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ABSTRACT

MANIPULATION AND CHARACTERIZATION OF PROOPIOMELANOCORTIN (POMC)

NEURONS IN THE HYPOTHALAMIC REGULATION OF ENERGY BALANCE

It is well documented that hypothalamic proopiomelanocortin (POMC) neurons are a critical
component in the maintenance of energy balance. POMC neurons release peptide transmitters
that modulate pathways involved in food intake, energy expenditure, and reward pathways.
POMC peptide release can result in the inhibition of food intake and increased activation of these
cells is thought to precipitate the development of anorexia in the activity-based anorexia (ABA)
rodent model. Currently, the physiological underpinnings that drive the development of anorexia
are not fully understood, but evidence suggests that POMC neurons are a likely contributor. The
work presented in Chapter 2 of this dissertation provide further evidence that POMC neurons are
activated during the early development of ABA and addresses whether this increase in POMC
neuron activation is necessary for decreased food intake and body weight during ABA. POMC
neurons were selectively inhibited during the onset of ABA. The results presented here indicate
that POMC neuron activation facilitates suppression of food intake during the early stages of
ABA. To determine if increased activation of POMC neurons is sufficient to induce lasting
anorexia, in Chapter 3 POMC neurons were activated acutely and long-term to determine if
activation of these cells alone is sufficient to initiate the development of anorexia. The data in
Chapter 3 show that acute activation of POMC neurons decreases daily food intake. Prolonged
activation of POMC neurons was able to give rise to long-term decreases in food intake under

the proper conditions; but, the data from these experiments provide insight regarding



methodological considerations that are important for long-term behavioral work in rodents.
Activation or inhibition of POMC neurons through the approach used here could lead not only to
altered release of peptides from these neurons, but also altered amino acid (AA) transmitter
release. Unlike, the heavily studied peptides, there is little information regarding AA transmitters
in POMC neurons and their effects on energy balance are not known. To begin to build a more
comprehensive understanding of POMC neuron physiology, the work described in Chapter 4
characterized the AA transmitter phenotype of POMC neurons during postnatal development and
investigated the role of glutamate release from POMC neurons. Data shown here indicate that the
AA transmitter phenotype of POMC neurons remains plastic during early postnatal development.
Given that young mice are more vulnerable to developing ABA relative to adult mice and that
POMC neurons are involved in developmentally regulated events such as reproduction and
maturation of feeding circuits the research described here could provide insight into sensitive
periods that are more amenable to manipulating POMC neurons. The work in Chapter 4 also
shows that glutamate release from POMC neurons is involved in regulating body weight in a
sex- and diet-specific manner, which is the first documented example describing the function of
AA transmitter release from POMC neurons. Taken together the research described here expand
current understanding of how POMC neurons participate in the dysregulation of energy balance.
This work also highlights the importance of AA transmitters in POMC neurons and provides

insight for future work.
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CHAPTER 1: INTRODUCTION

Food consumption not commensurate with energy expenditure results in abnormal regulation of
body weight. According to estimates, about 35% of adults in the United States are obese (Ogden
et al., 2014) and just over 2% are underweight (Flegal et al., 2005). Obesity increases the risk of
comorbidity with diseases such as diabetes, cardiovascular disease, and cancer (Guh et al., 2009).
Furthermore, individuals who are obese or underweight have an increased risk of mortality
relative to individuals with a normal body weight (Flegal et al., 2005). The economic burden of
obesity continues to increase, with annual healthcare costs alone estimated to be about 42%
higher than the cost for individuals with normal body weight (Finkelstein et al., 2009b).
However, clinically significant weight loss is not associated with reductions in healthcare costs
within 2 years following weight loss (Bilger et al., 2013; Finkelstein et al., 2009a); thus,

underscoring the need for prevention and early intervention in energy balance dysregulation.

Proopiomelanocortin neurons are part of the neural control of energy balance

A large body of research aimed at understanding food intake and energy expenditure has focused
on neural control of energy balance. Many of these studies have investigated neurons located in
the arcuate nucleus (ARC) of the hypothalamus. The ARC is in the mediobasal hypothalamus
next to the third ventricle and median eminence (ME, See Figure 1.1). Fenestrated endothelial
cells in the ME and tanycytes lining the third ventricle increase permeability to circulating
metabolic signals that then act on neurons within the ARC (Mullier et al., 2010; Langlet et al.,

2013), therefore implicating this region as a key regulator of energy balance.



Figure 1.1. POMC neurons are located in the arcuate
nucleus of the hypothalamus. A) Coronal section containing
ARC from adult mouse brain (Allen Institute for Brain
Science. Allen Mouse Brain Atlas [Internet]. Available

from: http://mouse.brain-map.org/). B) Image refers to boxed

area in A; enlarged to show hypothalamic nuclei. C) Pomc
MRNA is localized to the arcuate nucleus. Image published in
Jarvie and Hentges (2012). Reproduced with permission: see
Appendix I.

A portion of early-onset
obesity cases in humans can be
attributed to genetic and
epigenetic variations in the
gene for proopiomelanocortin
(POMC) (Krude et al., 1998;
Clément et al., 2008; Mediratta
MS et al., 2011; Kuehnen et
al., 2012; Mencarelli et al.,
2012) and the melanocortin
system (Farooqi et al., 2003).
POMC is the precursor
propeptide for
adrenocorticotrophin (ACTH),
the melanocyte stimulating
hormones (a-,B-, and y- MSH),
and beta-endorphin. POMC is

expressed in the periphery,

pituitary, and ARC (see Figure 1.1C) of the hypothalamus, and release of POMC peptides is

regulated in a tissue specific manner such that beta-endorphin and alpha-MSH-but not ACTH-are

released from POMC neurons in the ARC. In addition to peptide transmitters, POMC neurons

also release amino acid (AA) transmitters (Dicken et al., 2012). Although POMC is expressed in

non-neuronal cells, neuron-derived POMC peptides are sufficient to maintain body weight, meal

N


http://mouse.brain-map.org/

termination, and energy balance (Smart et al., 2006; Richard et al., 2011). Thus, ARC POMC

neurons will be the focus of this dissertation.

Early evidence that hypothalamic POMC peptides are critical in the regulation of energy balance
came from rodent studies showing alpha-MSH produces an anorexigenic effect through
activation of centrally-expressed melanocortin receptor 4 (MCR-4 [Fan et al., 1997; Huszar et
al., 1997]). Additional work has shown that the endogenous POMC peptide beta-endorphin has
an inhibitory effect on body weight gain and mediates the hedonic aspects of food intake
(Hayward et al., 2002; Appleyard et al., 2003). Moreover, POMC deficiency in mice produced a
similar phenotype to that seen in humans, which was attributed to melanocortins (Yaswen et al.,
1999; Challis et al., 2004). These data highlight the necessity of POMC peptides and POMC
peptide signaling in inhibition of food intake, stimulation of energy expenditure, and the

maintenance of appropriate energy balance in both humans and rodents.

Synthesis of POMC peptides is sensitive to energy state

The Pomc locus is on chromosome two (Owerbach et al., 1981) and is largely conserved across
species (Deen et al., 1991; Dores and Baron, 2011). The mammalian Pomc gene contains three
exons. Regulatory elements and proximal promoter are on exon one (Deen et al., 1991; Therrien
and Drouin, 1991), exon two is required for translation, and exon three contains the coding
region for the peptides (Krude et al., 1998; Yaswen et al., 1999). Transcription of neuron-derived
Pomc is dependent on two neuronal POMC enhancers, nPE1 and nPE2, located upstream of the
transcription start site (de Souza et al., 2005; Lam et al., 2015). Following transcription,

precursor POMC moves to the Golgi where it is targeted to the regulated secretory pathway for



posttranslational processing and eventual release from dense core secretory vesicles (Stevens and
White, 2009). As the prohormone POMC in the central nervous system is trafficked through the
secretory pathway, prohormone convertases PC1/3 and PC2, carboxypeptidase E (CPE), peptidyl
a-amidating monooxygenase (PAM) cleave and process the propeptide into beta-endorphin

(Benjannet et al., 1991) and alpha-MSH (See Figure 1.2; Wardlaw, 2011).

POMC .
Synthesis of POMC
/pcm\‘ peptides can be
Prp-ACTH B-LPH modulated by changes
/ PC1/3 \ ’/pcz\ _
ome - [vipr | [sgPisi|— [ BeP | in energy state. For
CPE & PC2
P2 | | pe2 P2 | | example, rodent studies
y-MSH ACTH(1-17) [pst | - [eEPr
B-EP1.2 have shown that acute
lCPE & PAM
+
a-MSH

. . : : _ increases Pomc mRNA
Figure 1.2. POMC posttranslational processing. Diagram showing the

cleavage enzymes and major peptide products that are derived from

posttra%slatior)l/al processingJ oprpC)MC.p Prohormone convertase (PC);  (Fanetal., 2011; Marco
carboxypeptidase E (CPE); peptidyl a-amidating monooxygenase (PAM); N-

acetyltransferase (N-AT) is responsible for acetylation of a-MSH and (- et al., 2013; Mercer et
endorphin (B-EP). Diagram recreated from Wardlaw (2011).

al., 2014), but others
have found that chronic HFD decreases or does not alter the levels of Pomc mRNA relative to ad
libitum fed animals (Gout et al., 2008; Mercer et al., 2014), indicating differential short-term and
long-term regulation of Pomc expression. During positive energy balance the adiposity signal
leptin and the hormone insulin increase and both are associated with an increase in Pomc

transcription (Schwartz et al., 1997; Mizuno et al., 1998; Benoit et al., 2002; Huo et al., 2006).

Conversely, during a negative energy state, such as an overnight fast, Pomc mRNA is decreased



(Schwartz et al., 1997; Mizuno et al., 1998; Huo et al., 2006). However, transcription of Pomc
increases in the refeeding period after fasting, most likely to terminate feeding in rodents (Fekete
etal., 2012). A similar phenomenon has been observed in humans whereby underweight
individuals have increased plasma levels of alpha-MSH following an afternoon meal, which is
also thought to terminate meal-time feeding (Galusca et al., 2015). Although acute bouts of
caloric deficits decrease Pomc transcription, Hillebrand and colleagues (2006) have shown that
Pomc mRNA increases during the early stages of anorexia in the rodent model of activity-based
anorexia (ABA). Furthermore, beta-endorphin increases during ABA (Aravich et al., 1993) and
during physical exercise in rodents (Koehl et al., 2008), which is thought to mediate the
rewarding aspects of wheel running in rodents (Garland et al., 2011). Early-onset exercise in
rodents results in increased Pomc mRNA and resistance to obesity in adulthood (Patterson et al.,
2008), suggesting that some energy states can have long-term effects on body weight regulation
and Pomc gene expression. Together these data suggest that modulation of POMC neurons under
certain conditions can promote short-term and long-term metabolic health and maintain a low
body weight, but these data also indicate that POMC peptides can become dysregulated and lead

to negative energy balance or obesity.

In addition to regulation by metabolic signals, POMC neuron activity is also affected by factors
involved in reproduction (de Souza et al., 2011; Xu et al., 2011). Further, POMC neurons
provide a link between energy state and reproductive competency and puberty might represent a
period of increased plasticity for POMC neurons. The sex hormone estrogen aids in maintaining
appropriate body weight and energy expenditure through estrogen receptor-o (ERa) signaling

(Heine et al., 2000). About 20-30% of hypothalamic POMC neurons express ERa, which



mediates some of estrogen’s effects on food intake and energy expenditure (Gao et al., 2007; de
Souzaetal., 2011; Xu et al., 2011). Additionally, de Souza and colleagues (2011) found a
binding motif on nPE2 for ERa, suggesting a role for estrogen signaling in regulating Pomc
transcription specifically in neurons. Given that POMC neurons are implicated in the ABA
rodent model of anorexia and anorexia is associated with amenorrhea (Klenotich and Dulawa,
2012), it is possible that POMC neurons relay information about reproductive health during

negative energy states.

As evidenced by the research described above, one of the ways POMC neurons mediate energy
balance is through changes in gene expression and the release of peptides that occur in response
to signals associated with energy state. While these data indicate that POMC can be regulated at
the level of transcription, recent evidence suggests POMC processing can be altered without
affecting Pomc transcription (Cakir et al., 2013) and individual POMC-derived peptides might be
differentially trafficked and processed according to nutritional state (Mercer et al., 2014).
Although it is enticing to think that changing the level of POMC peptides in accordance with
energy state will simply counteract the caloric surplus during positive energy states and caloric
deficit during negative energy states, the data implicating POMC neurons in anorexia suggest
otherwise. Based on the aforementioned literature, it is clear that short-term and long-term
metabolic states can differentially regulate Pomc gene expression (e.g. acute vs chronic HFD);
however, to what extent AA transmitter expression in POMC neurons is influenced by energy

states is not yet clear.



While expression of functional Pomc gene products is a necessary component in maintaining
energy balance, it is the action of these transmitters at their target sites that confer physiological
and behavioral effects. Mapping the connections between hypothalamic POMC neurons and
synaptically coupled partners has not been a trivial undertaking. Unlike laminated structures such
as the hippocampus or cerebellum, the ARC is composed of intermingled, molecularly distinct
groups of neurons that make intra-ARC connections in addition to sending and receiving
projections in a distributed manner (Wang et al., 2015). This complexity within the ARC has
created technical difficulties that continue to be mitigated by new technologies and innovative
use of existing tools. Nevertheless, understanding how transmitters released from POMC
neurons regulate energy balance depends on how these cells integrate into the neural circuitry.
Hence, to fully appreciate the involvement of POMC neurons in mediating food intake and
energy expenditure an overview of the research elucidating projections from POMC neurons and

the consequence of transmitter release follows.

POMC peptide release modulates energy state

Elucidating the potential effects of POMC peptide release onto neurons at various projection
sites has been facilitated through the localization of neurons with receptors capable of
responding to specific peptides. For example, within the hypothalamus POMC neurons project to
the lateral hypothalamus (LH), supraoptic nucleus (SON), and paraventricular hypothalamus
(PVN, [Bouret et al., 2004; King and Hentges, 2011; Wang et al., 2015]), and each of these areas
contain neurons that are activated by exogenous alpha-MSH by way of MCR-4s (Sabatier et al.,
2003; Ghamari-Langroudi et al., 2011; Cui et al., 2012; Siljee et al., 2013). Interestingly,

Balthasar and colleagues (2005) found that MCR-4s in the PVN selectively modulate feeding



aspects of melanocortin signaling, therefore indicating that other areas are responsible for the
effects of alpha-MSH on energy expenditure. Indeed, MCR-4s in sympathetic, but not
parasympathetic, preganglionic neurons mediate energy expenditure and diet- and cold-induced
thermoregulation (Berglund et al., 2014). Genetic deletion of MCR-3s, which are also expressed
in the brain and activated by alpha-MSH, suggests that these receptors participate in regulating
metabolism and energy expenditure (Butler et al., 2000). This study also found that, unlike mice
lacking MCR-4s, mice without MCR-3s do not display hyperphagia but do appear to have an
inability to regulate energy stores commensurate with HFD since these mice have increased fat
mass. King and Hentges (2011) found that POMC neurons also project sparsely to regions
outside of the hypothalamus including the ventral tegmental area (VTA), amygdala, and dorsal
vagal complex (DVC). These brain regions are sensitive to melanocortins as evidenced by
altered food intake following infusion of melanocortin receptor agonists and antagonists

(Williams et al., 2000; Boghossian et al., 2010; Roseberry, 2013).

Work has also been carried out to understand the function of beta-endorphin-mediated opioid
signaling in homeostatic and hedonic aspects of food intake and energy expenditure. Acute
intracerebroventricular delivery of exogenous beta-endorphin increases food intake (Silva et al.,
2001), but genetic removal of beta-endorphin also leads to increased food intake and body
weight in mice (Appleyard et al., 2003). It was suggested in this later study that the discrepancy
might be explained by acute and chronic delivery of beta-endorphin having differential effects on
food intake. Work by Pennock and Hentges (2011) found that p-opioid receptors on the pre- and
post-synaptic compartments of POMC neurons are differentially regulated by agonists, whereby

low concentrations activate presynaptic receptors but higher concentrations are required to



activate postsynaptic receptors. It was suggested that this type of mechanism might explain the
disparate effects of beta-endorphin on food intake such that high concentrations inhibit POMC
neurons but low concentrations disinhibit. Work by Hayward and colleagues (2002) indicates
that chronic beta-endorphin increases the reinforcement value of food under ad libitum feeding
conditions in mice. However, p-opioid receptors, and presumably beta-endorphin, might also
mediate energy balance during a deprived state given that increased physical activity in response
to food anticipation is partly dependent on these receptors in rodents (Kas et al., 2004). Although
POMC peptides are regarded as having an anorexigenic effect, it is clear from these data the
effects of beta-endorphin on food intake are dependent on duration of opioid treatment and

energy state.

The behavioral effects of activating POMC neurons are often attributed to peptide transmitters
with little consideration for glutamate and GABA (gamma-Aminobutyric acid [see Aponte et al.,
2011; Zhan et al., 2013]). For example, Zhan and colleagues (2013) found that long-term, but not
acute, activation of POMC neurons reduces food intake and body weight, which was assumed to
arise through activation of melanocortin pathways. Recent work has shown that distinct subsets
of POMC neurons express GABAergic and glutamatergic markers, and a smaller population
expresses markers for both transmitters (Jarvie and Hentges, 2012; Wittmann et al., 2013).
POMC neurons also release GABA, as well as glutamate, in culture (Hentges et al., 2004;
Hentges et al., 2009) and in an intact neural circuit (Dicken et al., 2012). While the function of
AA transmitter release from POMC neurons is not yet known, it is possible that the discrepancies
observed for acute versus chronic feeding states and short- versus long-term exposure to POMC

peptides is attributable to differential regulation of energy balance by AA versus peptide



transmitters. Similar inconsistencies have been observed for AGQRP/NPY/GABA releasing
neurons in the ARC and recent work has increased current understanding of these transmitters in
stimulating feeding acutely and over prolonged periods of time (Krashes et al., 2013). This study
also increases awareness for the differential role of peptides and AAs in regulating food intake
and body weight. Nevertheless, thoroughly dissecting the physiological consequences of
endogenous peptide versus AA transmitter release from POMC neurons has not yet been

accomplished.

Summary

The literature reviewed here provides a brief overview of how POMC neurons are modulated
under different energy states and how POMC peptides mediate energy balance. While
hypothalamic POMC neurons are necessary for managing appropriate food intake and body
weight, it is clear that the manner in which they contribute to maintaining energy balance is
incredibly complex. Moreover, current understanding of how transmitters released from these
cells participate in specific feeding-related behaviors in vivo and over time is limited. Much
attention has been given to understanding POMC neurons in terms of obesity, while considerably
less focus has been on the role of POMC neurons in contributing to dysregulation of negative
energy balance. Based on the research highlighted above, it is likely that POMC neurons
participate in the physiology underlying anorexigenic states, but whether these cells initiate
and/or maintain a negative energy balance through the release of AA or peptide transmitters is
not known. The work presented in this dissertation is aimed at understanding the role of POMC
neurons during negative energy balance and the plasticity of AA transmitters in POMC neurons

during development.
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CHAPTER 2: INHIBITION OF POMC NEURONS TO DIMINISH ACTIVITY BASED

ANOREXIA IN A RODENT MODEL

All work presented in Chapter 2 of this dissertation was carried out by Christina Dennison in the
Hentges Lab and was overseen by Shane Hentges. This Chapter consists of unpublished data to
be included in a future publication that will incorporate the work and contributions from other

members in the lab.

e Previous work shows that neural activity and hypothalamic Pomc mRNA are transiently increased
during the development of anorexia in the activity-based anorexia (ABA) rodent model

e Work in Chapter 2 will test the hypothesis that an increase in POMC neuron activity is necessary for
the development of ABA

e Food restriction paired with voluntary wheel running (ABA) results in progressive loss of body weight,
an increase in wheel running activity, and a transient increase in Pomc mRNA

e Inhibition of POMC neurons with the inhibitory DREADD during the development of ABA increases
food intake.

e Findings presented here implicate a role for POMC neurons in feeding behavior during the
development of ABA.

Box 2.1. Overview of Chapter 2

Introduction

A loss of appetite, or anorexia, is associated with many illnesses (i.e. cancer, HIV/AIDS and
anorexia nervosa [AN]) and can occur under various conditions (i.e. amphetamine abuse and
intense/prolonged exercise)-all of which, if left untreated, pose risks to an individual’s health and

are associated with increased mortality (Kaye et al., 2000; Morley et al., 2006). Currently
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effective treatments are not available for individuals with AN and only about 40% of these
individuals fully recover (Kaye et al., 2000); thus, highlighting the need to elucidate the early

physiological changes that give rise to decreased food intake and increased hyperactivity.

Hypothalamic POMC neurons suppress food intake and aid in the maintenance of appropriate

body weight (Krude et al., 1998; Yaswen et al., 1999). POMC peptides have also been

implicated in AN and the rodent model of ABA. The ABA rodent model is a well-characterized

paradigm for investigating anorexia in rodents (Dwyer and Boakes, 1997; Verhagen et al., 2011,

Klenotich and Dulawa, 2012). In this model limited food access is paired with voluntary wheel

running, which results in progressive body weight loss and increased wheel running over the
course of three days. During ABA

hypothalamic neurons have increased

Pomc mRNA: Dark Light
Ad Libitum + -+ expression of c-Fos (Verhagen et al., 2011);
ABA . 2 furthermore, Pomc mRNA is transiently

. increased at the start of the dark cycle in rats
Figure 2.1. Pomc mRNA at the start of the

dark cycle in ad libitum and ABA mice.

Pomc mRNA approaches nadir at the start of during the first few days of ABA (Hillebrand et
the dark cycle in ad libitum fed mice, but is
increased in ABA mice. Under ad libitum al., 2006). This increase in Pomc transcription

feeding, Pomc mRNA slowly increases during
the dark cycle and is highest at the start of the
light cycle. Schematic created based on data
from Stitz et al. (2007).

is in contrast to the diurnal rhythm of Pomc
mRNA in a normally fed mouse, which
approaches nadir at the start of the dark cycle presumably to facilitate increased food intake that
occurs at this time (See Figure 2.1; Stitz et al., 2007). Counterintuitive to the homeostatic role of
POMC peptides, the increase in Pomc mRNA (and presumably peptide release) likely

precipitates the decreased food intake despite increased energy output. Indeed, POMC peptides
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are capable of facilitating the progression of ABA since intracerebroventricular delivery of
alpha-MSH exacerbates the weight loss and decrease in food intake during ABA (Hillebrand et
al., 2005). Further evidence shows beta-endorphin increases during ABA (Aravich et al., 1993)
and blocking endogenous opioids suppresses increased wheel running during food restriction in
rats (Boer et al., 1990). Moreover genetic deletion of MCR-3s increases 24-hour wheel running
in mice, thus suggesting a role of melanocortins in physical activity (Butler et al., 2000). In the
human literature beta-endorphin has been shown to increase during exercise in an intensity-
dependent manner (Goldfarb et al., 1990). Although both increased (Kaye et al, 1982; Brambilla
et al., 1995) and decreased (Kaye et al., 1987) levels of beta-endorphin have been reported for

individuals with AN, it appears there is a dysregulation of POMC during AN and ABA.

While it has been established that hypothalamic neurons increase cell activity (Verhagen et al.,
2011) and that Pomc mRNA transiently increases during ABA in rats (Hillebrand et al., 2006), it
is not known if these increases are necessary for the development of ABA. Inhibition of POMC
neurons during the development of ABA would help elucidate the necessity of these cells in the
development of ABA. While it has not been shown directly that changes in membrane potential
and c-Fos expression alter Pomc transcription, c-Fos can enhance POMC promoter activity by
binding to a response element on exon 1 (Boutillier et al., 1995) and it has been suggested that
changes in synaptic activity can differentially regulate gene expression (Jain and Bhalla, 2014).
Indeed, increased c-Fos expression in POMC neurons is associated with an increase in Pomc

mRNA following leptin-induced activation of POMC neurons in vivo (Huo et al., 2006).
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The inhibitory designer receptor exclusively activated by designer drug (DREADDS) is capable
of suppressing POMC neuron activity and increasing 24-hour food intake in rodents (Atasoy et
al., 2012). DREADDs are G-protein coupled receptors (GPCRs) engineered by mutating
muscarinic acetylcholine receptors so they no longer have an affinity for their endogenous ligand
acetylcholine, but rather respond to the synthetic ligand clozapine-N-oxide (CNO; [Armbruster
et al., 2007; Nawaratne et al., 2008]), which is capable of crossing the blood-brain barrier (Rogan
and Roth, 2011). Receptors coupled to Ga; (inhibitory DREADD or hM4Di), Gos (Gs
DREADD), and Gayg (stimulatory DREADD or hM3Dq) have been developed so that cell activity
can be manipulated by signaling through each G-protein’s respective pathway (Urban and Roth,
2015). Regardless of coupling each receptor is activated by CNO, which has been shown to
initiate the same signaling cascade as the muscarinic acetylcholine receptors when activated by
acetylcholine (Alvarez-Curto et al., 2011; Armbruster et al., 2007). The Cre-loxP system allows
for site-specific recombination, which occurs when Cre-recombinase catalyzes the recombination
of a gene flanked by loxP sites (also referred to as floxed [Sauer and Henderson, 1988]). Using
Cre-loxP technology DREADDSs can be targeted to Cre recombinase-expressing cells using
replication deficient adeno-associated viral (AAV) vectors to deliver a Cre-dependent sequence

of the gene containing DREADD and a fluorescent reporter.

The research presented here will use the inhibitory DREADD to test the hypothesis that an
increase in POMC neuron activity is necessary for the development of ABA. Specifically, the
work described here will address whether or not inhibition of POMC neurons increases food
intake and decreases the body weight loss during ABA. The results of this study indicate that

inhibitory DREADD-mediated inhibition of POMC neurons at the start of the dark cycle during
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ABA increases food intake. These data provide further evidence for the role of POMC neurons in

the development of ABA.

Methods and materials

Animals

Male and female transgenic mice expressing Cre recombinase driven by the POMC promoter
(POMC-Cre) were used to selectively express the inhibitory DREADD in POMC neurons in the
ARC. Transgenic animals were produced by standard techniques and validated elsewhere (Xu et
al., 2005) and backcrossed >12 generations onto the C57BI/6 strain (Jackson Laboratories, Bar
Harbor, ME). Animals were 10-12 weeks old during the experiments. Mice were maintained on a
12 hr light/dark cycle and under controlled temperature (22—24°C). Mice had ad libitum access
to standard rodent chow and water unless otherwise stated. All experiments met United States
Public Health Service guidelines with the approval of the Colorado State University Institutional

Animal Care and Use Committee.

Development of Activity-based anorexia (ABA)

Female wild-type (WT) and POMC-Cre mice were individually housed in cages equipped with
running wheels (Columbus Instruments, Columbus, OH). Animals were acclimated for three
days prior to collection of baseline data for body weight, 24-hour food intake, and wheel running
activity. Body weight and food intake were measured each day one hour before lights out. Wheel
revolutions were acquired in 15 minute bins using Multi Device Interface software from
Columbus Instruments (Columbus, OH). Animals were assigned to one of three groups — ad

libitum fed/running, food restricted/sedentary (FR/SED), and food restricted/running (also
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referred to as ABA group or mice). Mice in the FR/SED group were individually housed in cages
with running wheels, but the wheels were locked throughout the experiment. Animals in the two
‘running’ groups had voluntary access to running wheels throughout the experiment. Groups
were matched for body weight and age. Baseline body weight and food intake were measured for
five days before starting ABA/food restriction days (see Figure 2.2). ABA and ad libitum fed
groups were also matched for baseline wheel running activity (WRA). During the ABA/food
restriction days, food was presented during the first two hours of the dark cycle. Animals that
developed ABA had the following features: 1) progressive weight loss during food restriction, 2)
progressive increase in 24 hour WRA, and 3) progressive increase in wheel running four hours

prior to food access (referred to as food anticipatory activity or FAA). FAA is a key feature of

Baseline: ad lib. End of
food access (days -4-0) experiment

——

Acclimation to ABA: 2 hour food
Running wheels access (days 1-3)
(days -7, -6, -5)

Figure 2.2. Activity-based anorexia (ABA) mouse model. Animals were
individually housed in wheel cages 3 days before baseline data was collected.
Animals had ad lib access to wheels and water throughout the experiment. Body
weight and food intake was measured within 1 hour of the start of the dark cycle.
During the ABA/food restriction days, food access was given during the first 2 hours
of the dark cycle.

ABA and development of ABA is altered in the absence of FAA (Dwyer and Boakes, 1997;
Pjetri et al., 2012). Animals not meeting this behavioral profile were excluded from analysis.
Animals with weight loss exceeding 20% of baseline body weight were removed from the

experiment. Mice did not experience more than three days of food restriction. Physical
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appearance and ambulation of the mice were monitored throughout the experiment and mice
were removed from the experiment if they appeared cold or exhibited weakness that prevented

normal movement and eating behavior.

Detection of Pomc mRNA during ABA

Female WT mice aged 10-12 weeks were assigned to the control group (day 0) or one of three
ABA groups (day 1, day 2, or day 3). All animals were sacrificed one hour before the start of the
dark cycle and tissue was processed using fluorescent in situ hybridization (FISH) to detect

Pomc mRNA as described below.

Stereotaxic microinjection

POMC-Cre transgenic mice were eight to nine weeks old at the time of stereotaxic injection.
Mice were anesthetized with isoflourane (2-5%) under aseptic conditions. Animal health (e.g.
breathing rate, vocalizations, and movement) was monitored at all times throughout the
procedure and efforts were made to minimize distress (e.g. increased anesthesia or euthanasia).
The coordinates for bilateral injections were calculated and adjusted as needed using the second
edition of The Mouse Brain in Stereotaxic Coordinates by Paxinos and Franklin. Coordinates
from bregma were as follows: X, £0.27 mm; Y, -1.35 mm; Z, -6.05. Each animal received
bilateral injections of 150-500 nl of a viral vector containing a double-floxed inverted ORF
sequence of hM4D with an mCherry fluorescent protein tag on the receptor or a viral vector
containing a double-floxed inverted ORF sequence of mCherry alone (rAAV2/hSyn-DIO-
hM4D(Gi)-mCherry or rAAV2/hSyn-DIO-mCherry, respectively; University of North Carolina

Vector Core, Chapel Hill, NC). To optimize viral transduction, the syringe was raised dorsal 0.02
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mm three times over the course of 10 minutes and 50-165 nl of virus was injected at each site.
The syringe remained at the most dorsal injection site for three minutes before slowly
withdrawing the needle. Animals were sutured and allowed to recover for two weeks before the

start of experiments unless noted otherwise.

Inhibition of POMC neurons during ABA

Animals were individually housed in cages with running wheels and exposed to the ABA
paradigm as described above. During baseline, animals received intraperitoneal (i.p.) injections
of saline (0.1 cc) two times per day. During ABA, CNO (1mg/kg) was delivered twice per day

five hours apart-the first injection was given five and a half hours before lights out.

Tissue preparation

Mice were anesthetized and perfused transcardially with sucrose (10%) in water prior to
paraformaldehyde (4%) in PBS. Brains were removed and postfixed overnight in
paraformaldehyde (4%, 4°C). Coronal sections (50 um) containing the ARC were prepared on a
vibratome, collected in cold diethlpyrocarbonate (DEPC)-treated PBS for in situ hybridization or
KPBS for immunohistochemistry, and processed for in situ hybridization or
immunohistochemistry as previously described (Hentges et al., 2009; Jarvie and Hentges, 2012)

and outlined below.

Fluorescent in situ hybridization
For FISH, sections were placed in 6% H,O, for 15 minutes to quench endogenous peroxidase

activity. Tissue was incubated for 15 minutes in proteinase K (10pg/ml) diluted in PBS
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containing 0.1% Tween 20 (PBT). Proteinase K was deactivated by exposing tissue to glycine
(2mg/ml) in PBT for 10 minutes. Following two five-minute washes in PBT, tissue was
postfixed for 20 minutes in solution containing 4% paraformaldehyde and 0.2% gluteraldehyde.
Tissue was washed in PBT, then dehydrated in ascending concentrations of ethanol diluted in
DEPC-treated water (50, 70, 95, and 100%), and briefly rehydrated in PBT. Sections were
transferred to vials and prehybridized in hybridization solution (66% deionized formamide 13%
dextran sulfate, 260 mM NaCl, 1.3x Denhardt’s solution, 13 mM Tris-HCL [pH 8.0], 1.3 mM
EDTA [pH 8.0]) for one hour at 60°C. Probe was denatured at 85°C for five minutes and then
added, along with 0.5mg/ml tRNA and 10 mM DTT, to the hybridization buffer. Fluorescein
isothiocyanate (FITC)-labeled RNA probe for Pomc was made and used as described by Jarvie
and Hentges (2012). Tissue hybridized with the Pomc probe in hybridization buffer at 70°C for

18-20 hours.

Three of the six 30-minute stringency washes at 60°C were in solution containing 50%
formamide and 5X SSC followed by three washes in 50% formamide and 2x SSC. Tissue was
then digested for 30 minutes at 37°C with RNAse A (20 pg/ml in 0.5 M NaCL, 10 mM Tris-
HCL [pH 8.0], 1 mM EDTA) and subsequently placed in three 15-minute TNT (0.1 M Tris-HCL
[pH 7.5], 0.15 M NacCl, 0.05% Tween-20). Sections were incubated in TNB for one hour (TNT
plus 0.5% Blocking Reagent provided in the TSA kit; Perkin Elmer, Oak Brook IL) and then
incubated overnight at 4°C in sheep anti-FITC (1:1,000; Roche Applied Sciences) antibody
conjugated to horseradish peroxidase. The FITC-labeled probe was subsequently detected using
a TSA PLUS DNP (HRP) system (Perkin Elmer). Tissue was exposed to three 15-minute TNT

washes and then incubated for 30 minutes in a 1:50 dilution DNP Amplification Reagent. Tissue
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was then washed in TNT and the FITC-labeled probe was visualized with 1:400 rabbit anti-DNP-
KLH conjugated to Alexa Fluor 488 (1 hour; Invitrogen, Eugene, OR), both in TNT. Tissue was

mounted and cover slipped with Aqua Poly/Mount (Polysciences, Inc., Warrington).

Immunohistochemistry

Tissue was prepared from mice 14-21 days after injection with AAV-hM4Di-mCherry or AAV-
mCherry as described above. Coronal sections (50 um) containing the ARC were prepared on a
vibratome and incubated in normal goat serum (2% in 0.3% triton-x 100 in potassium phosphate-
buffered saline [KPBS]) for one hour prior to the addition of rabbit anti-ACTH primary antibody
to detect immunoreactivity (IR) of the POMC peptide ACTH (National Hormone and Peptide
Program; 1:10,000, overnight at 4°C). Immunoreactivity against the primary antibody was
detected and visualized with goat anti-rabbit conjugated to Alexa Fluor 635 (Invitrogen,

Carlsbad, CA; 1:400).

Confocal laser microscopy

A Zeiss 510 Meta confocal microscope was used for imaging. Fluorescence from mCherry was
imaged using 543 nm excitation filter and 560 nm longpass emission filter and far-red
fluorescence (Alexa-635) was imaged using 633 nm excitation filter and 650 nm longpass
emission filter. Green fluorescence (Alexa fluor 488) was imaged using 488 nm excitation filter
and emissions was detected using a 505/530-nm bandpass filter. Images were taken sequentially
at each wavelength to avoid crossover between channels. One-micron optical sections were taken
in the z-plane every 3 um for a total of 18-21 pum from all of the tissue along the rostral-caudal

axis containing POMC neurons (~Bregman -1.2 mm to ~Bregma -2.3 mm).
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Cell counting and analysis

Z-stacks with a tissue depth of 12-15 um were constructed from sequential 1 pm-thick optical
sections taken every 3 um and were analyzed for cell number and colocalization and intensity
above background using ImageJ software similar to that described in Jarvie and Hentges (2012).
Two to three Z-stacks were constructed and analyzed for regions in the rostral, mid, and caudal
ARC. Cells with a clear nucleus or cells completely contained in a 300 x 300 x 12-15 pm
bounding box on the x-y-z plane were counted. Expression of mCherry in POMC cells is
presented as a percent of ACTH labeled cells that were counted. Intensity of Pomc-FITC labeled
cells was analyzed by comparing intensity of FITC labeling for each cell with the intensity of a
background ROI devoid of FITC. Background ROIs were drawn in close proximity to Pomc-
FITC labeled cells. Images used for figures were adjusted for brightness and contrast using

Photoshop (Adobe Systems, San Jose, CA).

Live brain slice preparation

Sagittal brain slices (240 um) containing the ARC were prepared (as described previously in
Hentges et al., 2009) from POMC-Cre mice injected with AAV-hM4Di-mCherry or AAV-
mCherry. Briefly, tissue was sliced in ice-cold artificial cerebral spinal fluid (aCSF) containing
the following (mM): 126 NaCl, 2.5 KClI, 1.2 MgCl,, 2.4 CaCl,, 1.2 NaH,PQ,, 21.4 NaHCOs3,
11.1 glucose (saturated with 95% O, and 5% CO,). Slices rested prior to recording for 45-60
minutes in a vial containing MK-801 (15 uM) and aCSF at 37°C and saturated with 95% O, and

5% COs..
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Electrophysiology

Whole-cell recordings were made using pipettes with 1.3-2.3 MQ resistance when filled with
internal solution containing the following (mM): 130 K-gluconate, 20 KCI, 1 MgCl,, 10 Hepes, 1
EGTA, 2 ATP, 0.5 GTP, 10 Phosphocreatine, pH 7.3. Recording pipettes had a tip resistance of
1.5-2.6 MQ when filled with internal solution. Cells expressing the hM4Di receptor were
identified by mCherry fluorescence expressed as a fusion protein on the receptor. Whole-cell
recordings were established in voltage-clamp configuration with a holding potential of -60 mV.
Recordings were made through an Axopatch 200B amplifier (Molecular Devices, Sunnyvale,
CA) and data were collected using AxographX software (Axograph, Sydney, Australia). Data
were collected at 10kHz and digitally filtered at 1kHz. Access resistance was monitored for
several minutes before switching to current-clamp configuration. Integrity of the recording was
determined by measuring access resistance at the end of current-clamp recordings and cells were
accepted if access resistance did not exceed 15MQ. Holding current was adjusted for each cell to
set the membrane potential at -60 mV and data were collected from cells that had a stable
holding current 5-10 minutes before drug perfusion. Cells without a stable holding potential
during the baseline period were excluded from analysis. Action potential firing was determined
by injecting 100 ms depolarizing current steps at 1.5 pA increments from the holding current
every 200 ms (0-13.5 pA) before and after bath perfusion of CNO (10 uM). Membrane potential

was measured before and after CNO just prior to current steps.

Drugs
Stock solutions of (+)-MK-801 (Sigma, St. Louis, MO), 6,7-Dinitroquinoxaline-2,3(1H4H)

(DNQX, Sigma) were prepared with DMSO at no lower than 10,000 times the final
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concentration. Stock solution of Clozapine N-Oxide (Enzo Life Sciences, Farmingdale, NY) was

solubilized in water at no more than 5Smg/ml.

Quantification and data analysis

Data are presented as mean = SEM. Analysis and statistical significance of electrophysiology
data were determined using paired t-tests. Development of ABA and the effect of inhibiting
POMC neurons during ABA were analyzed using repeated measures analysis of variance
(RMANOVA). Separate two-way RMANOVAs were used to determine if wheel running had an
effect on relative body weight and food intake (% of baseline) over three days of food restriction
(running x time). Two-way RMANOVA was used to determine if DREADD expression had an
effect on relative food intake and body weight (% of saline) when CNO was administered during
ABA. Post-hoc analysis using the Bonferroni’s method was used to make comparisons between
groups across time. The effect of wheel running on ad libitum food intake and body weight in ad
lib fed mice was evaluated using one-way RMANOVA. Wheel running during the development
of ABA was also analyzed using one-way RMANOVA and post-hoc comparisons using
Bonferroni’s method were made to determine if wheel-running behavior during each ABA day is

different from baseline. The null hypothesis was rejected when p < 0.05.

Results

Development of ABA

Different strains of mice vary in their susceptibility to develop ABA (Gelegen et al., 2007; Pjetri
et al., 2012), therefore the ABA rodent model was optimized for mice on the C57BI/6

background used in this study. To minimize the stress of individual housing, preliminary studies
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determined that three days of acclimation was sufficient for stable baseline data to be collected
over the five days following acclimation. Over the course of three days the effect of restricting
food access on relative body was significantly different between sedentary animals and running

animals (running x day p=0.0002, 2-way RMANOVA, Figure 2.3A).
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Figure 2.3. Development of ABA. A) Relative body weight during food restriction (FR) for sedentary
and running mice is shown in the bar graph. Relative body weight during the 3 days following baseline
for ad lib fed mice is also shown. Relative body weight loss between food restricted (FR)/running
(ABA) and FR/sedentary (FR/SED) mice is significantly different across 3 days of FR. By day 3 of FR
ABA mice had significantly lower relative body weight compared to FR/SED. Wheel running had no
significant impact on body weight in ad lib fed mice. B) Relative food intake during 2hr food access is
shown for sedentary and running mice is shown in the bar graph and food intake during the 3 days
following baseline is shown for ad lib fed mice. Food intake is not significantly different between ABA
and FR/SED mice during 3 days of FR. Wheel running does not significantly alter food intake in ad lib
fed mice.*p<0.05.

During the development of ABA voluntary wheel running also had a significant effect on relative
body weight independent of time (running, p=0.003). Post-hoc analysis using Bonferroni’s
method revealed that ABA mice lost significantly more weight by day three of food restriction

relative to sedentary mice (ABA 80.96+0.94% vs FR/SED 87.46+1.14%; p < 0.0001; ABA
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group on day 3 in Figure 2.3A). Over this same time course wheel running did not have a
significant effect on body weight in ad lib fed mice (day 1: 100.02+0.52%, day 2: 99.73+0.45%,
day3: 101.35+0.44; p=0.15; Figure 2.3A). As shown in Figure 2.3B, a similar pattern was
observed for food intake in running, ad lib fed mice (dayl: 103.45+5.14%, day 2: 94.66+5.16%,
day3: 94.31+2.48; p=0.24). Three days of two hour food access had a significant effect on
relative food intake independent of WRA, accounting for about 54.23% of the variance in food
intake between days (day, p<0.0001; Figure 2.3B), but relative food intake was not significantly
different between sedentary animals and running animals over three days of food restriction

(running x time, p=0.58; day 3: ABA 37.77+£3.03%, FR/SED 38.71+3.32%; Figure 2.3B).

WRA progressively increased during three days of two-hour food access (Figure 2.4A). Food
restriction had a significant effect on 24-hour WRA (p<0.0001; Figure 2.4B) and wheel running
in the four hours before lights out (p = 0.01, Figure 2.4C). Twenty-four hour wheel running was
significantly increased all three days of food restriction (baseline: 21,093+3,122 vs day 1:
34,651+3,534 [p=0.003], day 2: 44,431+5,767 [p=0.005], and day 3: 51,821+5,419 [p=0.0004])
and WRA four hours before lights out was significantly increased on day 3 (wheel revolutions at
baseline: 99.87+34.04 and day 3: 8,039+1,797; p=0.006; Figure 2.4B & C) . Over this same time
course 24-hour WRA (baseline: 22,253+4,131 and day3: 28,725+6,061; p=0.09) and wheel
running four hours before lights out did not significantly change (baseline: 66.28+13.39 and

day3: 22.20+7.87; p=0.24).
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Figure 2.4. Wheel running activity increases during activity based anorexia. A) Hourly
wheel revolutions during baseline and during 3 days of FR progressively increase during both
the light and dark cycle. B) 24-hour wheel running was significantly different across 3 days of
22-hour FR and significantly increased at day 1, day 2, and day 3 of FR. Over the same time
course 24-hour wheel running activity does not significantly change in ad lib fed mice. C)
Scheduled feeding increases wheel running in the 4 hours prior to lights out during ABA and
wheel running is significantly increased on day 3. Wheel running activity is not significantly
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altered in the 4 hours prior to lights out in ad lib fed mice. *p<0.05.

33



To determine if Pomc mRNA is transiently increased during the development of ABA, FISH was
used to detect Pomc mRNA at day O (control), day 1, day 2, and day3 of ABA (Figure 2.5A).
Consistent with previous reports (Hillebrand et al., 2006), data from the groups (n=2/group)
analyzed here also show that Pomc mRNA was increased in mice during the first two days of

ABA, but then declines by the third day (Figure 2.5B).
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Figure 2.5. Hypothalamic Pomc mRNA is transiently increased during ABA. A) Representative image of
Pomc mRNA measured 1 hour before lights out from an animal in the control group and an animal at day 1 of
ABA. Fluorescent intensity of of Pomc mRNA appears more intense in the image from day 1 ABA. B) Data
for the average fluorescent intensity per cell relative to background (expressed as a percent of day 0) is shown
as an average for each group (n=2 animals/per group) in the bar graph. Average fluorescent intensity per cell
relative to background was higher than control on days 1 & 2 of ABA, but declined by day 3 of ABA.

Expression of hM4Di:mCherry in POMC neurons

Selective expression of hM4Di:mCherry in POMC neurons was evaluated by colocalization of
mCherry fluorescence and ACTH-IR 10-14 days after bilateral stereotaxic microinjections (150-
500 nl/side) of the inhibitory DREADD into the ARC (see Figure 2.6A). Approximately 89% of
ACTH-IR cells (531.83+33.10 POMC cells counted/animal) expressed mCherry and
84.54+2.44% of cells expressing mCherry (560.16+33.99 mCherry+ cells counted/animal) had

ACTH-IR in animals with injections that hit the ARC (Figure 2.6B).
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Figure 2.6. hM4Di:mCherry is expressed in hypothalamic POMC-Cre neurons. A) An AAV
vector containing the hM4Di:mCherry construct is delivered to the bilateral arcuate nucleus via
stereotaxic injections. Expression of hM4Di:mCherry is Cre-dependent. Expression of
hM4Di:mCherry is observed 10-14 days after surgery as seen in panel B. Clozapine-N-Oxide
(CNO) activates hM4Di and inhibits POMC neuron activity through an inhibitory G-protein
signaling pathway. B) Representative image showing hM4Di:mCherry targets to POMC neurons as
seen by colocalization of mCherry and ACTH immunoreactivity. Boxed area in merged is enlarged
to show detail. 89.01 £ 2.21% of ACTH positive cells are colocalized with hM4Di:mCherry (n=6).

hM4Di:mCherry mediates CNO-induced inhibition of POMC neuron activity in vitro
Whole-cell current-clamp recordings were used to assess the ability of the inhibitory DREADD
to suppress POMC neuron activity in vitro. As shown in Figure 2.7A bath perfusion of CNO
resulted in a significant hyperpolarization of the cell membrane potential, relative to baseline, in
POMC neurons expressing hM4Di: mCherry (baseline -58.59+1.45 mV, CNO -68.69+2.61 mV,;
p=0.001, paired t-tests), but had no significant effect on the membrane potential of cells lacking
hM4Di:mCherry expression (baseline -58.13+1.18, CNO -59.72+1.17; p=0.11). To determine if
the inhibitory DREADD desensitizes during prolonged exposure to agonist, CNO was bath
perfused continuously for 20 minutes while recording in current-clamp configuration. In the
presence of CNO the membrane potential hyperpolarized by -18.06 mV from baseline, but after
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20 minutes of exposure to CNO the membrane potential was -2.45 mV from baseline (data not
shown; n=1). Induced action potential firing was analyzed while injecting current steps in 1.5 pA
increments (0-13.5 pA) before
A CNO (10 pM) and after bath perfusion of CNO
(10 uM). CNO significantly
decreased action potential firing

in cells expressing
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Figure 2.7. Activation of hM4Di decreases cell activity. A)

Whole-cell current clamp recordings show hyperpolarization baseline following washout of
following bath application of 10 uM CNO in cells expressing
hM4Di:mCherry (n=8) but not in cells lacking hM4Di:mCherry
(n=7). B) 10 uM CNO decreases action potential firing during a
current-step protocol (1.5 pA steps,10 steps; current injection
was in addition to amount of current required to keep cell at -60 action potential firing occurred
mV) in cells expressing hM4Di (n=8) but not in cells without
hM4Di:mCherry (n=7). The decrease in firing induced by CNO
is reversed upon washing with aCSF. *p<0.05
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discontinuing CNO (see Wash in Figure 2.7B; n=1). The membrane potential also recovered
during the wash as indicated by membrane potential observed at -12.74 mV from baseline in
presence of CNO, but repolarized to 3.74 mV above baseline after 20 minutes of washout (data

not shown; n=1).

Effect of CNO on food intake

Others have shown that in the presence of CNO ad libitum fed mice with bilateral expression of
hM4Di:mCherry throughout the ARC consume more food (Atasoy et al., 2012). Therefore only
animals with bilateral expression of hM4Di:mCherry throughout the ARC were used for data
analysis. To determine if suppression of POMC neuron activity during ABA would increase food
intake and decrease weight loss, male POMC-Cre mice expressing hM4Di:mCherry and control
mice that were either uninjected or were expressing the control mCherr