary antibody incubation: 60 min, secondary antibody incubation: 30 min, and
chemiluminescent signal exposure for 15s, 30s, 120s, 240s, and 480s. Data were
analyzed using Compass Software (ProteinSimple). The Western blot analyses
signal is defined as the area under the curve (AUC) for the NMURZ2 peak at 48kDa
and representative “virtual blot” electrophoretic images for NMUR2 were

automatically generated by the Compass Software (ProteinSimple).

DATA ANALYSIS

All statistical analyses were performed in GraphPad Prism 7.0a (GraphPad
Software Inc., La Jolla, CA) with an experiment wise error rate of a=0.05. For the
binge-type eating curve, intake of 40%, 60%, 80% and 100% fat mixtures were
compared to intake of a 20% fat mixture using two-way ANOVA with Bonferroni’s
multiple comparisons (n=10, *p<0.05 and **p<0.01).

Relationships between intake of 20%, 40%, 60%, 80% and 100% fat
mixtures and synaptosomal NMUR2 protein expression in the NAc were
determined via linear regression (n=10, *p<0.05, **p<0.01). Relationships between
intake of 20%, 40%, 60%, 80% and 100% fat mixtures and synaptosomal NMUR2
protein expression in the VTA were determined via linear regression (n=10,

*p<0.05, **p<0.01).
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RESULTS
NMUR2 1S EXPRESSED PRE-SYNAPTICALLY IN THE NAC AND THE VTA

Previous work in our lab demonstrated that NMUR2 is expressed post-
synaptically in the paraventricular nucleus of the hypothalamus (PVN) and pre-
synaptically in the NAc (Benzon et al., 2014; Kasper et al., 2016). We confirmed
NAc and VTA localization of NMUR2 with immunohistochemistry. We observed a
“‘beads on a string” staining pattern indicative of presynaptic NMUR2 expression
in the NAc (Figure 3.1a), as well as in the VTA (Figure 3.1b). Interestingly, we
also observed staining of cell bodies in the VTA, suggesting that NMUR2 is also

expressed post-synaptically in the VTA.
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Figure 3.1: NMUR2 immuno-reactivty in the NAc and the VTA.

a. representative image of NMUR2 immunostaining in the NAc (bregma +1.92); b.
representative image of NMUR2 immunostaining in the VTA (bregma -4.80). Images were
acquired from the regions indicated at 63X oil in confocal mode with scale bar = 25um.
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FAT CONTENT IS CRITICAL FOR BINGE-TYPE EATING

Using our binge-type eating paradigm, we quantified how much rats would
consume during a 2-hour binge period (Figure 3.2). Figure 3.2 illustrates intake
across a spectrum of fat contents during two different binge sessions- binge 1 and
binge 2. Statistical comparisons were made within each binge to intake of a 20%
fat mixture. In binge 1, rats consumed significantly less grams of 100% fat mixture
(p=0.0003) compared to a 20% fat mixture (Figure 3.2). In binge 2, rats consumed
significantly more grams of a 60% fat mixture (p=0.010) compared to a 20% fat
mixture (Figure 3.2). Notably, common western diet foods contain percentages of
fat that fall at the peak of the curve, including French fries (42% fat), potato chips
(56% fat), cheesecake (63% fat), and peanut butter (78% fat), which gives context

for the percentages of fat used in our rodent studies.
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Figure 3.2: Fat content is critical for binge-type eating.

Rat binge-type eating across a spectrum of fat contents. Binge-type eating in rats is
highest at 60% fat and lowest at 80% fat compared to 20% fat; n=10, *p<0.05 and **p<0.01
by two-way ANOVA with Bonferroni’s multiple comparisons.
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HIGHER NAC NMUR2 SYNAPTOSOMAL PROTEIN EXPRESSION POTENTIATES BINGE-
TYPE EATING OF “LOWER FAT” FOOD

To determine the relationship between binge-type intake and NMUR2
expression in the NAc, we quantified NAc NMUR2 synaptosomal protein (48kDa)
(Figure 3.3a), and correlated it to fat intake during the binge period (Figure 3.3b-
f). Interestingly, NAc NMUR2 expression demonstrated a strong positive
correlation with binge intake of a “lower” fat mixture, specifically 20% fat (p=0.047)
and 40% fat (p<0.001) (Figure 3.3b-c). As fat content is increased, the relationship
diminishes. However, no significant correlation was observed when the data are
correlated as total calories consumed to compensate for energy density. In
addition, we found no significant correlation between NAc NMUR2 and binge
intake of a 60% (p=0.86), 80% (p=0.084), or 100% (p=0.86) fat mixture (Figure

3.3d-f).
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Figure 3.3: Higher NAc NMUR2 synaptosomal protein expression potentiates
binge-type eating of “lower” fat food.

a. representative Western blot image for NMUR2 synaptosomal protein from NAc
samples; b. NAc NMUR2 expression is positively correlated with intake of a 20% fat
mixture; c. NAc NMUR2 expression is positively correlated with intake of 40% fat mixture;
d. NAc NMUR2 expression is not correlated with intake of a 60% fat mixture; e. NAc
NMUR2 expression is not correlated with intake of an 80% fat mixture; f. NAc NMUR2
protein expression is not correlated with intake of a 100% fat mixture; n=10, *p<0.05,

**p<0.01 by linear regression.
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LoweR VTA NMUR2 SYNAPTOSOMAL PROTEIN EXPRESSION HALTS BINGE-TYPE
EATING OF EXTREME HIGH-FAT FOOD

Next, we quantified VTA NMUR2 synaptosomal protein (48kDa) (Figure
3.4a). We correlated VTA NMUR2 synaptosomal protein to fat intake during the
binge period (Figure 3.4b-f). No significant correlation was observed between VTA
NMURZ2 and binge intake of a 20% (p=0.11), 40% (p=0.37), 60% (p=0.95), or 80%
(p=0.26) fat mixture (Figure 3.4b-e). VTA NMUR2 demonstrated a strong negative
correlation with binge intake of an “extreme” high-fat mixture of 100% fat (p=0.034)
(Figure 3.4f). Interestingly, the slope of the trend line transitions from a positive

slope value for the lower fat mixtures to a negative slope for the higher fat mixtures.
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Figure 3.4: Lower VTA NMUR2 synaptosomal protein expression halts binge-type
eating of extreme high-fat food.

. representative Western blot image for NMUR2 synaptosomal protein from VTA
samples; b. VTA NMUR2 expression is not correlated with intake of a 20% fat mixture; c.
VTA NMUR2 expression is not correlated with intake of a 40% fat mixture; d. VTA NMUR2
expression is not correlated with intake of a 60% fat mixture; e. VTA NMUR2 expression
is not correlated with intake of an 80% fat mixture; f. VTA NMURZ2 expression is negatively
correlated with intake of a 100% fat mixture; n=10, *p<0.05, **p<0.01 by linear regression.
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DISCUSSION

In the present study, we assessed synaptic localization of NMURZ2 in the
NAc and the VTA. Our results support previous studies indicating synaptic NMUR2
expression in the NAc. Additionally, these results extend our knowledge by
demonstrating western blot staining of NMUR2 in synaptosomal VTA fractions, and
by visualizing punctate staining patterns for NMUR2 in the VTA consistent with
synaptic localization (Kasper et al., 2016). Our NMUR2 antibody has previously
been shown to stain NMURZ2 expressing cell bodies in the PVN, suggesting that
the staining pattern is not an antibody limitation (Benzon et al., 2014). In the NAc,
NMUR?2 is localized to synapses that express a neuronal marker of GABAergic
signaling, which suggests a potential role for NMUR2 in inhibitory signaling
(Kasper et al., 2016). As such, more studies are needed to determine the functional
role of NMURZ2 in the mesoaccumbens circuit, including its effects on BED and
obesity.

Next, we used an animal model of binge-type eating to quantify binge intake
in rats. This model only simulated a binge episode, similar to that observed in BED
and obesity (Benzon et al., 2014; Corwin et al., 2011; Corwin and Babbs, 2012;
Corwin and Waojnicki, 2006; Kasper et al., 2014; Price et al., 2018c). One of the
major limitations of our study is the inability of our model to replicate all clinical
aspects of BED. While our model can quantify food intake during a binge episode,
it does not replicate the psychological aspects of BED, such as feelings of loss of
control and feelings of shame and guilt (2017; Association, 2013a, b; Guerdjikova

et al, 2017). Nonetheless, this model is helpful in understanding neural

50



mechanisms underlying binge-type consumption and identifying potential
regulators of this specific overconsumption behavior. During our studies animals
were maintained on their normal chow consisting of 17% fat by kcal. Fat mixtures
were designed to contain higher fat concentrations that are preferred by rats and
have translational relevance in humans (Drewnowski, 1997; Drewnowski and
Almiron-Roig, 2010; Drewnowski and Greenwood, 1983; Drewnowski et al., 1982;
Kasper et al., 2014).

Using our model of binge-type eating, we quantified binge-type

consumption across a spectrum of fat mixtures and correlated it to synaptosomal
NMURZ2 protein expression in the NAc and the VTA in rats. To our knowledge, we
are the first to quantify synaptosomal NMURZ2 protein in the NAc and VTA and the
first to explore relationships between NMUR2 expression and binge intake.
Our results demonstrated a strong positive correlation between synaptosomal
NMURZ2 protein expression in the NAc and binge intake of “lower” fat contents of
20% fat and 40% fat. This region-specific effect of NAc NMURZ2 facilitated binge-
type intake of “lower” fat food, especially food around 40% fat, which is commonly
overconsumed in humans (Drewnowski, 1997; Drewnowski and Almiron-Roig,
2010; Drewnowski and Greenwood, 1983; Drewnowski et al., 1982; Yanovski et
al., 1992). This finding supports a role of increased NAc NMUR2 as a “behavioral
accelerator” on binge intake of “lower” fat food.

Synaptosomal VTA NMUR2 protein expression demonstrated a strong
negative correlation with binge intake of an “extreme” high fat mixture, particularly

100% fat. Contrary to NAc NMURZ2, this finding implicates VTA NMUR2 as an
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inhibitor of binge intake of “extreme” high-fat food. Thus, VTA NMUR2 may act as
a “behavioral brake” on binge intake of high-fat food. While these findings are
strong, statistically sound relationships, the small sample size is one limitation of
our study.

Overall, our findings demonstrate key relationships brain region specific
differences in synaptosomal NMUR2 protein expression, and establish NMUR2 as
a regulator of binge-type intake in rats in the NAc and the VTA. Binge-type eating
changes based on fat content and NMUR2 expression varies not only across
animals, but across brain regions. Thus, endogenous NMUR2 may be a driver of
individual differences in binge-type eating. Although the observed high degree of
inter-animal variability and inter-brain region variability of NMUR2 can limit data
interpretation based on averaged differences in NMUR2, it also suggests that
NMURZ2 protein may contribute to individual differences for binge-type food intake
in humans.

The clinical implications of our findings establish NMUR2 as a novel
regulator of binge-type eating and therefore as a potential druggable candidate for
the overconsumption behavior observed in BED and obesity. Recently, we showed
that small-molecule NMURZ2 agonists successfully decrease high-fat food intake in
rats, which supports NMUR2 as a viable drug target (Sampson et al., 2018). Future
studies will continue to investigate the contribution of NMUR2 in the NAc and the
VTA at molecular, neural, and pharmacological levels, including investigating the

effects of these small-molecule NMURZ2 agonists on binge-type eating.
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Chapter 4 Neuroanatomical and Neurochemical Properties of

PVN—NAc Projections

INTRODUCTION

Food intake is orchestrated by complex neural pathways that influence
feeding behaviors through the integration of homeostatic nutritional requirements
with natural hedonic reward (Berthoud, 2011; Ferrario et al., 2016; Rossi and
Stuber, 2018; Saper et al., 2002). Homeostatic feeding behavior is typically
associated with hypothalamic brain nuclei, specifically the paraventricular nucleus
of the hypothalamus (PVN) which controls food intake to maintain body weight
(Elmquist et al., 1999; Leibowitz et al., 1981; Morton et al., 2006; Williams et al.,
2001). On the other hand, the nucleus accumbens (NAc) regulates reinforcement
and goal-directed behavior and has been demonstrated to drive hedonic feeding
(Berridge, 2009; Carlezon and Thomas, 2009). One manner in which the PVN may
regulate reinforcement is through its direct inputs to the nucleus accumbens (NAc)
(Dolen et al., 2013; Hajnal et al., 1997). Both the PVN and the NAc have been
implicated in the control of feeding behaviors, but the direct interplay of these
regions, including functional mechanisms of PVN—NAc signaling, in regulating
feeding behavior is unknown (Anastasio et al., 2019; Baldo and Kelley, 2007;
Benzon et al., 2014; Corwin et al., 2011; Maldonado-Irizarry et al., 1995; McCue
et al., 2017; Sharma et al.,, 2013; Smith et al., 2019). To date, PVN—NAc
projections are largely uncharacterized-it is established that these projections

synthesize and release oxytocin, but little else is known (Délen et al., 2013).
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Therefore, we sought to define the neuroanatomical and the functional properties
of PVN—NACc.

Through a combination of neuronal tracing techniques and
immunohistochemistry, we described both pre- and post-synaptic characteristics
of PVN—NAc projection neurons. To identify neurotransmitters released from
PVN—NAc projection neurons, we employed microdialysis followed by capillary
electrophoresis and laser-induced fluorescence (CE-LIF). We show for the first
time that PVYN—NAc neurons are localized to parvocellular PVN, equipped with
vesicular glutamate transporter 1 (VGLUT1), and that stimulation of PVN—NAc

neurons increases extracellular glutamate in the NAc.

SPECIFIC METHODS
ANIMALS

Male Sprague-Dawley rats (Harlan, Houston, TX) weighing 225-250g were
used in all experiments. Animals were housed individually in a temperature- (21-
23°C) and humidity- (40-50%) controlled environment with a standard 12h light-
dark cycle (lights on between 0600 and 1800 hours). All animals were given ad
libitum access to normal chow (17% fat by kcal; Teklad LM-485 Mouse/Rat
Sterilizable Diet; Teklad Diets, Madison, WI) and water in their home cages. Upon
arrival, animals were allowed to acclimate to the room for seven days prior to
handling and experimental procedures. All experiments were conducted in
accordance with the NIH Guide for Use and Care of Laboratory Animals (2011),

and with approval from the Institutional Animal Use and Care Committee at the
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University of Texas Medical Branch and the Institutional Animal Use and Care

Committee at the University of Florida (microdialysis).

SURGERIES

For retrograde tracing of NAc inputs, rats (n=3) received bilateral injection
of a retrograde AAV6-GFP into the NAc (Figure 4.1a). To label terminals in the
NAc, rats (n=3) received bilateral injection of AAV2-CAMKIla-EGFP (Figure 4.2).
All stereotaxic injections (Kopf Instruments, Tujunga, CA) were performed under
2-5% isoflurane anesthesia (VetEquip, Pleasanton, CA) aimed at the PVN or NAc
shell at a 10 degree angle at the following coordinates: PVN: A/P -0.18mm; M/L
+0.20mm; D/V -0.82mm from bregma; NAc: A/P +0.14mm; M/L +0.20mm; D/V -
0.68mm (Paxinos and Watson, 2007). We targeted the NAcSh for its known
involvement in reinforcement and goal-directed behavior. Rats recovered for 2
weeks post-surgery to ensure optimal viral expression.

To determine the functional mechanism of PVN—NAc neurons, rats
received bilateral injection of AAV2-CAMKIla-EGFP (CTRL (plasmid 50469,
Addgene) or AAV2-CAMKII-HA-hM3D(Gq)-IRES-mCitrine (hM3D) (plasmid
50466, Addgene) into the PVN at A/P -0.18mm; M/L +0.20mm; D/V -0.82mm from
bregma(Paxinos and Watson, 2007). Unilateral guide cannula for CNO micro-
infusion (C315GA/SPC26GA, PlasticsOne, Roanoke, VA) cut 6mm below the
pedestal were implanted at a 20 degree outside angle at the following coordinates:
A/P +1.4mm; M/L +3.2mm; D/V -5.8mm from bregma and a unilateral guide
cannula for microdialysis probe placement was implanted at a 0 degree outside

angle at the following coordinates: A/P +1.4mm; M/L -0.18mm; D/V -5.3mm from
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bregma (Kasper et al., 2016). Guide cannulae were secured with dental cement
and stainless-steel screws. Microdialysis probes with 2 mm active length and
13,000 molecular weight cut off were constructed as previously described(Kasper
et al., 2015). After calibration, probes were inserted in the guide cannula
(see Figure 4.7 for placement), connected to a dual channel swivel, and perfused
with aCSF at 1 uL/min. The swivel was mounted atop a modified home cage lid so
that animals could move freely and have access to food and water during the

experiment.

GFP IMMUNOREACTIVITY IN THE PVN

Rats were anesthetized with 5% isoflurane and perfused with 1X PBS for 5
minutes then 4% paraformaldehyde for 15 minutes. Whole brains were collected
and immediately post-fixed in 4% PFA overnight. The following day, brains were
moved to a solution of 1X PBS + 20% glycerol. Brain slices (40um) containing the
PVN and/or the NAc were collected and stored in 1X PBS + 0.05% sodium azide
until immunohistochemistry was performed. Briefly, slices were washed,
unmasked, blocked and incubated in primary antibody overnight. The next day,
slices were washed in 1X PBS and incubated in secondary antibody for 2 hours.
Slices were washed in 1X PBS and mounted. Images were acquired using Leica
True Confocal Scanner SPE in confocal mode and Leica Application Suite x
software (Leica Microsystems).

The following primary antibodies were used: Anti-chicken GFP (1020,
1:200, Aves Labs; Anti-mouse vesicular glutamate transporter 1 (VGLUT1)

(ab135311, 1:200, Synaptic Systems); Anti-mouse glutamate decarboxylase 67
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(GADes7) (ab26116, 1:200, Abcam); Anti-mouse tyrosine hydroxylase (TH) (T2928,
1:500, Sigma); Anti-mouse tryptophan hydroxylase (TPH) (T0678, 1:500, Sigma);
Anti-rabbit phospho-cFos (5348, 1:200, Cell Signaling) The following secondary
antibodies were used: Donkey anti-chicken 488 (703-545-155, 1:200, Jackson
ImmunoResearch); Donkey anti-mouse AlexaFluor 488 (A21202, 1:200,
Invitrogen); Donkey anti-mouse AlexaFluor 555 (A31570, 1:200, Invitrogen);
Donkey anti-rabbit AlexaFluor 568 (A10042 1:200, Invitrogen).

Neurons of the PVN are defined by their location within structurally
established parvocellular or magnocellular regions (Paxinos and Watson, 2007).
These regions were superimposed on 10X tile scan images to outline a region of
interest for quantification of GFP+ cell bodies projecting to the NAc. Researcher
guantification was confirmed by an objective quantification via Fiji Is Just Image J
(FIJI, Image J). Briefly, a region of interest was applied to all images, then
background subtracted. Image threshold was adjusted and size and circularity

parameters applied to each image.

PRESYNAPTIC GLUTAMATE IMMUNOREACTIVITY IN THE NAC

Rats were anesthetized with 5% isoflurane and perfused with 1X PBS for 5
minutes then 4% paraformaldehyde for 15 minutes. Whole brains were collected
and immediately post-fixed in 4% PFA overnight. The following day, brains were
moved to a solution of 1X PBS + 20% glycerol. Brain slices (40um) containing the
PVN and/or the NAc were collected and stored in 1X PBS + 0.05% sodium azide
until  immunohistochemistry was performed. Briefly, slices were washed,

unmasked, blocked and incubated in primary antibody overnight. The next day,
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slices were washed in 1X PBS and incubated in secondary antibody for 2 hours.
Slices were washed in 1X PBS and mounted. Images were acquired using Leica
True Confocal Scanner SPE in confocal mode and Leica Application Suite X
software (Leica Microsystems).

The following primary antibodies were used: Anti-chicken GFP (1020,
1:200, Aves Labs; Anti-mouse vesicular glutamate transporter 1 (VGLUT1)
(ab135311, 1:200, Synaptic Systems); Anti-mouse glutamate decarboxylase 67
(GADes7) (ab26116, 1:200, Abcam); Anti-mouse tyrosine hydroxylase (TH) (T2928,
1:500, Sigma); Anti-mouse tryptophan hydroxylase (TPH) (T0678, 1:500, Sigma);
Anti-rabbit phospho-cFos (5348, 1:200, Cell Signaling) The following secondary
antibodies were used: Donkey anti-chicken 488 (703-545-155, 1:200, Jackson
ImmunoResearch); Donkey anti-mouse AlexaFluor 488 (A21202, 1:200,
Invitrogen); Donkey anti-mouse AlexaFluor 555 (A31570, 1:200, Invitrogen);
Donkey anti-rabbit AlexaFluor 568 (A10042 1:200, Invitrogen).

Images of synapses in the NAc that originate in the PVN were acquired at
63X (oil). Images were analyzed for co-localization using Leica Application Suite x
software (Leica Microsystems). Synapses were identified by size ~1lum and co-

localization was quantified via overlap coefficient.

NAC MICRODIALYSIS

Neurotransmitter data was collected via microdialysis and quantified using
with capillary electrophoresis with laser-induced fluorescence (Bowser and
Kennedy, 2001; Kasper et al.,, 2015; Li et al., 2008). A standard curve (7

concentrations of glutamate, aspartate, ornithine, GABA, taurine, glutamine,
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serine, and glycine ranging from 0 to 20 uM) was generated using a microdialysis
probe prior to beginning the experiment. The elution time of these
neurotransmitters have been validated and characterized previously (Bowser and
Kennedy, 2001). After calibration, the probe was implanted in a non-anesthetized
and freely moving rat via the guide cannula. A baseline for each animal was
collected for 2 hours prior to the experiment (average glutamate 6.20 uM, GABA
0.37 uM). For the experiment, 2uL of 1uM CNO (6329, Tocris Biosciences) was
administered via the guide cannula at a rate of 0.5ul/min for 4 minutes (Stachniak
et al., 2014). Microdialysis probe placement and cannula placement were verified

and all misses were eliminated prior to data analysis.

PHOSPHO-CFOS IMMUNOREACTIVITY IN THE PVN AND THE NAC
Immunohistochemistry was conducted as previously described (Kasper et
al., 2018; Kasper et al., 2016; McCue et al., 2017; Smith et al., 2019). Phospho-
cFos was immuno-enhanced using anti-rabbit phospho-cFos (Ser 32) (Cell
Signaling, 5348), then visualized in the PVN and in the NAc. Tile scans were
acquired at 10X using Leica True Confocal Scanner SPE in camera mode and
Leica Application Suite x software (Leica Microsystems). Images were analyzed
for phospho-cFos expression using FIJI (Image J). A region of interest was created
in FIJI and applied to all images. The following parameters were applied to all
images for analysis: rolling ball radius: 20.0, threshold: 0-20, particle size: 50-

infinity (pixel units), circularity: 0.00-1.00.
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DATA ANALYSIS

All statistical analyses were performed in GraphPad Prism 7.0a (GraphPad
Software Inc., La Jolla, CA) with an experiment wise error rate of a=0.05. GFP-
positive PVN cell bodies that project to the NAc were counted throughout anterior
to posterior PVN, in parvocellular and magnocellular regions. The number of GFP-
positive PVN cell bodies in parvocellular vs. magnocellular regions were compared
via unpaired T-test (n=3, **p<0.01) The number of GFP-positive PVN cell bodies
that project to the NAc within anterior, medial and posterior PVN were compared
by one-way ANOVA (n=3, p>0.05).

PVN—NACc co-localization with neurotransmitter markers were counted in
the NAc. Quantification of PVYN—NAc+ VGLUT1+ events were compared to
PVN—NAc+GADs7+, TH+ and TPH+ events by one-way ANOVA (n=4, *p<0.05).
Extracellular glutamate release was quantified in CTRL+CNO and hM3d+CNO
rats and compared by two-way ANOVA (CTRL n=3, hM3d n=3, *p<0.05 and
**p<0.01). Extracellular GABA release was quantified in CTRL+CNO and
hM3d+CNO rats and analyzed via two-way ANOVA (CTRL n=3, hM3d n=3,
p>0.05).

Phospho-cFos positive events were quantified via FIJI in the PVN of
CTRL+CNO and hM3d+CNO rats and analyzed via unpaired T-test (CTRL n=3,
hM3d n=3, p>0.05). Phospho-cFos positive events were quantified in FIJI in the
NAc of CTRL+CNO and hM3d+CNO rats and analyzed via unpaired T-test (CTRL

n=3, hM3d n=3, **p<0.01).

RESULTS
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PVN—NAC CELL BODIES ARE LOCALIZED TO PARVOCELLULAR COMPARTMENTS OF
THE PVN

To define the origin of PVN inputs to the NAc, we employed a retrograde
tracer in the NAc and examined green fluorescent protein (GFP)-labeled PVN cell
bodies distributed across magnocellular and parvocellular regions of the PVN
(Figure 4.1). Quantification of GFP-positive cell bodies revealed that PVN—NAc
cell bodies are highly localized to parvocellular regions of the PVN (Figure 4.1b),
and are uniformly distributed throughout anterior, medial and posterior regions of
the PVN (Figure 4.1c). Representative images of GFP-labeled cells bodies within
parvocellular and magnocellular regions of the PVN are shown in Figure 4d. In the
anterior PVN (bregma -1.08mm), GFP-labeled cell bodies are seen immediately
adjacent to the third ventricle (3V). In the medial PVN (bregma -1.44mm), GFP-
labeled cell bodies are also immediately adjacent to 3V, and thus are localized to
the medial parvocellular compartment (PaMP). In the posterior PVN (bregma -
1.80mm), GFP-labeled cell bodies are again surrounding 3V and localized to the
parvocellular compartment.

The presence of GFP-positive cell bodies throughout parvocellular regions
of the PVN is evidence of a pathway arising in the PVN and projecting directly to
the NAc. A critical functional distinction exists between parvocellular and
magnocellular regions of the PVN- the parvocellular region is known to drive intake
of highly palatable food, whereas the magnocellular region is not (Jhanwar-Uniyal
et al., 1993). The localization of PVN—NAc neurons to the parvocellular region
provides neuroanatomical evidence that the PVN—NAc pathway may regulate

feeding behavior (Jhanwar-Uniyal et al., 1993).
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Figure 4.1: PVN—NACc cell bodies are localized to parvocellular compartments of
the PVN.

a. viral targeting approach to label PVYN—NAc cell bodies. b. PVN cell bodies that project
to the NAc are localized to parvocellular regions of the PVN. n=3 per region, **p<0.01 by
unpaired T-test. c. PVN cell bodies that project to the NAc are uniformly localized in
anterior, medial and posterior PVN. n=3 per region, p>0.05 by one-way ANOVA. d.
representative PVN images from n=3 brains of anterior, medial and posterior PVN with
outlined structures used in quantification.
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PVN—NAc SYNAPSES Co-LocALIzE wiTH VGLUT1, But NOT GADs7, TH, OR TPH
We also profiled PVYN—NAc using an anterograde tracer in the PVN to
identify co-localization of GFP-labeled terminals in the NAc with specific
neurotransmitter markers (Figure 4.2a). We investigated co-localization of
PVN—NAc terminals with VGLUT1 (glutamate), GADes7 (GABA), TH (dopamine),
and TPH (serotonin). Our analysis revealed several co-localization events of
PVN—NAc with VGLUT1 (Figure 4.2b). Interestingly, we identified that
PVN—NAc terminals co-localize the most frequently with VGLUTL1 (Figure 4.2c),
compared to GADs7, TH, and TPH (Figure 4.3) and is consistent with VGLUT1
expression in the hypothalamus, and also converges with the role of glutamate
afferents to the NAc altering feeding behavior (Baldo and Kelley, 2007; Liguz-
Lecznar and Skangiel-Kramska, 2007; Maldonado-Irizarry et al., 1995). This
provides neuroanatomical evidence for glutamate as the major neurotransmitter

involved in PVN—NACc signaling.

63



PVN to NAc circuit colocalization
(fraction of total traced circuit)

-1.08mm
1.32mm 9
W 25050
] -
0.4-
p<0.05

*
0.31
021 T
0.1 .

0 T +
VGLUT1 GAD67 TH TPH

Figure 4.2: PVN—NAc terminals co-localize with VGLUT1.

a. viral targeting approach to label PVN—NAc terminals. b. representative NAc images
from n=4 brains illustrating PVN—NAc terminals overlap with VGLUT1. Images were
taken at 63x with digital zoom factor 7 using Leica software. c. PVN—NAc terminals
strongly localize with VGLUT1 compared to GADs7, TH and TPH. n=4, *p<0.05 by one-
way ANOVA.
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Figure 4.3: PVN—NAc terminals do not co-localize with GADs7, TH, or TPH.

a. representative NAc images from n=4 brains illustrating PVN—NAc terminals do not
overlap with GADs7, a marker of GABAergic signaling. b. representative NAc images from
n=4 brains illustrating PVN—NAc terminals do not overlap with TH, a marker of
dopaminergic signaling. c. representative NAc images from n=4 brains illustrating
PVN—NACc terminals do not overlap with TPH, a marker of serotonergic signaling. Images
were taken at 63x.
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HM3D-INDUCED STIMULATION OF PVN—NAC INCREASES EXTRACELLULAR
GLUTAMATE IN THE SYNAPSE

To determine the functional mechanism of PVN—NAc signaling, we used a
pharmacogenetic approach to stimulate neurotransmitter release from PVN—NAc
projections. Neurotransmitters were identified and quantified in real time via
capillary electrophoresis followed by laser-induced fluorescence (See Methods).
Neurotransmitters were collected for 4 hours prior to CNO micro-infusion to

establish a baseline for each animal (Figure 4.4).
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Figure 4.4: Experimental timeline for microdialysis.

Rats expressing CTRL or hM3d virus recovered in their home cages for 14 days to allow
for peak viral expression. For the experiment, individual rats were placed in a standard rat
cage adapted for microdialysis. Baseline dialysate was collected for 4 hours. After 4 hours,
test dialysate was collected. 12 minutes into the 4-hour test collection, JuM CNO was

administered intra-NAc.
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We used AAV2 to transduce PVN—NAc neurons with the excitatory
designer receptor exclusively activated by a designer drug (DREADD) hM3d or an
empty vector (CTRL) into the PVN. This viral paradigm allows for the transport of
hM3d to terminal regions of PVN efferents, including the NAc. To selectively
stimulate the PVN—NAc pathway, clozapine-N-oxide (CNO) was micro-infused
directly into the NAc via a guide cannula placed below the microdialysis probe,
which is designed to trigger presynaptic release of neurotransmitters from the PVN
into the NAc (Figure 4.5b) (Stachniak et al., 2014). Pharmacogenetic stimulation
of PVN—NAC resulted in a robust, sustained increase in extracellular glutamate in
the hM3d group compared to CTRL (Figure 4.5b). This effect was observed
immediately upon CNO administration and endured for approximately 30 minutes
(Figure 4.5b). No change in extracellular GABA from PVYN—NACc projections was
observed in either hM3d or CTRL groups (Figure 4.5b), indicating the

glutamatergic nature of this pathway.
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Figure 4.5: hM3d-induced stimulation of PVN—NAc increases extracellular
glutamate.

a. PVN CTRL and hM3d targeting approach, NAc guide cannula placement, NAc
microdialysis probe placement to achieve PVN—NAc specific neurotransmitter release. b.
hM3d-induced stimulation of PVN—NAc neurons induced a robust, sustained increase in
extracellular glutamate. CTRL n=3, hM3d n=3, *p<0.05 and **p<0.01 by 2-way ANOVA;
hM3d-induced stimulation of PVYN—NAc neurons did not increase extracellular GABA.
CTRL n=3, hM3d n=3, p>0.05 by two-way ANOVA.
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HM3D-INDUCED STIMULATION OF PVN—NAC ALTERS NEURONAL EXCITABILITY IN THE
NAcC, BUT NOT THE PVN

To identify the immediate consequence of glutamate from PVN—NAc
neurons, we quantified phosphorylated-cFos protein in the PVN and in the NAc

following intra-NAc administration of CNO in hM3d and control groups (Figure 4.6)

(Stachniak et al., 2014).

70



A

aCSF micro-infusion
0800h 1000h

CTRL or v v

Gl XT3 2h home cage perfusion phospho-cFos IHC

¥

V

CNO micro-infusion
0800h 1000h

CTRL or v v

2h home cage perfusion phospho-cFos IHC

Figure 4.6: Experimental timeline for phospho-cFos.

Rats expressing CTRL or hM3d virus recovered in their home cages for 14 days to allow
for peak viral expression. Beginning at 0800, rats expressing CTRL or hM3d virus were
given an intra-NAc aCSF or 2uM CNO micro-infusion, then returned to their home cages
for 2 hours. Beginning at 1000, rats were perfused with 1X PBS for 5 minutes, then 4%
paraformaldehyde for 15 minutes. Brains were extracted and processed for phospho-cFos
immunohistochemistry.
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Phosphorylated-cFos was significantly elevated in the NAc of hM3d+CNO
rats, supporting that pharmacogenetic stimulation of PVN—NAc induces
glutamate release in the NAc and excites local NAc neurons (Figure 4.7b).
Conversely, minimal phosphorylated-cFos was detected in the PVN of hM3d+CNO
rats, evidence that our pharmacogenetic stimulation approach in which
presynaptic DREADDs are directly stimulated by CNO does not alter excitability of
PVN—NAc neurons themselves (Figure 4.7a). This data supports the conclusion
that glutamate release from the PVN into the NAc increases the firing rate of NAc

neurons downstream of PVN—NAc.
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Figure 4.7: hM3d-induced stimulation of PVN—NAc alters neuronal excitability in
the NAc, but not the PVN.

a. PVN CTRL and hM3d targeting approach, NAc guide cannula placement, NAc
microdialysis probe placement to achieve PVN—NAc specific neurotransmitter release. b.
hM3d-induced stimulation of PVN—NAc neurons induced a robust, sustained increase in
extracellular glutamate. CTRL n=3, hM3d n=3, *p<0.05 and **p<0.01 by 2-way ANOVA;
hM3d-induced stimulation of PVYN—NAc neurons did not increase extracellular GABA.
CTRL n=3, hM3d n=3, p>0.05 by two-way ANOVA.
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Placement of microdialysis probe and guide cannula were determined at

the end of the study and are illustrated in Figure 4.8.
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Figure 4.8: Microdialysis targeting.
a. Placement of microdialysis probe (black line) and placement of guide cannula for CNO

administration (blue dot).
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DISCUSSION

PVN—NAc connectivity coordinates social reinforcement, but it is unclear
whether the interplay of PVN—NAc regulates feeding behaviors (Ddlen et al.,
2013). While the PVN is a link between homeostatic and hedonic brain nuclei, it is
uncertain whether PVN inputs to the NAc might modulate hedonic feeding. In this
study, we define PVN—NACc as a novel source of glutamatergic input to the NAc.
We also establish that PVN—NACc regulates intake of high-fat food in a glutamate-
related manner.

Through viral tracing techniques, our results visually provide
neuroanatomical evidence that the parvocellular compartment of the PVN directly
interacts with the NAc. This finding corroborates an existing role for the
parvocellular PVN in driving intake of high-fat food (Jhanwar-Uniyal et al., 1993).
We observed co-localization of presynaptic VGLUT1 staining with PVN—NACc,
indicating that PVN projections to the NAc are equipped for glutamate transport
(Liguz-Lecznar and Skangiel-Kramska, 2007). Mice exposed to chronic high-fat
diet demonstrate decreased expression of VGLUT1, which provides evidence for
dysregulated glutamate signaling in pathological overconsumption of high-fat food
(Lizarbe et al., 2018).

Because co-localization of PVN—NAc with VGLUT1 is not an indication of
an exclusively glutamatergic pathway, we also characterized co-localization of
PVN—NAc with other neurotransmitter markers. Our analysis revealed that

PVN—NAc does not express markers associated with GABA, dopamine, or
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serotonin synthesis. Taken together, our tracing studies support PVN—NACc as a
large neural circuit that utilizes glutamate.

Selective pharmacogenetic stimulation of PVYN—NAc neurons resulted in
an increase in presynaptic extracellular glutamate in hM3d rats. This finding
corroborates our immunohistochemical results that PVN—NAc is predominantly
comprised of glutamatergic neurons. We did not identify any changes in
presynaptic extracellular GABA, suggesting that the PVN—NAc pathway does not
participate in co-release of glutamate and GABA. However, our microdialysis
design was limited by an inability to detect uncharged neurotransmitters, such as
acetylcholine, which has been implicated in feeding behaviors, especially in the
NAc. Intra-NAc infusion of the muscarinic receptor antagonist scopolamine
decreases intake of high-fat food (Perry et al., 2009). Additionally, chronic binge-
intake is known to alter NAc acetylcholine levels and create an imbalance (Avena
et al.,, 2008a). Based on this literature, we cannot rule out the possibility of
glutamate and acetylcholine co-release from PVN—NAc neurons, which could be
confirmed with immunohistochemical staining for VGLUT2 or VGLUT3 (El
Mestikawy et al., 2011).

We were also limited by the size of the microdialysis probe, which permitted
collection of molecules less than 6kDa, but not larger molecules such as
neuropeptides (See Methods). Oxytocin is one neuropeptide that is released from
PVN—NAc to regulate social reinforcement, and has been shown to decrease
intake of high-fat food in humans and rodents (Délen et al., 2013; Spetter et al.,

2018). Previous work from our laboratory demonstrated that PVN—NAc co-
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localizes with preproenkephalin, suggesting that PVN—NAc may utilize the
neuropeptide enkephalin, which is known to encode the reinforcing aspects of
high-fat food (Kelley et al., 2002; Kelley and Berridge, 2002; Zhang et al., 2003).
Future studies should identify neuropeptides released from PVN—NAc neurons.
Presynaptic glutamate release from PVN—NAc neurons targets
downstream cell bodies within the NAc. Post-CNO micro-infusion, we observed an
increase in phosphorylated-cFos expression in the NAc of hM3d+CNO rats,
suggesting that presynaptic glutamate release from PVN—NAc activates
downstream neurons in the NAc. Potential downstream targets in the NAc include
both dopamine receptor 1 medium spiny neurons (D1-MSNs) and dopamine
receptor 2 medium spiny neurons (D2-MSNs). Zhu and colleagues investigated
the effects of stimulation/inhibition of D1 and D2 neurons in the NAc on food intake
in mice (Zhu et al., 2016). Their findings demonstrated that hM3d-induced
stimulation of D1 neurons increases food intake in mice, while hM4d-induced
inhibition of D1 neurons decreases food intake (Zhu et al., 2016). Interestingly,
stimulation nor inhibition of D2 neurons had an effect on food intake(Zhu et al.,
2016). Future studies should identify downstream targets of PVN—NAc, and

interrogate their role in feeding behavior.
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Chapter 5 Glutamate Release from PVN—NAc Projections
Regulates Intake of High-Fat Food and Motivation for High-Fat

Food

INTRODUCTION

In the previous chapter, we described the neuroanatomical and functional
properties of PVYN—NAc. We identified that PVN—NAc terminals co-localize with
VGLUT1, and that PVN—NACc is localized to the parvocellular compartment of the
PVN, providing evidence of glutamatergic pathway involved in feeding.
Additionally, we utilized the excitatory hM3d DREADD to stimulate presynaptic
release of neurotransmitters from PVN—NAc, which were then quantified via
microdialysis. The microdialysis study corroborated our neuroanatomical findings,
and demonstrated that PVN—NACc releases glutamate pre-synaptically in the NAc.

Glutamate in the NAc is a known regulator of intake of highly palatable food,
and pharmacological manipulation of NAc glutamate alters feeding behavior.
Infusion of non-N-methyl-D-aspartate receptor (non-NMDAR) glutamate
antagonists into the medial NAc shell have been shown to evoke an immediate
and sustained increase in food intake (Maldonado-Irizarry et al., 1995; Stratford et
al., 1998). We suspect that this observed increase in food intake is mediated by
postsynaptic a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic receptors
(AMPARS) in the NAc. Additionally, infusion of AMPA directly into the NAc
decreases food intake in food restricted rats (Stratford et al., 1998), underscoring

the importance of glutamate release in the NAc as a modulator of feeding behavior.
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To date, the PVN—NAc pathway has not been investigated for involvement
in feeding behavior. Here, we propose that PVN—NACc regulates motivation for
high-fat food through glutamate signaling. Although some PVN neurons are
glutamatergic (Ziegler et al., 2002), the neurotransmitter(s) used in the PVN—NAc
pathway was largely unknown until our microdialysis studies (Chapter 3)
supporting that pharmacogenetic stimulation of PVN—NAc with the excitatory
hM3d DREADD increases extracellular glutamate pre-synaptically in the NAc.

To directly probe the role of PYN—NAc glutamate release in driving feeding
behaviors, we employed two different viral strategies utilizing the hM3d DREADD.
Ouir first strategy directly mirrored the microdialysis approach- we administered an
AAV2 containing hM3d in the PVN and implanted bilateral guide cannula in the
NAc for aCSF/CNO micro-infusion. In this paradigm, hM3d is expressed in all PVN
projection neurons, in addition to PVN—NAc projections. To achieve PVN—NAc
specific glutamate release, aCSF/CNO are micro-infused directly into the NAc.
Administration of CNO facilitates presynaptic glutamate release from glutamate-
containing vesicles of PYVN—NAc neurons, but an action potential is not generated.

Our second strategy utilized dual viral vectors- we administered an AAV2
containing hM3d flanked by loxp sites in the PVN, and an AAV6 containing Cre in
the NAc. In this paradigm, only neurons that project from the PVN to the NAc
express hM3d. Intraperitoneal (IP) administration of CNO depolarizes PVN—NAc
neurons to generate an action potential, which releases glutamate in addition to

other neurotransmitters, neuropeptides, etc.
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While both paradigms achieve PVN—NACc specific glutamate release, one
allows us to identify the effects of glutamate release on feeding behavior, while the
other allows us to identify the effects of a PVN—NAc action potential on feeding

behavior. Both methods will be compared and contrasted throughout this chapter.

SPECIFIC METHODS
ANIMALS

Male Sprague-Dawley rats (Harlan, Houston, TX) weighing 225-250g were
used in all experiments. Animals were housed individually in a temperature- (21-
23°C) and humidity- (40-50%) controlled environment with a standard 12h light-
dark cycle (lights on between 0600 and 1800 hours). All animals were given ad
libitum access to normal chow (17% fat by kcal; Teklad LM-485 Mouse/Rat
Sterilizable Diet; Teklad Diets, Madison, WI) and water in their home cages. Upon
arrival, animals were allowed to acclimate to the room for seven days prior to
handling and experimental procedures. All experiments were conducted in
accordance with the NIH Guide for Use and Care of Laboratory Animals (2011),
and with approval from the Institutional Animal Use and Care Committee at the

University of Texas Medical Branch.

SURGERIES: CTRL AND HM3D

To determine the behavioral output of PVN—NAc neurons, rats (n=32)
received bilateral injection of AAV2-CAMKIla-EGFP (CTRL, n=16) (plasmid
50469, Addgene) or AAV2-CAMKII-HA-hM3d(Gq)-IRES-mCitrine (hM3d, n=16)

(plasmid 50466, Addgene) into the PVN at A/P -0.18, M/L +0.15, D/V -0.82 from
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bregma (Paxinos and Watson, 2007). Bilateral guide cannula (PlasticsOne) were
implanted at 10-degree outside angle at the following coordinates: A/P +1.4; M/L
+0.20; D/V -0.57 from bregma and secured with dental cement and stainless-steel
screws (Paxinos and Watson, 2007). After surgery, animals recovered for 2 weeks
to allow for optimal virus expression. Rats were habituated to cannula manipulation

starting 1 week prior to aCSF/CNO administration.

SURGERIES: DIO CTRL AND DIO HM3D

Rats received bilateral injection of AAV2-hSyn-DIO-hM3d(Gg)-mCherry
(DIO CTRL, n=8) (plasmid 44361, Addgene) into the PVN at A/P -0.18, M/L +0.20,
D/V -0.82 from bregma (Paxinos and Watson, 2007).

Rats received bilateral injection of AAV2-hSyn-DIO-hM3d(Gq)-mCherry into
the PVN at A/P -0.18, M/L +0.15, D/V -0.82 from bregma (Paxinos and Watson,
2007) and bilateral injection of AAVrg-pmSynl-EBFP-Cre (DIO hM3d, n=8)
(plasmid 51507, Addgene) into the NAc at A/P +0.14, M/L +0.20, D/V -0.68 from
bregma (Paxinos and Watson, 2007). After surgery, animals recovered for 2 weeks
to allow for optimal virus expression. Virus placement was verified and all misses

were eliminated prior to data analysis.

HM3D: FOOD INTAKE AND INTRA-NAC CNO ADMINISTRATION

A visual representation of this experimental paradigm is available in Figure
5.1. On experimental day 1, rats (n=26) received intra-NAc micro-infusion of aCSF
or 2uL of 1uM CNO at a rate of 0.5ul/minute for 4 minutes prior to onset of the dark

cycle (1800) (Stachniak et al., 2014). Food hoppers containing 45% high fat chow
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(D12451, Research Diets) were placed in home cages and rats were given ad
libitum access for 24 hours. Food hopper weights were recorded at 2-hours, 4-
hours and 24-hours post micro-infusion. This same paradigm was used to assess
food intake on experimental day 2, where rats received aCSF (CNO on
experimental day 1) or lJuM CNO (aCSF on experimental day 1) so that each rat

served as its own control.

HM3D: OPERANT CONDITIONING AND INTRA-NAC CNO ADMINISTRATION

Rats were placed in standard rat operant chambers (Med Associates)
between 0800 and 1000. Responding on the active lever associated with food
delivery resulted in delivery of a high-fat food pellet (45% energy by kcal, 45mg,
Bioserv F06162). Rats were trained for 30 minutes sessions on a fixed ratio 1
(FR1) schedule, where one correct response on the active lever results in the
delivery of the high-fat food pellet. Rats were advanced to an FR3 schedule once
the percentage of responses on the active lever exceeded 85% for three
consecutive days, where 3 correct responses are required for delivery of the high-
fat food pellet. Accordingly, when rats met criteria on FR3, they were advanced to
FR5 (5 correct responses). Once rats achieved criteria on FR5, they advanced to
a progressive ratio (PR) schedule, where earning each successive high-fat food
pellet within the session requires a greater number of responses
(1,2,3,6,9,12,15,20,25,32,40,50,62,77,95).

A visual representation of this experimental paradigm is available in Figure
5.3. On PR Test Day 1, rats expressing a control virus (CTRL, n=11) and rats

expressing hM3d (hM3d, n=15) received an intra-NAc micro-infusion of artificial
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cerebrospinal fluid (aCSF) or 2uL of 1uM CNO at a rate of 0.5ul/minute for 4
minutes (Stachniak et al., 2014). Immediately after micro-infusion, rats were placed
in operant chambers and began a 30-minute PR session. Responses on the active,
reinforced lever, number of infusions, and latency to press were quantified within
the 30-minute session. The same paradigm was used on PR Test Day 2, where
rats received aCSF (CNO on experimental day 1) or 1uM CNO (aCSF on

experimental day 1).

HM3D: LOCOMOTOR ACTIVITY

In order to rule out any possible motor effects of micro-infusion of aCSF or
CNO, locomotor activity was assessed in CTRL and hM3d rats. On Locomotor
Test Day 1, rats expressing a control virus (CTRL, n=11) and rats expressing hM3d
(hM3d, n=15) received an intra-NAc micro-infusion of artificial cerebrospinal fluid
(aCSF) or 2uL of 1uM CNO at a rate of 0.5ul/minute for a total of 4 minutes
(Stachniak et al., 2014). Immediately after micro-infusion, rats were placed in
locomotor chambers and began a 30-minute locomotor activity session. Total
beam breaks were quantified within the 30-minute session, and serve as a
measure of central activity, peripheral activity, and rearing (vertical activity). The
same paradigm was used on Locomotor Test Day 2, where rats received aCSF
(CNO on Locomotor Test Day 1) or 1uM CNO (aCSF on Locomotor Test Day 1).

Locomotor activity results are illustrated in Figure 5.6.
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HM3D: EUTHANASIA AND TARGETING

Rats were perfused with 1X PBS for 5 minutes followed by 4%
paraformaldehyde for 15 minutes. Brains were removed and post-fixed for 24
hours in 4% paraformaldehyde. Brains were stored in PBS glycerol sodium azide
until slicing. Placement of guide cannula was identified during slicing and is

illustrated in Figure 5.6.

HM3D: FOOD INTAKE AND CENTRAL CNO ADMINISTRATION

On experimental day 1, rats (n=8) received intraperitoneal injection of
vehicle (saline) or 2mg/kg CNO prior to onset of the dark cycle (1800). Food
hoppers containing 45% high fat chow (D12451, Research Diets) were placed in
home cages and rats were given ad libitum access for 24-hours. Food hopper
weights were recorded at 2-hours, 4-hours and 24-hours post-injection. This same
paradigm was used to assess food intake on experimental day 2, where rats
received vehicle (CNO on experimental day 1) or 2mg/kg CNO (vehicle on

experimental day 1) so that each rat served as its own control.

DIO HM3D: OPERANT CONDITIONING AND CENTRAL CNO ADMINISTRATION

Rats were placed in standard rat operant chambers (Med Associates)
between 0800 and 1000. Responding on the active lever associated with food
delivery resulted in delivery of a high-fat food pellet (45% energy by kcal, 45mg,
Bioserv F06162). Rats were trained for 30 minutes sessions on a fixed ratio 1
(FR1) schedule, where one correct response on the active lever results in the

delivery of the high-fat food pellet. Rats were advanced to an FR3 schedule once
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the percentage of responses on the active lever exceeded 85% for three
consecutive days, where 3 correct responses are required for delivery of the high-
fat food pellet. Accordingly, when rats met criteria on FR3, they were advanced to
FR5 (5 correct responses). Once rats achieved criteria on FR5, they advanced to
a progressive ratio (PR) schedule, where earning each successive high-fat food
pellet within the session requires a greater number of responses
(1,2,3,6,9,12,15,20,25,32,40,50,62,77,95).

On PR Test Day 1, rats expressing a control virus (CTRL, n=8) and rats
expressing hM3d (hM3d, n=8) received an intraperitoneal injection of vehicle
(saline) or 2mg/kg CNO. Immediately after injection, rats were placed in operant
chambers and began a 30-minute PR session. Responses on the active,
reinforced lever, number of infusions, and latency to press were quantified within
the 30-minute session. The same paradigm was used on experimental day 2,
where rats received vehicle (CNO on PR Test Day 1) or 1uM CNO (vehicle on PR

Test Day 1).

DIO HM3D: LOCOMOTOR ACTIVITY

In order to rule out any possible motor effects of IP saline or CNO, locomotor
activity was assessed in DIO CTRL and DIO hM3d rats. On Locomotor Test Day
1, rats expressing the DIO hM3d virus in the absence of Cre (DIO CTRL, n=8) and
rats expressing the DIO hM3d virus in the presence of Cre (DIO hM3d, n=8)
received IP administration of saline or 2mg/kg CNO. Immediately after injection,
rats were placed in locomotor chambers and began a 30-minute locomotor activity

session. Total beam breaks were quantified within the 30-minute session, and
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serve as a measure of central activity, peripheral activity, and rearing (vertical
activity). The same paradigm was used on Locomotor Test Day 2, where rats
received saline (CNO on Locomotor Test Day 1) or 1luM CNO (saline on Locomotor

Test Day 1).

DIO HM3D: EUTHANASIA AND TARGETING

Vehicle or CNO was administered 2 hours prior to euthanasia to quantify phospho-
cFos in the PVN and the NAc. Rats were perfused with 1X PBS for 5 minutes
followed by 4% paraformaldehyde for 15 minutes. Brains were removed and post-
fixed for 24 hours in 4% paraformaldehyde. Brains were stored in PBS glycerol

sodium azide until slicing.

DATA ANALYSIS

All statistical analyses were performed in GraphPad Prism 7.0a (GraphPad
Software Inc., La Jolla, CA) with an experiment wise error rate of a=0.05. In CTRL
and hM3d rats, intake of high-fat food was quantified at 2-hours and 4-hours post
aCSF/CNO micro-infusion. Intake of high-fat food in CTRL+aCSF and CTRL+CNO
rats were compared and analyzed via two-way repeated measures ANOVA (n=11,
p>0.05). Intake of high-fat food in hM3d+aCSF and hM3d+CNO rats were
compared and analyzed via two-way repeated measures ANOVA (n=15, 2 hours:
**p<0.01, 4 hours: *p<0.05).

Active lever presses and reinforcers earned were quantified during a 30-
minute operant session. Active lever presses in CTRL+aCSF and CTRL+CNO rats

were compared and analyzed via paired T-test (n=11). Active lever presses in
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hM3d+aCSF and hM3d+CNO rats were compared and analyzed via paired T-test
(n=15). Reinforcements in CTRL+aCSF and CTRL+CNO rats were compared and
analyzed via paired T-test (n=11). Reinforcements in hM3d+aCSF and
hM3d+CNO rats were compared and analyzed via paired T-test (n=15).

Locomotor activity was assessed in all groups. CTRL+aCSF and
CTRL+CNO rats were compared and analyzed via paired T-test (n=11).
hM3d+aCSF and hM3d+CNO rats were compared and analyzed via paired T-test
(n=15).

In DIO CTRL and DIO hM3d rats, intake of high-fat food was quantified at
2-hours and 4-hours post saline/CNO injection. Intake of high-fat food in DIO
CTRL+saline and DIO CTRL+CNO rats were compared and analyzed via two-way
repeated measures ANOVA (n=8, 4 hours: *p>0.05). Intake of high-fat food in DIO
hM3d+saline and DIO hM3d+CNO rats were compared and analyzed via two-way
repeated measures ANOVA (n=7).

Active lever presses and reinforcers earned were quantified during a 30-
minute operant session. Active lever presses in DIO CTRL+saline and DIO
CTRL+CNO rats were compared and analyzed via paired T-test (n=8). Active lever
presses in DIO hM3d+saline and DIO hM3d+CNO rats were compared and
analyzed via paired T-test (n=7, *p=0.02). Reinforcements in DIO CTRL+saline
and DIO CTRL+CNO rats were compared and analyzed via paired T-test (n=8).
Reinforcements in DIO hM3d+aCSF and DIO hM3d+CNO rats were compared and

analyzed via paired T-test (n=7).
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Locomotor activity was assessed in all groups. DIO CTRL+saline and DIO
CTRL+CNO rats were compared and analyzed via paired T-test (n=8). DIO
hM3d+saline and DIO hM3d+CNO rats were compared and analyzed via paired

T-test (n=7).

RESULTS
HM3D-INDUCED STIMULATION OF PVN—NAC DECREASES INTAKE OF HIGH-FAT FOOD

Our microdialysis results from Chapter 4 demonstrated that hM3d-induced
stimulation of PVN—NAc increases extracellular glutamate pre-synaptically in the
NAc. Pharmacological blockade of glutamate in the NAc robustly increases food
intake, as shown by the work of Ann Kelley and colleagues (Kelley et al., 2005;
Kelley and Berridge, 2002; Maldonado-lIrizarry and Kelley, 1995a, b; Maldonado-
Irizarry et al., 1995). With these data in mind, we hypothesized that hM3d-induced
stimulation of PVN—NAc would decrease intake of high-fat food and motivation for
high-fat food.

To determine whether PVN—NAc glutamate release affects feeding
behavior, we utilized the same viral paradigm as microdialysis to express hM3d or
control in PVN—NAc neurons (Figure 5.1, Figure 5.2) and quantified intake of
high-fat food (Figure 5.1). Artificial cerebrospinal fluid (aCSF) or CNO was micro-
infused into the NAc immediately before rats were given ad libitum access to HPF
(Figure 5.1) (Stachniak et al., 2014). In this paradigm, each rat received aCSF and
CNO on different experimental days to control for potential CNO-related effects on

intake of high-fat food.
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Figure 5.1: Experimental timeline for high-fat food intake.

Rats expressing CTRL or hM3d virus recovered in their home cages for 14 days to allow
for peak viral expression. At 1800 on experimental day 1, CTRL and hM3d rats received
micro-infusion of aCSF or 1uM CNO. Rats were returned to their home cages where they
had ad libitum access to a high-fat diet (45% fat by kcal). High-fat diet food hoppers were
weighed at 2000 (2 hours post micro-infusion) and 2200 (4 hours post micro-infusion.
Differences in food hopper weight were interpreted as grams consumed.
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At 2 hours and 4 hours, hM3d+CNO rats consumed significantly less high-
fat food than hM3d+aCSF (Figure 5.2c), indicating that glutamate drive into the
NAc decreases intake of high-fat food. Specifically, at 2 hours post-CNO micro-
infusion, we observed a decrease in food intake in 5 out of 10 CTRL rats and an
increase in food intake in 5 out of 10 rats. (Figure 5.2b). However, in rats with the
hM3d excitatory DREADD, we observed a decrease of food intake in 10 out of 15
animals (Figure 5.2c).

A similar effect was observed at 4 hours post-CNO micro-infusion when 5
out of 10 CTRL rats responded through suppression of intake of high-fat food
(Figure 5.2b), but that increased to 9 out of 15 responders in hM3d rats (Figure
5.2c¢). No significant change in intake of high-fat food was observed in CTRL+CNO

and CTRL+aCSF (Figure 5.2b).
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Figure 5.2: PVN—NACc cell bodies are localized to parvocellular compartments of

the PVN.

a. PVN hM3d targeting approach with representative image of hM3d viral expression in
the PVN, guide cannula placement in the NAc for aCSF/CNO administration. b.
aCSF/CNO did not alter intake of HPF in CTRL rats. n=11, p>0.05 by two-way repeated
measures ANOVA. c. CNO decreased intake of HPF hM3d rats at 2 hours and at 4 hours.
n=15, 2 hours: **p<0.01, 4 hours: *p<0.05 by two-way repeated measures ANOVA.
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HM3D-INDUCED STIMULATION OF PVN—NAC DOES NOT ALTER OPERANT
RESPONDING FOR HIGH-FAT FooD

To determine whether PVN—NAc glutamate release affects motivated
behavior for high-fat food, we utilized operant conditioning to train hM3d and CTRL
rats to respond for a high-fat food pellet via lever presses (Figure 5.3). Both CTRL
and hM3d rats acquired the task, demonstrating that the viral paradigm does not
affect learning (Figure 5.4). However, at day 7 of training, the acquisition curves
began to separate, with hM3d rats displaying lower active lever presses compared
to CTRL rats. On training days 12-17 (PR), CTRL rats demonstrated higher basal
active lever presses compared to hM3d rats. CTRL rats averaged approximately
50 active lever presses on training days 12-17 compared to hM3d rats which
averaged approximately 30 active lever presses on training days 12-17. While this
separation in the acquisition curves is not statistically significant, it does bring into
guestion whether the excitatory hM3d DREADD exhibits endogenous activity

(hM3d in the absence of CNO may alter glutamate tone in PVN—NACc neurons).
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Figure 5.3: Experimental timeline for operant conditioning: CTRL/hM3d cohort.

Rats expressing CTRL or hM3d virus recovered in their home cages for 14 days to allow
for peak viral expression. Rats underwent operant conditioning, beginning with a fixed
ratio 1 (FR1) schedule for 30 minutes. Once rats reached stability, they were advanced to
a fixed ratio 3 (FR3) schedule, then to a fixed ratio 5 (FR5) schedule, and finally to a
progressive ratio (PR) schedule for 30 minutes. On experimental day 1, CTRL and hM3d
rats received intra-NAc aCSF or 1uM CNO prior to a 30-minute PR session. On the
experimental day 2, CTRL and hM3d rats received intra-NAc aCSF (CNO on experimental
day 1) or CNO (aCSF on experimental day 2). Active lever presses and reinforcements
were quantified.
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Figure 5.4: Training acquisition for CTRL/hM3d cohort.

Rats expressing CTRL or hM3d virus were trained to lever press for a 45% fat/kcal food
pellet on a fixed ratio 1 schedule of reinforcement. Upon acquisition, rats were advanced
to a fixed ratio 3 schedule, fixed ratio 5 schedule, then finally a progressive ratio schedule
(Day 12-17) where earning each successive high-fat food pellet requires more effort.
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Once CTRL and hM3d rats reached stability on PR responding, aCSF or
CNO was micro-infused into the NAc immediately prior to a 30-minute PR session
(Figure 5.3). Each rat received aCSF and CNO on different PR test days to control
for potential CNO-related effects on active lever presses and reinforcers earned.
No effect on active lever presses was observed in CTRL+aCSF rats or
CTRL+CNO rats (Figure 5.5a). Both hM3d+aCSF rats and hM3d+CNO rats
displayed lower basal active lever presses compared to CTRL rats: approximately
15 active lever presses for hM3d rats versus approximately 25 active lever presses
for CTRL rats. A paired T-test revealed no difference in active lever presses
between hM3d+aCSF and hM3d+CNO groups, suggesting that hM3d-induced
stimulation of PVN—NAc does not alter operant responding for high-fat food
(Figure 5.5Db).

During the 30-minute PR test, we also quantified high-fat food pellets or
reinforcers earned. Reinforcers earned is a proxy for reinforcement efficacy-or how
effective the reinforcer is at generating a behavioral response. As seen with active
lever presses, hM3d+aCSF rats and hM3d+CNO rats displayed lower reinforcers
earned compared to CTRL rats: less than 4 high-fat food pellets for hM3d rats
versus 5 high-fat food pellets for CTRL rats (Figure 5.5c-d). Again, a paired T-test
revealed no difference in reinforcers earned between hM3d+aCSF and
hM3d+CNO groups, suggesting that hM3d-induced stimulation of PYN—NAc does

not alter the reinforcing effects of high-fat food.
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Figure 5.5: hM3d-induced stimulation of PVN—NAc does not alter operant
responding for high-fat food.

a. Intra-NAc administration of aCSF or CNO to CTRL rats does not alter active lever
presses for a high-fat food reinforcer. n=11. b. Intra-NAc administration of aCSF or CNO
to hM3d rats does not alter active lever presses for a high-fat food reinforcer. n=15. c.
Intra-NAc administration of aCSF or CNO does not alter high-fat reinforcements earned
on a PR schedule of reinforcement in CTRL rats. n=11. d. Intra-NAc administration of
aCSF or CNO does not alter high-fat reinforcements earned on a PR schedule of
reinforcement in hM3d rats. n=15.
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HM3D-INDUCED STIMULATION OF PVN—NAC DOES NOT ALTER LOCOMOTOR ACTIVITY

To identify any effects on locomotor activity, we quantified central,
peripheral and vertical locomotor activity during a 30-minute test session. CTRL
and hM3d rats received bilateral micro-infusion of aCSF or CNO on different test
days to control for CNO-specific effects. No changes in total horizontal activity
were observed in CTRL or hM3d groups (Figure 5.6). These findings show that
any changes in food intake/active lever presses/reinforcers earned are not the

result of changes in locomotor activity.
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Figure 5.6: hM3d-induced stimulation of PVN—NAc does not alter locomotor
activity.

a. aCSF or CNO administration does not alter locomotor activity in CTRL or hM3d rats.
b. placement of guide cannula for aCSF and CNO administration (blue dot).
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HM3D-INDUCED STIMULATION OF PVN—NAC WITH A DIO VIRAL VECTOR APPROACH
INCREASES INTAKE OF HIGH-FAT FOoOD

We also utilized a dual viral vector approach to selectively stimulate
PVN—NAc to mirror our single virus with intra-NAc cannula approach. In this
paradigm, DIO CTRL (n=8) and DIO hM3d (n=7) rats received bilateral injection of
an AAV2 virus expressing a Cre-dependent excitatory hM3d in the PVN (Figure
5.7a). DIO hM3d rats also received bilateral injection of a retrograde AAV
expressing Cre in the NAc (Figure 5.7a). In DIO hM3d rats, hM3d is selectively
expressed in PVN—NAc neurons only, and not in PVN projection neurons to other
brain regions or collateral projections from PVN—NAc. In DIO CTRL rats, hM3d is
not selectively expressed in PVYN—NAc neurons because Cre is absent.

To determine whether selective stimulation of PVYN—NAc neurons alters
intake of high-fat food, we quantified intake of high-fat food in DIO CTRL and DIO
hM3d rats. Rats received an I.P. injection of either saline or 2mg/kg CNO
immediately prior to the onset of the dark cycle (1800), and were given ad libitum
access to high-fat food (45% fat by kcal) in their home cages. Food hoppers
containing high-fat food were weighed at 2-hours and 4-hours post injection. In this
paradigm, each rat received saline and CNO on different experimental days to
control for potential CNO-related effects on intake of high-fat food.

Intriguingly, at 2 hours and 4 hours, DIO hM3d+CNO rats consumed more
high-fat food than DIO hM3d+saline (Figure 5.7c), suggesting that selective
stimulation of PVN—NACc increases intake of high-fat food. Specifically, at 2 hours

post-CNO injection, we observed a suppression in food intake in 6 out of 8 DIO
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CTRL rats and a suppression of food intake in only 2 out of 7 DIO hM3d rats.
(Figure 5.7Db).

A similar effect was observed at 4 hours post-CNO injection when 6 out of
8 DIO CTRL rats responded through suppression of intake of high-fat food (Figure
5.7b), but that decreased to 2 out of 7 responders in DIO hM3d rats (Figure 5.7c).
A significant change in intake of high-fat food was observed in DIO CTRL+saline
and DIO CTRL+CNO rats (Figure 5.7b), while no significant change in intake of

high-fat food was observed in DIO hM3d+saline and DIO hM3d+CNO rats.
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Figure 5.7: hM3d-induced stimulation of PVN—NAc with a DIO viral vector
approach increases intake of high-fat food in DIO hM3d rats.

a. PVN hM3d targeting approach with NAc retrograde Cre targeting approach allows for
expression of hM3d only in PVN—NAc projections infected with both viruses. b. DIO
CTRL+CNO rats decreased intake of high-fat food at 4-hours post-injection. n=8, *p>0.05
by two-way repeated measures ANOVA. c. DIO+hM3d rats receiving saline/CNO did not
alter intake of high-fat food. n=7.
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HM3D-INDUCED STIMULATION OF PVN—NAC wWITH A DIO VIRAL VECTOR APPROACH
DECREASES OPERANT RESPONDING FOR HIGH-FAT FooD

To determine whether selective stimulation of PVN—NAc with a DIO viral
vector approach affects motivated behavior for high-fat food, we utilized operant
conditioning to train DIO CTRL rats and DIO hM3d rats to respond for a high-fat
food pellet via lever presses (Figure 5.8). Both DIO CTRL and DIO hM3d rats
acquired the task, indicating that the viral paradigm does not affect learning
(Figure 5.9). On training days 12-17 (PR), DIO hM3d rats demonstrated higher
basal active lever presses compared to DIO CTRL rats. DIO hM3d rats averaged
approximately 60 active lever presses on training days 12-17 compared to DIO
CTRL rats which averaged approximately 50 active lever presses on training days
12-17 (Figure 5.9). This separation in the acquisition curves is opposite of what

was observed earlier in Chapter 5 with CTRL and hM3d rats.
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Figure 5.8: Experimental timeline for operant conditioning: DIO CTRL/hM3d
cohort.

Rats expressing CTRL or hM3d virus recovered in their home cages for 14 days to allow
for peak viral expression. Rats underwent operant conditioning, beginning with a fixed
ratio 1 (FR1) schedule for 30 minutes. Once rats reached stability, they were advanced to
a fixed ratio 3 (FR3) schedule, then to a fixed ratio 5 (FR5) schedule, and finally to a
progressive ratio (PR) schedule for 30 minutes. On experimental day 1, CTRL and hM3d
rats received intra-NAc aCSF or 1uM CNO prior to a 30-minute PR session. On the
experimental day 2, CTRL and hM3d rats received intra-NAc aCSF (CNO on experimental
day 1) or CNO (aCSF on experimental day 2). Active lever presses and reinforcements
were quantified.

104



N
o
T

-eo- DIO CTRL
DIO hM3d

-
(3]
T

100 A I\A

(92
o

|

\ -
S
—¢
s
%i

Active Lever Presses

{

Figure 5.9: Training acquisition for DIO CTRL/hM3d cohort.

Rats expressing DIO CTRL or DIO hM3d virus were trained to lever press for a 45%
fat/kcal food pellet on a fixed ratio 1 schedule of reinforcement. Upon acquisition, rats
were advanced to a fixed ratio 3 schedule, fixed ratio 5 schedule, then finally a progressive
ratio schedule (Day 12-17) where earning each successive high-fat food pellet requires
more effort.
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Once DIO CTRL and DIO hM3d rats reached stability on PR responding,
saline or CNO was administered via I.P. injection immediately prior to a 30-minute
PR session (Figure 5.8). Each rat received saline and CNO on different PR test
days to control for potential CNO-related effects on active lever presses and
reinforcers earned. No effect on active lever presses was observed in DIO
CTRL+saline rats or DIO CTRL+CNO rats (Figure 5.10a). DIO hM3d+CNO rats
significantly decreased active lever presses compared to DIO hM3d+saline rats
via paired T-test, suggesting that hM3d-induced stimulation of PVN—NAc with a
DIO viral vector approach decreases operant responding for high-fat food (Figure
5.10b).

During the 30-minute PR test, we also quantified high-fat food pellets or
reinforcers earned. Reinforcers earned is a proxy for reinforcement efficacy-or how
effective the reinforcer is at generating a behavioral response. No difference was
identified in reinforcers earned in DIO CTRL+saline compared to DIO CTRL+CNO
rats (Figure 5.10c). As seen with active lever presses, DIO hM3d+CNO rats had
less reinforcers earned compared to DIO hM3d+saline rats, however this finding

was not statistically significant (Figure 5.10d).
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Figure 5.10: hM3d-induced stimulation of PVN—NAc with a DIO viral vector
approach decreases operant responding for high-fat food.

a. Intraperitoneal administration of saline or CNO to DIO CTRL rats does not alter active
lever presses for a high-fat food reinforcer. n=8. b. Intraperitoneal administration of CNO
to DIO hM3d rats significantly decreases active lever presses for a high-fat food reinforcer.
n=7, *p=0.02 by paired T-test. c. Intraperitoneal administration of saline or CNO does not
alter high-fat reinforcements earned on a PR schedule of reinforcement in DIO CTRL rats.
n=8. d. Intraperitoneal administration of saline or CNO does not alter high-fat
reinforcements earned on a PR schedule of reinforcement in DIO hM3d rats. n=7.
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HM3D-INDUCED STIMULATION OF PVN—NAC WITH A DIO VIRAL VECTOR APPROACH
DOES NOT ALTER LOCOMOTOR ACTIVITY

To identify any effects on locomotor activity, we quantified central,
peripheral and vertical locomotor activity during a 30-minute test session. DIO
CTRL and DIO hM3d rats received IP injection of saline or CNO on different test
days to control for CNO-specific effects. No changes in total horizontal activity
were observed in DIO CTRL or DIO hM3d groups (Figure 5.11a). These findings
show that any changes in food intake/active lever presses/reinforcers earned are

not the result of changes in locomotor activity.
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Figure 5.11: hM3d-induced stimulation of PVN—NAc with a DIO viral vector
approach does not alter locomotor activity.

a. saline or CNO administration does not alter locomotor activity in DIO CTRL or DIO
hM3d rats.
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DISCUSSION
GENERAL DISCUSSION

Throughout this chapter, we investigated the effects of hM3d-induced
stimulation on feeding behaviors using two different viral paradigms. Previously,
we showed that a single virus with intra-NAc CNO administration facilitates
presynaptic release of glutamate from PVN—NACc projections. Indeed, blockade of
glutamate release into the NAc increases feeding. Specifically, intra-NAc infusion
of non-N-methyl-D-aspartate receptor (non-NMDAR) glutamate antagonists into
the medial NAc shell have been shown to evoke an immediate and sustained
increase in food intake (Maldonado-Irizarry et al., 1995; Stratford et al., 1998).
Additionally, intra-NAc administration of AMPA decreases food intake in food
restricted rats (Stratford et al., 1998), emphasizing the relevance of accumbal
glutamate as a regulator of feeding behavior.

We hypothesized that PVN—NAc regulates motivation for high-fat food
through glutamate release. Although some PVN neurons are glutamatergic, the
neurotransmitter(s) used in the PVYN—NAc pathway was largely unknown until our
microdialysis studies (Chapter 3) supporting that pharmacogenetic stimulation of
PVN—NAc with the excitatory hM3d DREADD increases extracellular glutamate
pre-synaptically in the NAc (Ziegler et al., 2002).

To directly probe the role of PVN—NAc glutamate release in driving feeding
behaviors, we employed two different viral strategies utilizing the hM3d DREADD.
Ouir first strategy directly mirrored the microdialysis approach- we administered an

AAV2 containing hM3d in the PVN and implanted bilateral guide cannula in the
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NAc for aCSF/CNO micro-infusion. In this paradigm, hM3d is expressed in all PVN
projection neurons, including collaterals, in addition to PVN—NACc projections. To
achieve PVN—NAc specific glutamate release, aCSF/CNO were micro-infused
directly into the NAc. Presumably, administration of CNO facilitates presynaptic
glutamate release from glutamate-containing vesicles of PVYN—NAc neurons, but
an action potential is not generated.

Our second strategy utilized a dual viral vector approach to attain selective
stimulation of PVN—NAc. First, we administered a Cre-dependent AAV2
containing hM3d into the PVN, and an AAV6 containing Cre into the NAc. In this
paradigm, only neurons that project from the PVN to the NAc and that are infected
with both viruses express functional hM3d receptors throughout the neuron. IP
administration of CNO depolarizes PVN—NAc neurons to generate an action
potential, which releases glutamate, and potentially other neurotransmitters and
neuropeptides.

While both paradigms achieve PVN—NAc selective glutamate release, the
single virus approach allowed us to investigate the effects of presynaptic glutamate
release on feeding behavior. The dual virus approach allowed us to investigate the
effects of a PVN—NAc action potential on feeding behavior. Based on the initial
hypothesis-that glutamate release decreases feeding behavior-we expected that
the single virus approach would decrease intake of high-fat food, and decrease
motivation for high-fat food. We expected a similar outcome with the dual virus
approach but with a larger magnitude, meaning a greater decrease in intake of

high-fat food, and a greater decrease in motivation for high-fat food.
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With the single virus approach (CTRL and hM3d), the results demonstrated
a significant suppression in intake of high-fat food in hM3d+CNO rats, with 9 out
of 15 rats decreasing intake at 2-hours, and 10 out of 15 rats decreasing intake at
4-hours. There was no significant change in active lever presses or reinforcers
earned in hM3d+CNO rats, suggesting that presynaptic release of glutamate from
PVN—NACc is not sufficient to affect motivation for high-fat food.

With the dual viral approach (DIO CTRL and DIO hM3d), there was no
significant change in intake of high-fat food in DIO hM3d+CNO rats, with only 2 out
of 7 rats suppressing intake at 2-hours and at 4-hours. However, there was a
significant decrease on active lever presses in hM3d+CNO vs hM3d+saline rats,
indicating that stimulation of PVN—NACc projections decreases motivation for high-
fat food.

The behavioral results were both unexpected and interesting. CTRL and
hM3d rats exhibited higher baseline intake of high-fat food compared to DIO CTRL
and DIO hM3d rats, but DIO hM3d rats increased intake of high-fat food at 2-hours
and 4-hours post CNO administration. This would suggest an effect of IP CNO
administration on intake, however DIO CTRL rats decreased intake of high-fat food
at 2-hours and 4-hours post CNO administration. During the operant task, only DIO
hM3d+CNO rats significantly decreased responding for a high-fat food pellet, but
DIO CTRL and DIO hM3d rats exhibited higher baseline active lever
presses/reinforcers earned compared to CTRL and hM3d. Taken together, these
results underscore the differences in our hM3d DREADD approaches to

stimulating PVYN—NAc neurons.
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Our microdialysis data suggest that intra-NAc CNO induces an immediate
and sustained increased in extracellular glutamate pre-synaptically in the NAc for
a duration of approximately 40-45 minutes. For operant sessions, rats received
intra-NAc micro-infusions of CNO (4 min, followed by 2 min wait) and were
immediately placed in chambers. The progressive ratio program lasted for 30
minutes total, unless the active lever remained untouched for 10 minutes (then the
program timed out). Based on the duration of glutamate release from the
microdialysis data, 30 minutes should have been long enough to observe a
behavioral effect. Potential explanations for these differential findings are explored

in the following sections.

VIRAL PROMOTER SPECIFICITY

In our single virus paradigm, expression of both CTRL and hM3d viruses is
driven by a calmodulin-dependent protein kinase Il (CAMKII) promoter. The
CAMKII promoter has been shown to drive viral expression in both excitatory and
inhibitory neurons, but demonstrates a strong bias towards infection of excitatory
neurons (Nathanson et al., 2009). Therefore, in the single virus rats, hM3d
expression is likely biased towards excitatory projections, which primarily
facilitates glutamate release in the NAc. While this bias limits our broader
understanding of the neuromodulatory effects of PVN—NAc, it did allow us to
determine glutamate-specific effects on feeding. In the dual virus paradigm,
expression of hM3d is under the control of the human synapsin (hSyn) promoter.
The hSyn promoter demonstrates considerably less bias than the CAMKII

promoter, and consequently drives expression in both excitatory and inhibitory
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neurons (Nathanson et al.,, 2009). Because hM3d expression is also Cre-
dependent in this paradigm, only neurons projecting from the PVN to the NAc
express hM3d. It is possible that there are other projections to the NAc not
identified here that are inhibitory in nature, or have other neuromodulatory effects.
Future microdialysis studies investigating this dual virus paradigm would clarify
whether hM3d is expressed in inhibitory projections, and identify other
neuromodulatory molecules (i.e. neuropeptides) that may be co-released from

PVN—NACc projections.

GLUTAMATE DYNAMICS

Firstly, the rapid hM3d-induced increase in extracellular glutamate in the
NAc may be high enough to cause post-synaptic ionotropic (AMPAR) and
metabotropic (mGIuR) glutamate receptor desensitization and internalization.
Based on the microdialysis data, hM3d+CNO rats demonstrated a 175% increase
over CTRL+CNO rats, and an increase in extracellular glutamate concentration up
to 14uM. Because glutamate receptors can be desensitized by only 0.5-5uM of
glutamate, hM3d-induced glutamate release from PVN—NAc neurons may have
exceeded behaviorally relevant post-synaptic glutamate concentrations in the NAc
(Colquhoun et al., 1992; Featherstone and Shippy, 2008; Otis et al., 1996; Trussell
and Fischbach, 1989). An interesting experiment would be to test whether intake
of high-fat food stimulates glutamate release from PVN—NAc projections, but we
did not measure this.

Another plausible but untested hypothesis is that presynaptic glutamate

release from PVN—NACc projections is reinforcing in nature, and time dependent.
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This could explain why we observed no effect on motivation for high-fat food in
hM3d+CNO rats (as in the operant task), but did observe a decrease in intake of
high-fat food. Based on the microdialysis data, presynaptic glutamate release lasts
for 35-40 minutes, and therefore persists beyond the duration of the operant
session (30 minutes). If presynaptic glutamate release from PVN—NACc projections
was indeed reinforcing, hM3d+CNO rats would be less motivated to respond for
high-fat food. A longer progressive ratio session, i.e. 1+ hours, would help
elucidate this hypothesis-if active lever presses and reinforcers increase after the
duration of glutamate release, this suggests that glutamate may, in part, mediate
the reinforcing effects of high-fat food. Another way to test this would be to identify
whether animals would respond for glutamate infusion (or infusion of a glutamate
receptor agonist) into the NAc.

During the intake of high-fat food, we employed longer time points, 2-hours
and 4-hours post micro-infusion. These longer time points are required to
accurately quantify food intake due to the inherent variability associated with the
initiation of spontaneous food intake in animals. In other words, the error
associated with 30-minute spontaneous (non-stimulated) food intake is too high to
identify significant effects. In this study, presynaptic glutamate was released from
PVN—NAc neurons for 35-40 minutes, but rats had access to high-fat food beyond
the duration of glutamate release. After presynaptic glutamate release subsided,
hM3d+CNO rats consumed significantly less high-fat food than hM3d+aCSF rats,

indicating that presynaptic release of glutamate decreases intake of high-fat food.
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HM3D-MEDIATED PRESYNAPTIC RELEASE VS. DIO HM3D-MEDIATED ACTION
POTENTIAL

The use of a single virus in combination with intra-NAc CNO administration
allowed us to achieve selective pharmacogenetic stimulation of PVN—NAc
neurons. The main advantage (and a limitation) of this approach is that intra-NAc
CNO administration facilitates local release of glutamate from synaptic vesicles
located pre-synaptically in the NAc (Campbell and Marchant, 2018). This effect is
diagrammed in Figure 5.12a. Notably, an action potential is not generated from
PVN—NAc neurons, which allowed us to disentangle the effect of presynaptic
glutamate release alone on feeding behaviors (Campbell and Marchant, 2018).
While this specificity is an advantage in identifying the role of glutamate in
PVN—NAc mediated feeding behaviors, the lack of action potential generation in
these neurons narrows our view of how PVN—NAc mediates these feeding
behaviors.

We set out to further our understanding with a dual virus paradigm in
combination with IP CNO administration to facilitate an action potential in
PVN—NAc neurons. In addition to glutamate, an action potential would induce the
release of other neurotransmitters and neuropeptides from PVN—NAc (Campbell
and Marchant, 2018). This effect is diagrammed in Figure 5.12b. Neuropeptides
are signaling molecules that are packaged in the cell bodies of neurons and
transported to synapses where they are stored in dense core vesicles. Release of
dense core vesicles occurs when an action potential is generated, but an action
potential has a lower probability of releasing dense core vesicles versus clear core

vesicles, and thus it takes longer for release compared to neurotransmitter release
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(neurotransmitters are readily available for release at the synapse and have
vesicular stores). Neuropeptides are well-known regulators of feeding, including
oxytocin and enkephalin, both of which may be involved in PVN—NACc signaling

(Dolen et al., 2013).
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Figure 5.12: Proposed mechanisms of hM3d DREADD approaches.

Graphical representation of two PVN—NAc specific viral paradigms for expression of
hM3d. a. An anterograde AAV2 virus was used to deliver hM3d into the PVN of rats. In
PVN—NAc neurons, hM3d is expressed both pre- and post-synaptically, however
administration of CNO directly into the NAc via guide cannula evokes pre-synaptic release
of neurotransmitter stores specifically from these projections. b. An anterograde AAV2
virus was used to deliver hM3d into the PVN of rats, and a retrograde AAV expressing Cre
was administered into the NAc. Recombination of the viruses in PVN—NAc neurons
results in the expression of hM3d pre- and post-synaptically in PVN—NAc projections
only. Intraperitoneal administration of CNO with this viral paradigm results in
depolarization of PVN—NAc neurons and action potential firing that releases
neurotransmitters, neuropeptides, and other molecules.
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DUAL TRANSMISSION NEURONS

There is mounting evidence to suggest that neurons are capable of co-
transmission or co-release of neurotransmitters and neuropeptides (Trudeau and
El Mestikawy, 2018; Vaaga et al., 2014; Zimmermann et al.,, 2015). Co-
transmission is defined as the release of multiple neuromodulators simultaneously,
co-release is differentiated by the packaging of multiple neuromodulators within a
single population of vesicles (Trudeau and El Mestikawy, 2018; Vaaga et al., 2014;
Zimmermann et al., 2015). Currently, there are three models of co-transmission
and co-release: two fast acting neurotransmitters, a fast acting neurotransmitter
and monoamine, and a fast acting neurotransmitter and neuromodulator (Vaaga
et al., 2014). Fast neurotransmitters include glutamate and GABA, monoamines
include dopamine, serotonin and norepinephrine, and neuromodulators include
neuropeptides among other signaling molecules (Trudeau and El Mestikawy,
2018).

While we did not observe co-localization of PVN—NAc neurons with GADe7,
TH or TPH, we cannot rule out the possibility of dual transmission by PVYN—NAc
neurons, nor the co-release of neuropeptide(s) with glutamate. One approach to
answer this question is to conduct microdialysis experiments tailored to the
guantification of neuropeptides, especially oxytocin. Dolen and colleagues
established that PVN—NAc neurons release oxytocin in the NAc to mediate social
reinforcement- it's plausible that PVYN—NAc neurons co-release glutamate and
oxytocin in our studies examining feeding behaviors. Indeed, glutamate-oxytocin

co-release could be a mechanism by which individuals develop powerful
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relationships with specific foods, i.e. “comfort” foods.” Indeed, oxytocin release is
known to decrease food intake, and an ongoing clinical trial is investigating the
efficacy of intranasal oxytocin for hypothalamic obesity (Spetter et al., 2018).

As mentioned in Chapter 4, our microdialysis design was limited by an
inability to detect uncharged neurotransmitters, such as acetylcholine, which has
been implicated in feeding behaviors, especially in the NAc. Intra-NAc infusion of
the muscarinic receptor antagonist scopolamine decreases intake of high-fat food
(Perry et al.,, 2009). Additionally, chronic binge-intake is known to alter NAc
acetylcholine levels and create an imbalance (Avena et al., 2008a). Based on this
literature, we cannot rule out the possibility to glutamate and acetylcholine co-
release from PVN—NAc neurons.

An additional strategy to determine whether glutamate is co-released is to
virally transduce a short hairpin RNA directed against VGLUT1 to PVN—NAc
neurons. This approach would theoretically inhibit PVN—-NAc neurons from
packaging and releasing glutamate. Interestingly, one group found that knockdown
of the vesicular GABA transporter (VGAT) in VTA GABA neurons did not block
GABA transmission from these neurons (Tritsch et al., 2012). Instead, their studies
demonstrated that GABA is co-packaged and co-released with dopamine from

vesicular monoamine transporter (VMAT) vesicles (Tritsch et al., 2012).
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Chapter 6 Summary and Conclusions

GENERAL CONCLUSIONS

BED and obesity are major public health problems that are associated with
psychosocial distress, impairments in daily function, and life-threatening co-
morbidities (2013; 2017; Berridge, 2009; Berridge et al., 2010; de Zwaan, 2001;
Freeman et al., 2014; Guerdjikova et al., 2017; Hales et al., 2017; Javaras, 2017,
Kessler et al., 2013; Moore et al., 2017; Rancourt and McCullough, 2015; Volkow
et al., 2013b). Both diseases are driven by maladaptive feeding behaviors, namely
pathological overconsumption of high-fat food (Javaras, 2017; Moore et al., 2017).
Pathological overconsumption of high-fat food is potentiated by dysregulation in
portion control (i.e. titration of caloric intake mediated by the PVN), and is
exacerbated by the reinforcing properties of high-fat food (i.e. hedonic feeding
mediated by the NAc and the VTA). Furthermore, dysfunction of homeostatic
(PVN) and hedonic (NAc, VTA) feeding circuitry is hypothesized to underlie
pathological overconsumption of high-fat food (Corwin et al., 2016; Davis and
Carter, 2009; Dichter et al., 2012; Guerdjikova et al., 2017; Hommel et al., 2006;
Satta et al., 2018; Volkow et al., 2013a, b; Volkow and Wise, 2005; Witt and Lowe,
2014). This dissertation aimed to elucidate the interconnected mechanisms of
homeostatic and hedonic signaling that may underlie pathological
overconsumption of high-fat food, and identified the neuropeptide receptor
NMUR2 and the neurotransmitter glutamate as novel regulators of binge-type

eating, intake of high-fat food, and motivation for high-fat food (Figure 6.1).
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Figure 6.1: Integration of homeostatic and hedonic brain centers in the regulation
of feeding behaviors.

Diagram and summary of findings about PVN—NAc regulation of feeding
behaviors. In Chapter 3, we found that high NAc expression of NMUR2 drives binge-intake
of preferred food. In Chapters 4 and 5 we found that presynaptic glutamate release from
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PVN—NACc projections decreases intake of high-fat food, while increased excitability
(depolarization) of PVN—NAc projections decreases motivation for high-fat food.

Oxytocin is an important neuropeptide involved in PVN—NAc signaling.
Dolen et al demonstrated that PVYN—NAc neurons release oxytocin in the NAc and
mediate social reward in an oxytocin dependent manner (Délen et al., 2013). While
this dissertation identified that PVN—NAc neurons release glutamate pre-
synaptically in the NAgc, it is likely that these projections co-release glutamate and
oxytocin to mediate food reward. Accordingly, oxytocin in known to decrease
intake of rewarding foods in humans (Spetter et al., 2018). Oxytocin signaling is a
hypothesized link between social behavior and feeding behavior (Spetter and
Hallschmid, 2017). With the knowledge that oxytocin mediates both social reward
and food reward, it is conceivable that oxytocin release underlies the development
of powerful relationships with food. In fact, human studies have shown that humans
tend to consume larger meals in the presence of others, eat for a longer duration
of time in the presence of others, and titrate the quantity of food consumed to other
weight-matched subjects (Cruwys et al., 2015; De Castro, 1990; de Castro and de
Castro, 1989; Robinson et al., 2014). In rodents, similar social cues have been
demonstrated to modulate the effects of oxytocin on feeding, although more
studies are needed to determine these effects in humans (Spetter and Hallschmid,
2017). Overall, intranasal oxytocin has demonstrated efficacy in the treatment of
hypothalamic obesity, and may be a mechanism through which we observed
decreased motivation for high-fat food (Arletti et al., 1989; Lawson, 2017; Ott et
al., 2013; Spetter et al., 2018). While more studies are needed to pinpoint the exact

mechanism by which PVYN—NAc oxytocin regulates feeding, this work presented
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in this dissertation identifies another regulatory role of PVN—NAc projections in
coordinating homeostatic and hedonic control of feeding.

Enkephalin is another crucial neuropeptide involved in feeding behavior that
may be involved in PVN—NACc signaling to regulate intake and motivation for high-
fat food. Enkephalin is an endogenous opioid with high affinity for the mu opioid
receptor, and is hypothesized to underlie “liking” (Berridge and Robinson, 1998;
Pickel et al., 1980; Robinson and Berridge, 1993). Unpublished work from the
Hommel Laboratory demonstrated that both the PVN and the NAc express
enkephalin and that PYN—NAc projections co-express NMUR2 and enkephalin.
Given that intra-NAc micro-infusion of DAMGO potently and selectively increases
intake of high-fat food and motivation for high-fat food, enkephalin in PVN—NAc
projections may oppose the actions of glutamate (Kelley et al., 1996; Zhang et al.,
1998; Zhang and Kelley, 1997).

Glutamate signaling in PVN—NAc projections is a major focus of this
dissertation, and a novel finding that extends our understanding of this circuit.
Presynaptic glutamate release from PVN-—>NAc projections alters feeding
behaviors, an effect which is presumably modulated by a variety of glutamate
receptors within the NAc. Electrophysiology studies established that glutamate
neurotransmission into the NAc is primarily mediated non-NMDA ionotropic
glutamate receptors, namely AMPA receptors, and that mGIuRs inhibit excessive
glutamate signaling (Hu and White, 1996). Group Il mGIluRs, including mGIuR2
and mGIluR3, are primarily presynaptic, and have been implicated in feeding as

well as substance use (Bossert et al., 2006; Windisch and Czachowski, 2018).
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Specifically, mGIuR2/3 agonist LY379268 decreases sucrose-seeking and
ethanol-seeking (Windisch and Czachowski, 2018). Additionally, intra-NAc
infusions of LY379268 also dose-dependently decrease opiate reinstatement
(Bossert et al., 2006). These findings align with other literature and the data
presented in this dissertation about the modulatory effects of glutamate on feeding.

Furthermore, this glutamatergic signaling from PVN—NACc projections may
underlie synaptic plasticity in the NAc. It is established that exposure to a “junk
food” diet upregulates calcium permeable AMPA receptors, and that chronic high-
fat diet exposure induces alterations in plasticity within striatal sites, including the
NAc (Matikainen-Ankney and Kravitz, 2018; Oginsky et al., 2016). These changes
in synaptic function may contribute to decreased physical activity, deficits in
motivational state, and altered reward processing, all of which perpetuate
pathological overconsumption of high-fat food (Matikainen-Ankney and Kravitz,
2018). Our findings that glutamatergic transmission into the NAc decreases intake
of high-fat food and motivation for high-fat food may have therapeutic relevance to
targeting aberrant plasticity in the NAc resulting from chronic exposure to a high-
fat diet, although future studies are needed to test this idea.

Our microdialysis approach allowed for the direct measurement of
glutamate in vivo, and identified concentrations of glutamate within the synaptic
space and extra-synaptic space (Moussawi et al., 2011). During basal conditions,
the glutamate concentration in dialysate is mainly from non-synaptic, or extra-
synaptic sources (van der Zeyden et al., 2008). However, under basal conditions,

glutamate spill-over to extracellular fluid is extremely limited (van der Zeyden et
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al., 2008). Because our microdialysis probe is too large to sample directly from the
intracellular space within synapses, our robust and sustained increase in
glutamate upon hM3d-induced stimulation of PVN—NACc is likely reflective of
synaptic and extra-synaptic glutamate. Glial cells also utilize glutamate and
provide glutamatergic tone, and quantification of glutamate in the extra-synaptic
space may reflect these concentrations of glutamate in addition to our
experimental concentrations of glutamate (Moussawi et al., 2011).

While this dissertation has mainly focused on PVYN—NAc projections, the
PVN has several efferents to other brain regions, including other regions known to
regulate the rewarding properties of high-fat food. The VTA receives projections
from the PVN that also release oxytocin to mediate social reward (Hung et al.,
2017). Hung and colleagues also established that PYN—VTA oxytocinergic drive
excites dopamine neurons downstream in the VTA (Hung et al., 2017). It is quite
likely that PVN—VTA projections also encode the reinforcing properties of high-fat
food via oxytocin and dopamine. In fact, dopaminergic signaling is widely
implicated in the feeding literature, from mediating natural food reward, to the
addictive dimensionality of obesity, and finally to dysfunction at the circuit-level
resulting from chronic intake of both high-fat and high-sucrose diets (Avena et al.,
2008a; Avena et al., 2008b, c, 2009; Bello et al., 2002; Volkow et al., 2007; Volkow
et al., 2013a, b; Wang et al., 2011).
In this dissertation, we corroborate previous work identifying pre-synaptic NMUR2
in the NAc, and extend these findings through establishing both pre- and post-

synaptic NMUR2 expression in the VTA. Other work from the Hommel Laboratory
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identified NMUR2 expression in the PVN and in other hypothalamic regions
(Benzon et al., 2014; Kasper et al.,, 2016; McCue et al., 2017). Hypothalamic
knockdown of NMURZ2 increases intake of high-fat food, and conversely intra-PVN
administration of NMU decreases intake of high-fat food and motivation for high-
fat food (Benzon et al., 2014; McCue et al., 2017). Through a combination of
electrophysiological and molecular techniques, Qui and colleagues established
that administration of NMU in the PVN increases neuronal excitability of PVN
neurons (Qiu et al., 2005). The work presented here corroborates this finding:
PVN—NAc neurons demonstrate increased excitability via hM3d-induced
stimulation and release glutamate. Collectively, NMUR2 signaling increases
excitability of PVN—NAc projections to decrease intake of high-fat food,

presumably through modulation of glutamate release in the NAc.

CHAPTER 3 CONCLUSIONS

The neurobiological basis of pathological overconsumption observed in
BED and obesity is poorly understood, and demands a more mechanistic
appreciation of the neurobiological underpinnings of feeding behavior. NMUR2
facilitates binge-type eating in rats through promoting binge intake of “lower” fat
diets via the NAc while simultaneously suppressing intake of “extreme” higher fat
diets via the VTA, thus decreasing total fat intake during a binge session.
Therefore, NMUR2 represents a promising druggable target to treat BED and
obesity, and has already been shown to successfully alter feeding behavior
(Kaisho et al., 2017; Kanematsu-Yamaki et al., 2017; Sampson et al., 2018). The

work presented here demonstrates key relationships between NMUR2 expression
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in hedonic brain centers and binge-type behavior that will contextualize the
interpretation of future research determining the therapeutic potential of NMUR2

to regulate pathological overconsumption.

Overall, our findings in Chapter 3 demonstrate key relationships between
synaptosomal NMUR2 expression in the NAc and the VTA and binge-type eating
in rats. We observed both brain region-specific differences in synaptosomal
NMUR2 protein expression, as well as individual differences in NMUR2
expression. Binge-type eating changes based on fat content and NMUR2
expression varies not only across animals, but across brain regions. Thus,
endogenous NMUR2 may be a driver of individual differences in binge-type eating,
especially binge-type eating of high-fat food. Specifically, a genome wide
association study revealed decreased NMUergic signaling in the hypothalamus of
mice maintained on a high-fat diet, which suggests that NMUergic signaling may
become dysregulated in recurring instances of pathological overconsumption of
high-fat food (Hu et al., 2018). Additionally, a single nucleotide polymorphism in
NMU was identified in children with obesity, further supporting a role for NMUergic
signaling in regulating intake of high-fat food (Hainerova et al., 2006). While the
high degree of inter-animal variability and inter-brain region variability in NMUR2
protein expression is somewhat limiting, it does suggest that NMUR2 may
contribute to individual differences observed in humans with BED.

The clinical implications of our findings establish NMUR2 as a novel
regulator of binge-type eating, and therefore as a future druggable target for

pathological overconsumption observed in BED and obesity. Recently, we showed

128



that small-molecule NMURZ2 agonists successfully decrease high-fat food intake in
rats, which supports NMUR2 as a viable drug target (Sampson et al., 2018). Future
studies will continue to investigate the contribution of NMURZ2 in the NAc and the
VTA at molecular, neural, and pharmacological levels, including investigating the

effects of these small-molecule NMUR2 agonists on binge-type eating in rats.

CHAPTER 4 CONCLUSIONS

Homeostatic (PVN) and hedonic (NAc) brain regions are integrated through
PVN—NACc projections, which were largely uncharacterized until this work. We
established the neuroanatomical properties of PVN—NAc, and identified
glutamate as the major neurotransmitter involved in PVN—NAc signaling (Figure
6.1). PVN projections to the NAc are broadly distributed throughout the
parvocellular PVN, a region implicated in intake of high-fat food (Jhanwar-Uniyal
et al., 1993). Additionally, we determined that PVN—NAc projections co-localize
with VGLUT1, and that hM3d-induced stimulation results in glutamate release
(Figure 6.1). These findings extend previous findings beyond PVN—NAc oxytocin
release to glutamate release (Délen et al., 2013). Pharmacological manipulations
of NAc glutamate illustrated the importance of glutamate in stimulating and
suppressing feeding behavior (Baldo and Kelley, 2007; Maldonado-Irizarry and
Kelley, 1995b; Maldonado-lIrizarry et al., 1995; Stratford et al., 1998). Indeed, it is
likely that PVN—NAc is the endogenous circuit that regulates feeding and

underlies these previous pharmacological studies.

CHAPTER 5 CONCLUSIONS
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While homeostatic (PVN) and hedonic (NAc) brain regions are
independently linked to feeding behaviors, we elucidated PVN—NAc connectivity
in regulating intake of high-fat food and motivation for high-fat food. Through
glutamatergic inputs to the NAc, the PVN decreases intake of high-fat food, and
motivation for high-fat food. Our identification of glutamate as a regulator of
intake of high-fat food combined with existing literature on the robust effects of
pharmacological manipulations of glutamate on feeding behaviors warrant further
investigation into glutamate as a potential therapeutic target for the treatment of
pathological overconsumption of high-fat food (Kreitzer and Malenka, 2007,
Loweth et al., 2013; Sidorov et al., 2013).

Our findings from Chapter 3 indicate that NMURZ2 is expressed pre-
synaptically in the NAc and the VTA, and we suspect that NMURZ2 is involved in
the individual differences observed in binge-type eating, especially palatability. In
the NAc, NMUR2 co-localizes with projections from the dorsal raphe nucleus, but
it is not known whether presynaptic NMURZ2 in the NAc also co-localizes with
PVN—NACc projections (Kasper et al., 2016). However, knockdown of NMUR2 in
the PVN increases intake of high-fat food, and intra-PVN administration of NMU
decreases intake of high-fat food and motivation for high-fat food (Benzon et al.,
2014; McCue et al., 2017). The work presented in this dissertation aligns with
these previous NMURZ2 findings in that PVN—NACc selective stimulation using the
hM3d DREADD decreases intake of high-fat food and motivation for high-fat food
(Figure 6.1). The two viral strategies we utilized are important for understanding

PVN—NACc selective stimulation in the context of feeding. First, we utilized a
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single virus strategy in combination with intra-NAc administration of aCSF/CNO.
Intra-NAc administration of aCSF/CNO allowed for PYN—NAc selective
presynaptic release of glutamate, despite hM3d expression in other collaterals
and projections.

The second strategy utilized a dual virus approach to selectively express
hM3d in PVN—NAc projections in combination with |.P. administration of
saline/CNO. This viral paradigm depolarizes only PVN—NAc projections
expressing hM3d and generates an action potential. This dual virus hM3d
DREADD strategy is more optimal because it more closely resembles PVN—NAc
function in vivo. Because NMUR?2 is expressed on PVN cell bodies, the action
potential firing in PVN—NACc projections resulting from the dual virus strategy

likely incorporates NMURZ2ergic input.

SUMMARY AND FUTURE DIRECTIONS

In summary, this dissertation has investigated the interconnectedness of
homeostatic and hedonic circuitry that underlies pathological overconsumption of
high-fat food. We identified the neuropeptide receptor NMUR2 and the
neurotransmitter glutamate as novel regulators of feeding behaviors. Overall,
NMUR2 demonstrates inter-brain region variability, inter-animal variability, and
regulates binge-type eating in rats. We believe that the variability we observed in
NMUR2 expression may underlie individual differences in the pathology of BED.
We also demonstrated that glutamatergic signaling between homeostatic (PVN)

and hedonic (NAc) brain regions decreases intake and motivation for high-fat food.
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Dysfunction in glutamatergic signaling may also potentiate pathological
overconsumption of high-fat food.

Future directions of the current work include experiments to further probe
the role of glutamate in suppressing feeding, and to better understand the
mechanisms that underlie PVN—NAc signaling (i.e. involvement of NMUR2 in
PVN—NAc signaling), and to identify upstream and downstream regulators of
PVN—NACc.

Future studies can test the hypotheses that (a) blockade of presynaptic
PVN—NACc glutamate release increases motivation for high-fat food, and (b) intra-
NAcSh administration of the non-NMDAR antagonist 6, 7-dinitroquinoxaline-2, 3-
dione (DNQX) increases motivation for high-fat food. Our data suggest that
stimulation of PVN—NACc elicits glutamate release and decreases intake of high-
fat food and motivation for high-fat food. To extend these findings, future studies
can employ viral-mediated delivery of short hairpin RNA against VGLUTL1 to
attenuate glutamate release from PVN—NAc neurons and quantify motivation for
high-fat food. Additionally, administration of the non-NMDA antagonist DNQX
directly to the NAc may increase motivation for high-fat food. Together, these
experiments would determine whether PVN—NAc glutamate is necessary and
sufficient to drive motivated behavior for high-fat food, and would emphasize the
value of glutamate as a pharmacotherapeutic target in the treatment of
pathological overconsumption of high-fat food.

Previous work from the Hommel Laboratory demonstrated that NMUR2 is

expressed on cell bodies in the PVN, and knockdown of NMUR2 in the PVN results
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in binge-type intake of high-fat food and greater preference for high-fat food
(Benzon et al., 2014). We confirmed that NMUR?2 is expressed pre-synaptically in
the NAc, and that PVYN—NAc projections release glutamate (Benzon et al., 2014,
Kasper et al., 2016). An important future experiment is to knockdown NMUR2
expression in PYN—NAc and quantify neurotransmitter and neuropeptide release
via microdialysis to determine whether NMUR2 regulates presynaptic release of
glutamate, oxytocin, and/or neuromedin U, the endogenous neuropeptide ligand
for NMU (in addition to other neurotransmitters and neuropeptides).

Future studies can also conduct microdialysis during intake of high-fat food
to identify neurotransmitter and neuropeptide release from PVN—NAc. Another
interesting question to pursue would be to determine whether chronic exposure to
a high-fat diet contributes to aberrant glutamatergic signaling, and if these changes
are reversed by alterations in food choices.

Further neuroanatomical studies are needed to identify the upstream and
downstream targets of PVN—NAc. Ongoing experiments are utilizing trans-
synaptic tracing to determine brain regions upstream (i.e. arcuate nucleus, lateral
hypothalamus) and downstream (i.e. VTA, ventral pallidum, amygdala, prefrontal
cortex) of PVN—NACc.

Our results indicate that hM3d-induced stimulation of PVN—NAc
projections excites downstream neurons in the NAc. In addition to identifying what
downstream targets PVN—NACc projections are synapsing with (described above),
it is important to characterize what types of neurons are downstream, including

what receptors are expressed post-synaptically. The most likely targets of
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PVN—NAc glutamate release are post-synaptic AMPA receptors and
metabotropic glutamate receptors.

This work is the foundation of future research investigating glutamate
receptors as a potential therapeutic target for the treatment of pathological
overconsumption of high-fat food. Existing literature supports the efficacy of
metabotropic glutamate receptor agonists to decrease maladaptive behaviors that
potentiate substance use disorder (Guo et al., 2009; Loweth et al., 2014a; Loweth
et al.,, 2013, 2014b; Schwendt et al., 2012). Because substance use disorder
shares neural circuitry with feeding neural circuitry, metabotropic glutamate
receptors might present a reasonable target for pathological overconsumption of
high-fat food.

Currently, lisdexamfetamine is the only approved pharmacotherapy for the
treatment of BED (McElroy et al.,, 2016; McElroy et al., 2015). While the
mechanism of action of lisdexamfetamine is unknown, it is an amphetamine
derivative that functions as both a stimulant and an appetite suppressant (McElroy
et al., 2016; McElroy et al., 2015). Selective-serotonin reuptake inhibitors (SSRIs)
have demonstrated efficacy in BED, but this is likely due to the high comorbidity of
BED with other mental ilinesses, especially anxiety, depression, and substance
use disorder (Kessler et al., 2013; Kessler et al., 2016). Because lisdexamfetamine
cannot be administered in combination with SSRIs, effective treatment for BED is
lacking. Coincidentally, safe and efficacious treatment for obesity is also limited.
The work presented in this dissertation identifies PVN—NAc as a critical neural

circuit underlying the pathological overconsumption of high-fat food, and
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establishes the mechanism of PVYN—NACc signaling. Altogether, this work provides
a solid foundation for future discovery of pharmacotherapies to adequately address

the neurobiological dysfunctions in BED and obesity.
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