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ABSTRACT

Disorders in food intake and energy homeostasis, characterized by anorexia and
increased metabolic rate, are frequent manifestations in animals with acute and chronic
diseases. Proinflammatory cytokines released in response to pathophysiological
conditions are hypothesized to mediate these responses by acting upon neural systems in
the brain that are involved in the regulation of feeding behavior and energy homeostasis.
The central melanocortin system is a well-characterized neural system that has a key role
in the regulation of feeding behavior and energy homeostasis. Recently, studies have
demonstrated that blockade of central melancortin signaling attenuates cytokine and
illness-induced anorexia suggesting that the central melanocortin system might have an
important role in mediating the anorectic effects of cytokines. The goal of this thesis was
to investigate the ability of individual cytokines to regulate the activity of the central
melanocortin system and to characterize the response of the central melanocortin system
to acute and chronic inflammatory states.

In the first part of this thesis work, we investigated the ability of interleukin-1p3 (IL-
1) to regulate central melanocortin signaling. We demonstrated that
proopiomelanocortin (POMC) neurons in the arcuate nucleus of the hypothalamus (ARC)
co-expressed the type I interleukin-1 receptor (IL-1R) and that intracerebroventricular
(i.c.v.) injection of IL-1f induced the expression of Fos protein in ARC POMC ncurons.
IL-1P increased the frequency of action potentials of ARC POMC neurons. The release
of oc—melanocfte—stimUlatin’g hormone (a-MSH) from hypothalamic explanté waé

increased by IL-1B in a dose-dependent fashion that was not blocked by inhibitors of

xvil



prostaglandin synthesis. These data suggest that IL-13 may increase central melanocortin
signaling by directly activating ARC POMC neurons.

In the second part of this thesis work, we investigated the regulation of agouti-related
protein (AgRP) during acute and chronic disease processes. We demonstrated that AgRP
mRNA expression was increased during acute inflammation induced by injection of
lipopolysaccharide and during chronic inflammation in rodent models of cancer and renal
failure. AgRP neurons were found to co-express IL-1R and i.c.v. IL-1 induced the
expression of Fos protein in AgRP neurons. The release of AgRP from hypothalamic
explants was decreased by IL-1p in a dose-dependent fashion that was not blocked by
inhibitors of prostaglandin synthesis. These data suggest that the secretion of AgRP is
decreased in response to proinflammatory signals released during inflammatory states,
while simultaneously the biosynthetic capacity of AgRP neurons to produce AgRP is
increased. This data suggests that AgRP neurons may participate with ARC POMC
neurons in mediating the anorexic and metabolic responses to acute and chronic disease
processes.

In the final part of this thesis work, we investigated the role of the central melanocortin
system in the pathogenesis of cardiac cachexia, a wasting disease that often develops in
patients with congestive heart failure (CHF). We demonstrated that genetic and
pharmacologic blockade of the central melanocortin system attenuated the development
of cardiac cachexia in two independent rodent models of CHF.

Collectively, the data presented in this thesis support the central melanocortin system
as being a key mediator of cytokihe' signaling and suggest that compounds that block -

central melancortin signaling may have potential therapeutic use in treating disorders in
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food intake and energy homeostasis that occur in humans with acute and chronic

diseases.
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CHAPTER 1

INTRODUCTION



1. Significance and Rationale

The regulation of energy homeostasis is one of the most important physiological tasks
that animals must perform to ensure survival. Energy intake and energy expenditure are
precisely controlled in response to changes in energy stores by complex and redundant
neural systems in the brain. One neural system with a well-characterized role in the
regulation of energy homeostasis is the central melanocortin system. The central
melanocortin system has the capability to sense and integrate a vast array of hormonal,
neuronal, and nutrient signals of energy balance and issues commands to behavioral and
autonomic effector circuits to maintain energy homeostasis (1). The dramatic increase in
the prevalence of obesity in western countries has fueled interest in characterizing the
response of the central melanocortin system to signals of energy balance as genetic
disruptions in melanocortin signaling are associated with the development of obesity in
rodents and humans (2, 3). However, feeding and metabolic-related pathologies are not
limited to excess energy intake. Pathologies that cause insufficient energy intake and

metabolic dysregulation are frequent challenges that animals face.

Proper energy intake and balanced metabolism are essential for normal growth,
development and maintenance of health. Disorders in energy homeostasis, characterized
by anorexia and involuntary weight loss develop in animals with acute and chronic
diseases and lead to malnutrition and weight loss. The young and elderly are especially
vulnerable to disruptions in energy balance and experience poor growth and health

maintenance as a result. In many chronic disease states, a pathological syndrome of



anorexia and loss of fat and lean body mass known as cachexia arises (4) and the severity
of cachexia is highly correlated with an increase in patient morbidity and mortality (4, 5).
Investigations into the etiology of disorders in energy homeostasis that develop during
acute and chronic disease states suggest that the cytokines that are released in response to
inflammatory stimuli act on the central nervous system to alter the activity of neural

systems that regulate appetite and energy homeostasis (6, 7).

The focus of this thesis was to characterize the response of the central melanocortin
system to individual proinflammatory cytokines to gain an understanding of how the
activity of this key neural system is regulated during inflammatory states. In addition, I
examined the effect of blockade of melanocortin signaling on the pathogenesis and
progression of cachexia in rodent models of congestive heart failure. Collectively, these
studies have advanced our understanding of how the central melanocortin system is
regulated by inflammatory cytokines and demonstrated that blockade of melanocortin

signaling is a viable target for the theraupeutic treatment of cachexia of chronic disease.

2. Illness-Induced Disruptions in Energy Homeostasis

2.1 Anorexia of Acute Illness and Inflammation

Anorexia is a component of “sickness behavior”, a coordinated set of behavioral and

physiological changes that develop in animals in response to infection and tissue injury.



Additional signs of sickness include fever, weakness, and malaise and this constellation
of signs are thought to represent an organized strategy employed by animals to combat
infection and inflammation (8). Proinflammatory cytokines exerting their effects on the
central nervous system (CNS) are hypothesized to mediate the signs of sickness behavior
(6, 7). Unlike starvation, where a protective neuroendocrine response to restricted caloric
intake causes decreased energy expenditure and consumption of fat as the preferential
metabolic substrate (9), the neuroendocrine response to illness-induced anorexia seems
maladaptive as it promotes increased metabolism and the catabolism of muscle and fat
for metabolic fuels (10, 11). The teleology of the anorexic response to cytokines has
been difficult to reconcile with the high metabolic cost of mounting the febrile response.
For example, in humans, the metabolic rate needs to be raised by 13% to generate a 1 °C
raise in core body temperature (12). One hypothesis is that anorexia spares energy that
would be required for foraging for food and prevents a weakened animal from risking
exposure to a potential predator. Supporting this hypothesis is data showing that
lipopolysaccharide (LPS) and interleukin-13 (IL-1B)-treated rats stop seeking a lever that
when pressed provides food, but still eat food pellets that are presented to them (13, 14).
A second hypothesis is that anorexia may represent a specialized behavioral adaptation to
fight bacterial infections. The production and activity of macrophages and lymphocytes,
key components of the immune system response to bacterial infection, are increased by
starvation (15). In addition, data suggests that a strong T helper 2 (Thy) compared toa T
helper 1 (Th;) lymphocyte response promotes clearance of bacterial infection. Anorexia
prevents feeding induced increases of vagal and hormonal output from the gut that are

correlated with a reduced Thy/ Th; ratio (16). These results suggest that acutely, anorexia



might constitute an adaptive strategy in fighting acute bacterial infections. However,
prolonged reduction in food intake and an increase in metabolic rate that lead to depletion
of body fat and protein stores can be detrimental to the health and survival of an animal

as is seen in the anorexia-cachexia syndrome.

2.2 Cachexia of Chronic Disease

Cachexia is a wasting syndrome first described in chronic heart failure (CHF) patients by
Hippocrates 2300 years ago (17). Cachexia has long been recognized as a serious
complication of many chronic illnesses including cancer, renal failure, liver failure,
chronic obstructive pulmonary disease (COPD) and CHF (4). The cardinal features of
cachexia are involuntary weight loss, relative anorexia and hypermetabolism (18, 19).
Unlike a state of starvation, where the body mounts a protective response to restricted
caloric intake by decreasing energy expenditure and consuming fat as the preferential
metabolic substrate, cachexia is characterized by an inappropriate increase in metabolism
and catabolism of lean body mass (LBM) (20). The subsequent negative energy and
nitrogen balance results in a progressive loss of LBM and multi-organ dysfunction (17).
These factors are thought to be the primary causes of morbidity and mortality in cachectic
patients, and are associated with reduced quality of life scores and overall poorer
outcomes (5, 19). Treatments to combat cachexia have focused on increasing nutritional
intake by enteral or parenteral means, but these have proven to be largely ineffective due
to'the anorexia, early satiety and metabolic resistance to the accumulation of LBM

exhibited by cachectic patients (21, 22). Steroids remain the most widely used



pharmacologic agents in cachectic patients. Prednisolone and dexamethasone have been
shown to significantly stimulate appetite, however these effects are short lived and have
not been shown to prevent weight loss (23, 24). The progestational agent megestrol
acetate has been extensively studied after the observation that its use resulted in weight-
gain in breast cancer patients. Significant increases in body weight and patient-reported
quality of life scores have been recorded in patients with cancer and AIDS-associated
cachexia treated with megestrol acetate. However, subsequent studies revealed that the
increases in body weight were achieved through increased fat and water mass and not

LBM (25, 26).

A shared characteristic of chronic diseases associated with the development of cachexia
is increased production of proinflammatory cytokines. Elevated circulating levels of
tumor necrosis factor alpha (TNF-a), and interleukin-6 (IL-6) in patients with cardiac
cachexia are the strongest predictor for pathological weight loss (27, 28). In cancer
cachexia, IL-1P, IL-6, leukemia inhibitory factor (LIF) and TNF-o have been shown to
be produced by tumor cells in tissue culture and in vivo (29, 30). Central administration
of these cytokines in rodents is effective in recapitulating the cardinal features of
cachexia including: anorexia, weight loss, increased energy expenditure and catabolism
of fat and LBM (31, 32). These findings suggest that there are systems within the brain
that are sufficient to promote the cachectic state in response to cytokines. In the
periphery, data demonstrates that cytokines can act directly on muscle cells to disrupt the
normal balance that exists between anabolic and catabolic pathways (33). Expression of

nuclear factor-kappa B (NF-xB) in muscle is increased by IL-1p and TNF-a (34).



Increased NF-xB expression in muscle promotes muscle degeneration by accelerating
protein breakdown through ubiquitin-dependent proteolysis (35) and preventing muscle
repair by decreasing the expression of the transcription factor MyoD (36). Collectively,
these data support the hypothesis that the coordinated behavioral and metabolic responses
that occur in the clinical syndrome of cachexia likely involve the synergistic effects of

combinations of cytokines acting in both the brain and periphery.

3. Neural Control of Feeding and Energy Homeostasis

3.1 Hypothalamic Arcuate Nucleus

In 1954 Eliot Stellar published his revolutionary essay “The Physiology of Motivation” in
which he outlined a “dual center” model to describe feeding behavior. Stellar proposed
that in the hypothalamus there were reciprocally acting centers that controlled feeding, an
excitatory center to initiate feeding and an inhibitory center to terminate feeding (37).
Thereafter, a series of classic electrolytic and mechanical ablation studies in the
mammalian brain confirmed that there were distinct regions within the hypothalamus that
had key roles in the regulation of energy homeostasis [reviewed in (38)]. To this day, the
basic neuroanatomical layout of the hypothalamus that was established during this period
remains central to our understanding of hypothalamic feeding circuits. One region of the
hypothalamus identified by ablation studies that has continued to be the focus of intense

studies is the arcuate nucleus of the hypo:[halamus (ARCQ).



The ARC is located at the base of hypothalamus between the floor of the third ventricle
and the median eminence and extends rostro-caudally from the optic chiasm to the
mammillary bodies. The ARC has extensive reciprocal connections with other
hypothalamic nuclei including the dorsomedial nucleus of the hypothalamus (DMH), the
lateral hypothalamic area (LHA), the ventromedial hypothalamic nucleus (VMH), and the
paraventricular nucleus (PVN) (38). Ablation studies revealed that lesions of each of
these nuclei results in severe disturbances in feeding and energy homeostasis (38-40).
Axon terminals of many ARC neurons are localized in the median eminence, a
circumventricular organ lacking an intact blood-brain barrier (BBB) (41). Furthermore,
following systemic injection, several different dyes and markers are found to accumulate
rapidly in cells in the arcuate nucleus and median eminence, suggesting that the
capillaries in this region are specialised for exchange of molecules. Collectively, these
observations suggest that multiple mechanims may allow the ARC to have increased
access to circulating signals of energy balance including hormones, cytokines and
macronutrients (42). Lesions of the ARC produce hyperphagia and obesity in animals.
This experimental observation prompted the hypothesis that that this region of the
ventromedial hypothalamus served as a “satiety center” (38, 43). However, subsequent
studies have also revealed that portions of the ARC can act as “appetite stimulating”
centers as well (42). As will be discussed in detail below, it is now appreciated that there
are two primary neuropeptide-expressing neuronal populations within the ARC that have
reciprocal effects on energy balance. A feeding inhibitory population that is comprised
of neurons co-expressing proopiomelancortin (POMC) and cocaine and amphetamine-

related transcript (CART), and an appetite-stimulating population that is comprised of



neurons co-expressing neuropeptide Y (NPY) and agouti-related peptide (AgRP) (44,
45). Additional neuropeptides that are postulated to have plays roles in the regulation of
appetite and energy homeostasis that are expressed in the ARC include: galanin, galanin-
like peptide, orexin, brain-derived neurotrophic factor, melanin concentrating hormone,

endocannabinoids, corticotropin releasing factor, glucagon-like peptide and kisspeptin.

3.2 Parabiosis Experiments Identify a Neurohumoral Link

After lesion studies had demonstrated that the hypothalamus contained distinct centers
that regulated food intake the next task for investigators to accomplish was determining
how these centers worked. It was hypothesized that these centers were sensitive to
changes in the energy stores of the body following either energy expenditure, or energy
intake and adjusted eating behavior accordingly using a system of “feedback” control.
However, the type of signal that provided this feedback and the path by which it reached
the hypothalamus was unknown. The first answer to these questions came from a series
of studies in parabiotic rats. Lesions of the VMH in one member of the parabiotic pair
induced hyperphagia and obesity in that animal, whereas the unlesioned member became
hypophagic and underweight (39, 40). The results of these experiments suggested that a
circulating factor produced in the lesioned rat had signaled the hypothalamus of the
unlesioned rat to reduce its own food intake. Although it was unknown what this
circulating factor might be, it was hypothesized by Kennedy in 1953 (based on his
observations that animals made adjustments to feeding in relation to the amount of stored

body fat) that the centers of the hypothalamus might be sensitive to the concentration of a



metabolite that existed in equilibrium with stored fat (46). This hypothesis was supported
by another series of parabiosis experiments in two spontaneously obese strains of mice,
the obese (Lep®’/ Lep®) mouse and diabetic (Lep™/ Lep™) mouse. Parabiosis
experiments found that 0b/0b partners of db/db mice experienced hypophagia, weight
loss, hypoglycemia, and often died within 4 weeks after the parabiosis surgery from
metabolic exhaustion (47). Similar responses were reported for wild-type mice parabiosed
to db/db mice (48), and it was concluded that both wild-type and 0b/0b mice had normal
satiety centers that were responsive to a satiety factor produced by db/db mice. The
similarity of the obesity syndromes observed in the 0b/0b and db/db mice also led to the
hypothesis that the two different genes influenced the same satiety mechanism: ob/ob
mice had a normal satiety center but were unable to produce the circulating saticty factor,
whereas db/db mice produced the satiety factor, but had a defective satiety center. In
1994, the ob gene encoding the protein leptin was cloned (49), and in the following year
its receptor (OB-R) was cloned from the db locus (50). These findings confirmed the
existence of a neurohumoral link whereby centers in the brain that control food intake

and energy homeostasis can sense and respond to circulating signals of energy balance.
3.3 Brainstem Mechanisms

Most research has focused on the ARC as the primary site in the brain where signals of
energy status are integrated and efferent circuits that coordinate the responses to maintain

energy homeostasis are engaged. However, data exists that also supports a role for

hindbrain nuclei, in particular the nucleus of the solitary tract (NTS), in performing these
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same tasks. The first central projection for gustatory and gastrointestinal afferents is the
NTS and studies using decerebrate rats have demonstrated that this nucleus issues
commands to local motor circuits that control meal size (51-53). In common with the
ARC, the NTS is in close anatomical proximity to and directly innervated by the area
postrema (AP), a circumventricular organ (54, 55) suggesting that this site may have
direct access to circulating signals of energy balance. Although AgRP cell bodies are
absent, the NTS does contain cell bodies expressing neuropeptides with demonstrated
roles in the regulation of food intake and energy metabolism including: NPY, POMC,

CART, neuromedin U (NMU), and preproglucagon (1, 56, 57).

4. Proinflammatory Cytokines

Cytokines are large 8-60 kDa polypeptides classically associated with the regulation of
immune and inflammatory processes. Functionally, cytokines are classified as being
either proinflammatory (stimulatory) or anti-inflammatory (inhibitory). Cytokines exhibit
pleiotropy and redundancy, meaning a cytokine can have multiple functions and these
functions can be mimicked in part by other cytokines (58). Historically, features used to
differentiate a cytokine from an endocrine hormone were the source and location of
actions of these proteins. Cytokines are primarily synthesized by cells of the immune
system and function predominately as autocrine, or paracrine regulators of local tissue
processes during tissue injury and inflammation (58). Hormones are produced by
specialized cells within ductless glands and function predominately as regulators of

system processes (59). However, experimental data has demonstrated that these
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distinctions are frequently blurred. For example, studies have demonstrated that in
addition to cytokines, lymphocytes are able to produce and secrete a number of hormones
including: adrenocorticotropic hormone (ACTH), prolactin, insulin-like growth factor,
endorphins and growth hormone (GH) (60-62). Conversely, cytokines and their receptors
are expressed by almost all known cell types (including neurons and endocrine cells) (63,
64) and can regulate processes such as production of fever far from their site of
production (65). Collectively, these findings have established that cytokines possess
hormone-like capabilities to act as key regulators of local and systemic responses to

disease and inflammation.

Although there is evidence supporting a role for cytokines in regulating basal
neurological processes such as sleep (66, 67) and energy homeostasis (68-71), expression
of cytokines in the brain is very low in the absence of infection, or inflammation.
However, expression of multiple cytokines is markedly increased in response to
inflammation from peripheral sources. Peripheral injections of LPS have been shown to
increase the expression of IL-1ct, IL-1f3, IL-6, TNF-o and LIF in the brain [reviewed in
(7)) In the brain, the proinflammatory cytokines IL-13 and TNF-o have been shown to
potently stimulate their own production as well as increasing the synthesis of other
inflammatory cytokines such as IL-6, interleukin-8 (IL-8) and LIF (72, 73). This
provides a mechanism for amplification of cytokine signaling in the brain in response to
peripheral sources of inflammation. Anorexia has been described following the central

administration of multiple inflammatory cytokines (IL-1pB, IL-6, IL-8, TNF-o. and LIF)
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(31, 32), however this thesis work primarily focused on studying the interaction between

IL-1PB and the central melanocortin system.

5. Interleukin-1: An Immuno-Neuro-Endocrine Link

5.1 Synthesis of IL-1c. and IL-1

IL-1, also known as lymphocyte activating factor, B-cell differentiation factor, or
endogenous pyrogen is a 17 kDA peptide that is a “prototypic” proinflammatory cytokine
(74, 75). There are two forms of IL-1, IL-1o and IL-1, that are agonists of the IL-1
receptor (IL-1R) (76). A third member of the IL-1 family, IL-1 receptor antagonist (IL-
lra), is an endogenous inhibitor of IL-1 that binds IL-1R, but does not trigger signaling
(77). After synthesis, IL-10 remains mainly intracellular whereas IL-1p is cleaved by IL-
1B-converting enzyme (ICE) and secreted from the cell (78). In a healthy brain, trace
expression of IL-1P is detected in glia, neurons, cerebrovascular cells and circulating
immune cells [reviewed in (79)]. Expression of IL-1B in the brain, mainly in the
hypothalamus, is markedly increased in response to disease and inflammation both in the

periphery and within the CNS itself (80-83).

5.2 Interleukin-1 Receptors

IL-1R is a glycoprotein expressed on the surface of cells that is a complex of two chains,

the type I IL-1 receptor (IL-1RI) and the IL-1R accessory protein (IL-1RAcP) (84). IL-
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1RI is a membrane bound receptor that binds the agonist ligands IL-1o and IL-1J (85).
IL-1RACP is membrane bound chain that does not bind to either IL-1o and IL-18, but
instead is recruited to the IL-1/IL-1RI complex and is required for efficient signal
transduction (86). Binding of IL-1[ to IL-1R increases cellular production of NF-xB, a
transcription factor that that plays a key role in regulating the cellular response to
inflammation (84). In the brain, IL-1R is expressed primarily by non-neuronal cells
including endothelial cells, glial cells, and macrophages (87). Only a few neuronal cell
groups express IL-1R, however these groups are predominately found in areas associated
with energy homeostasis and behavior including the ARC, NTS, AP, basolateral nucleus
of the amygdala, hippocampus, and the trigeminal and hypoglossal motor nuclei (87, 88).
Expression of IL-1R in the hypothalamus and hindbrain is increased by acute
inflammation induced by single injections of LPS (89), or IL-1f (90) and by chronic

inflammation due to tumor growth (83).

5.3 Regulation of the Neuroendocrine Axis by IL-1

The first described physiological role for IL-1f in the brain was the stimulation of fever,
an adaptive host defense response to infections and other inflammatory stimuli (91).
Injection of picomolar quantities of IL-1p into the brain elicits marked fever in rodents by
regulating the activity of thermosensitive neurons in the anterior and preoptic
hypothalamus (92). IL-1B-induced fever is attenuated by salicylates and aspirin-like anti-
inflammatory drugs that prevent prostaglandin synthesis by antagonizing that activity of

cyclooxygenase (COX)1 and COX2 (93). IL-1p also potently increases the activity of

14



the hypothalamic-pituitary-adrenal (HPA) axis leading to elevated plasma levels of
ACTH (94). In addition to promoting fever and activating the HPA axis, IL-1J also has
an increasingly recognized role in the regulation of feeding behavior and energy
homeostasis. IL-1f potently suppresses food intake when injected peripherally and
centrally (95, 96) and unlike IL-13-mediated fever, the anorexic effect of IL-1f is not
completely blocked by inhibition of prostaglandin synthesis (97, 98). Expression of c-fos
mRNA is observed in the ARC (Figure 1) and NTS (Figure 2) in response to peripheral
injections of IL-1B (99). In the ARC, IL-1 induces the expression of c-fos
immunoreactivity in both POMC and NPY neurons suggesting a role for the
hypothalamic melanocortin system in mediating the feeding and metabolic effects of IL-
1B (100). Chronic disruption studies indicate that in addition to mediating the feeding
and metabolic effects of acute inflammation, IL-1 signaling also has an important role in
mediating long-term energy homeostasis. IL-1R knockout mice (IL-1RKO) develop
maturity-onset obesity and this metabolic phenotype is preceded by decreased leptin
sensitivity, fat utilization, and locomotor activity (69). Conversely, IL-1ra knockout mice
(IL-1raKO) have a lean phenotype due to decreased fat mass, related to both a defect in
adipogenesis and an increase in energy expenditure (70). IL-1 mRNA expression in the
ARC is increased by leptin and central injections of IL-1ra suppress the anorexic and
pyrogenic effects of leptin (101). Collectively, these findings strongly support the
hypothesis that IL-1B-mediated signaling plays an important role in mediating food

intake and energy homeostasis in both basal and inflammatory states.
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Figure 1-1. Darkfield photomicrographs of c-fos mRNA-positive cells in coronal brain
sections of the hypothalamus after i.v. injection of IL-1B. Time points after injection are
0.5 hour (a), 1 hour (b), and 3 hours (c). Arrowheads point to the outer edge of the
median eminence (ME). 3V, third ventricle; Arc, arcuate nucleus; PVN, paraventricular
nucleus; VMH, ventromedial nucleus of the hypothalamus. Figure modified from
Herkenham, 1998.



Figure 1-2. Darkfield photomicrographs at the level of the area postrema (AP) and the
nucleus of the solitary tract (NTS) showing c-fos mRNA-positive cells at 0.5 hour (a) and
3 hours (b) after i.v. injection of IL-1B. CC, central canal; sol, solitary tract; 10, dorsal
motor nucleus of the vagus. Dashed line in b marks the border between the AP and the
NTS. Figure modified from Herkenham, 1998.



6. Leptin

The ability of cytokines to have key roles in the regulation of energy homeostasis has
been demonstrated from studies involving leptin. Leptin, a 16-kDa protein hormone that
has the conformational structure of a 4-a-helical bundle cytokine, was cloned from the
mouse obesity (ob) gene and is produced and released primarily by white adipose tissue
(49). Administration of leptin to 0b/0b mice decreased food intake and body weight and
also normalized endocrine status (102, 103). Humans with null mutations in the ob/ob
gene have phenotypes similar to 0b/ob mice (severe obesity, hyperphagia and
hyperinsulinaemia) (104). Treatment of these patients with exogenous leptin is effective
in correcting this phenotype (105). The metabolic effects of leptin are mediated by its
binding to the long form of its receptor (OB-Rb; isoform that includes the intracellular
signaling portion of the receptor). Mutations in this receptor were found to underlie the
hyperphagic and obese phenotype of the db/db mouse and this phenotype was not
corrected with leptin replacement (106, 107). OB-Rb is a single membrane-spanning
class I cytokine receptor that is closely related to the gp130 signal-transducing
component of the IL-6, LIF and ciliary neurotrophic factor (CNTF) receptors (50). In
rodents, OB-Rb is expressed in numerous brain regions including the cortex,
hippocampus, thalamus, and hindbrain, but the highest cxpression is seen in the
hypothalamus. In the hypothalamus OB-Rb is expressed in the ARC, VMH, DMH and
ventral premamm1llary nuclei with the hlghest expression measured in the ARC (108-

111). The pattern of expression of OB-Rb in the human brain is similar to that reported
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in rodents (112) and mutations in human OB-Rb result in hyperphagia, obesity and
neuroendocrine derangements (113). These data are consistent with the hypothesis that
the primary role of leptin is to signal the brain about the overall nutritional state of the
animal and demonstrate that in both rodents and humans intact leptin and leptin-signaling

via OB-RbD are essential for the regulation of food intake and energy homeostasis.
7. The Central Melanocortin System

7.1 Early Studies of Melanocortins in the Periphery

Interest in investigating the role of the melanocortin system in the regulation of energy
homeostasis was initially ignited by studies investigating the role of the melanocortin
system in the regulation of coat color in mice. Coat color in mice is determined by the
relative production of two major categories of melanin polymers in melanocytes, brown-
black eumelanins and yellow-red pheomelanins (114). Regulation of the eumelanin-
pheomelanin switch occurs via the interaction of two allelic series, the extension locus on
chromosome 16 and the agouti locus on chromosome 2 (115, 116). Mice with dominant
agouti alleles, such as the lethal yellow (4 ") and variable yellow (4 ") alleles, have
reduced eumelanin production and yellow coat fur (117, 118). In 1992, the extension
locus was discovered to encode the melancortin-1 receptor (MC1-R) (119). MCI-R is
expressed on melanocytes and activation of MC1-R by o-melanocyte-stimulating
hormone (QL-MSH), é 'melelirvlocortin peptide pfoduct of the POMC gehe, pfoduced a dark-

colored coat in mice by stimulating the synthesis of eumelanins (120). In the same year,
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the cloning of the agouti gene revealed that it encoded a 131-amino acid secreted protein
(121, 122). A subsequent study demonstrated that agouti was a competitive antagonist of
the MC1-R (123). The same study also revealed that agouti was a potent competitive
antagonist of the melanocortin-4 receptor (MC4-R) (123). This result was surprising as
the principal site of MC4-R expression is in the CNS (124, 125). This discovery
prompted renewed interest in mice with the dominant A” and 4”7 mutations as a
prominent phenotype displayed by these mice was the agouti obesity syndrome,
characterized by hyperphagia, obesity, hyperinsulinemia, and increased body length (117,
118). Antagonism of MC4-R signaling by ectopic expression of agouti in the CNS was
hypothesized to be responsible for the agouti obesity syndrome displayed by 4" and 4"
mice. This hypothesis was supported by studies showing MC4-R mRNA was expressed
in regions of the CNS known to involved in autonomic and endocrine function, including
the hypothalamus, NTS, and the dorsal motor nucleus of vagus (DMV) (125).
Collectively, data from these studies provided compelling support for the hypotheis that
melanocortin signaling in the CNS played an important role in the regulation of energy

homeostasis.

7.2 Neuroanatomy of Central Melanocortin System

The POMC gene encodes a 32 kilodalton (kDa) propeptide that is predominantly
expressed in the pituitary gland, skin, immune system and brain (126). In the brain, post-

translational cleavage of the POMC propeptide by a.family of serine proteases, the -

prohormone convertases (PC1 and PC2),.produces two different classes of bioactive
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peptides, the melanocortins and B-endorphins (127). The melanocortin peptides, which
include adrenocorticotropic hormone (ACTH) and «-, B- and y-melanocyte-stimulating
hormones (MSH) mediate their effects by binding to members of a family of five G
protein-coupled melanocortin receptors (MC1-R through MC5-R) [reviewed in (1)].
Two melanocortin receptor subtypes, MC3-R and MC4-R are highly expressed in the
brain and are supported by data as being the primary mediators of the behavioral and
metabolic effects of melanocortin peptides in the brain (128). Expression of POMC in
the brain is limited to neurons located in the ARC and the NTS (45, 129). Fibers from
ARC POMC neurons have a wide projection field that includes regions in the forebrain,
midbrain and hindbrain (1). Within the hypothalamus, most nuclei receive projections
from ARC POMC neurons with the densest projections made in the PVN, the
periventricular nucleus (PeVN) and the perifornical regions. Fibers from NTS POMC
neurons project to hindbrain nuclei, rostrally to the PVN, and the spinal cord. Dual
innervation by ARC and NTS POMC fibers occurs in the rostral NTS, parabrachial
nucleus, locus coeruleus, DMV, and the lateral reticular nucleus, suggesting that
coordination exists between the hypothalamic and brainstem melanocortin systems in the

regulation of activity in these nuclei.

Opposing the actions of melanocortin peptides in the brain is AgRP, an endogenous
competitive antagonist/inverse-agonist at the MC3-R and MC4-R (130). AgRP was
identified by virtue of its sequence similarity to agouti and neuroanatomical studies
revealed that in the brain, AgRP is expfessed exclusiVely’by neurons in the ARC where it

is colocalized with the orexigenic neuropeptide, NPY, and the inhibitory neurotransmitter
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gamma-aminobutyric acid (GABA) (131, 132). Ubiquitous overexpression of AgRP in
transgenic mice recapitulated the obesity and increased body length phenotype displayed
by A" and 4”" mice (130), supporting the hypothesis that the agouti obesity syndrome
was likely caused by the ability of ectopic agouti to mimic AgRP. Loss of AgRP, NPY
and GABA signaling by inducible ablation of AgRP/NPY necurons in adult mice causes
immediate and severe anorexia in these animals (133). Immunocytochemical studies
revealed that AgRP-containing fibers project to many, but not all sites in the CNS that
receive projections from POMC-containing fibers (134). Notably, little to no AgRP fiber
staining is detected in the NTS (44, 134) (Figure 3). These findings demonstrate that the
central melanocortin system has reciprocal anorexigenic and orexigenic components and
these components make this system ideal for playing a key role in the regulation of

feeding behavior and energy homeostasis.

The development of two lines of transgenic mice; one created using the neuronal POMC
promoter to drive expression of enhanced green fluorescent protein (POMC-EGFP)
(135), and the other created using NPY genomic elements to drive expression of tau-
sapphire (green fluorescent protein variant) fusion protein (NPY-Sapphire) (136) have
proven key to elucidating the neuronal architecture and complex interactions of the
central melanocortin system. The ability to visually identify these neurons in brain slices
and primary culturc duc to their fluorescent propertics has made possible pioneering
studies investigating their response to signals of energy balance (135-138). In the ARC,
electrophysiological recordings and multi-label immunohistocherhistry revealed that -

GABA-secreting ARC AgRP/NPY neurons form synapses with ARC POMC neurons
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Figure 1-3. Schematic of the central melanocortin system. POMC neurons in the ARC
and the NTS of the brainstem and AgRP neruons in the ARC are both adjacent to
circumventricular organs and receive and integrate signals from adipostatic factors and
satiety factors, respectively. Red arrows, representative POMC projections; blue arrows,
representative AgRP projections; dashed arrows, secondary projections linking POMC
neurons in hypothalamus and brainstem with common effector sites; AP, area postrema;
ARC, arcuate nucleus; BST, bed nucleus of the stria terminalus; CEA, central nucleus of
the amygdala; DMV, dorsal motor nucleus of the vagus; LH, lateral hypothalamic area;
LPB, lateral parabrachial nucleus; ME, median eminence; NTS, nucleus tractus solitarius;
PVN, paraventricular nucleus of the hypothalamus; RET, reticular nucleus. Figure
modified from Fan, 2004,
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(135). GABA-mediated inhibitory post-synaptic currents (IPSCs) and mini-IPSCs
recorded from ARC POMC neurons are reduced by NPY and agonists of the NPY Y2
presynaptic autoreceptor in both the presence and absence of tetrodotoxin (TTX)
indicating that the observed effect is due to decreased GABA release from NPY
presynaptic terminals (135, 139) (Figure 4). Studies with the selective MC3-R agonist,
D-Trp®-yMSH revealed that MC3-R is an autoinhibitory receptor expressed on ARC
POMC neurons (135), a key finding for future studies investigating the role of this
receptor in illness-induced anorexia and cachexia (discussed below). POMC-EGFP mice
were used in many of the experiments that I conducted for the work presented in this
thesis demonstrating how valuable these animals continue to be to researchers
investigating the role of the central melanocortin system in disorders of energy

homeostasis.

7.3 Genetic Studies of Central Melanocortin System

The most compelling evidence for the central melanocortin system having a pivotal role
in the regulation of feeding behavior and energy homeostasis has come from genetic
studies of knockout and transgenic mice with targeted disruptions in melanocortin
signaling and human families with naturally occurring mutations in melanocortin
signaling. Gene-targeting techniques have been used to generate mice with inactivating
mutations of POMC, MC3-R, MC4-R and MC5-R (140-144). POMC KO and MC4-

RKO mice are hyperphagic, hyperleptinemic and obese, recapitulating the characteristic
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MC3R

Figure 1-4. Schematic of the melanocortin system within the arcuate nucleus of the
hypothalamus. NPY/AgRP and POMC neurons within the arcuate nucleus form a
regulated network due to dense NPY/AgRP fiber projections to POMC cell bodies.
Several receptors for the many hormones and neuropeptides known to regulate the
network are indicated. Figure modified from Cowley, 2001.
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features of the agouti obesity syndrome found in AY mice, AYY mice, and transgenic
AgRP overexpressing mice (130). Mice heterozygous for the nu}l MC4-R have an
intermediate phenotype suggesting a gene dosage effect of MC4-R signaling (143).
MC4-RKO are resistant to the anorectic and metabolic effects of the MC3/4-R agonist
MTII (145), supporting the role of MC4-R, and not MC3-R in mediating the anorectic
effects of melanocortins. Indeed, although MC3-RKO mice were found to have a mild
obesity phenotype, they are also hypophagic and have reduced lean body mass (142,
145). MC5-RKO mice have normal appetite and body weight arguing against this
receptor having a significant role in energy homeostasis (142). The findings from these
genetic studies have been corroborated by pharmacologic studies demonstrating the MTII
inhibits food intake and SHU9119 (a nonselective MC3/4-R antagonist) enhances it in
wild-type mice (146). Like mice, humans with mutations in either the POMC or MC4-R
genes have melanocortin obesity phenotypes. Null mutations in the POMC gene are rare
in humans, however patients with these mutations have been discovered and they have
syndromes that include obesity, red hair and adrenal insufficiency from the lack of ACTH
peptide (147). Unlike POMC mutations, MC4-R mutations are common in humans.
Studies have revealed that the percentage of obese patients with mutations in the MC4-R
to be between 4% and 6% (148-152). Furthermore, data from these studies also indicate
that haploinsufficiency of the MC4-R gene is the most common monogenic form of
childhood-onset obesity. The clinical syndrome .of hyperphagia, obesity,
hyperinsulinemia and increased lincar growth found in patients with haploinsufficicncy

of the MC4-R is nearly identical to that seen in mice (21). Collectively, these data.
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support the central melanocortin system serving comparable roles in the regulation of

energy homeostasis in both mice and humans.
8. Regulation of the Central Melanocortin System

8.1 Fasting and Leptin

The observation that leptin-induced anorexia is resisted by MC4-RKO mice (145) and
blocked in wild-type mice by third ventricle administration of SHU9119 (153) suggested
that the central melanocortin system had a role in mediating many of the feeding and
metabolic effects of leptin. Data from a number of studies provide compelling evidence
that the hypothalamic melanocortin system in particular has the primary role of mediating
the feeding and metabolic effects of leptin. Both POMC and AgRP/NPY neurons express
OB-Rb mRNA (154, 155). Expression of POMC mRNA in the ARC is decreased in
response to fasting (156) and this decrease is reversed by leptin replacement (157, 158).
Leptin administration stimulates the phosphorylation of the signal-transducer and
activator of transcription 3 (STAT3) transcription factor (159), and induces the

expression of c-fos immunoreactivity and suppressor-of-cytokine-signaling 3 (SOCS-3)
mRNA (160) in POMC neurons. In response to leptin, POMC neurons are depolarized
and increase their firing rates (135), leading to the release of mature POMC-derived
peptides (161, 162). In contrast to POMC neurons, AgRP/NPY ncurons arc inhibited by
- leptin. AgRP mRNA is increased 1n response to fasting and this increase is reversed by

leptin replacement (163). Leptin administration stimulates the expression of SOCS-3
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mRNA, but not c-fos immunoreactivity in AgRP/NPY neurons. This observation
suggests that the effect of leptin on AgRP/NPY neurons is inhibitory (160). Leptin
decreases the basal spike frequency of AgRP/NPY neurons in fasted mice and inhibits the

release of AgRP from hypothalamic explants (161).

Evidence supporting a role for the brainstem melanocortin system in mediating the
feeding and metabolic effects of leptin is not as convincing as data in support of the
hypothalamic melanocortin system. OB-Rb is expressed in the NTS (108, 110), but
unlike ARC POMC neurons, it has never been shown definitively that NTS POMC
neurons express OB-Rb. Expression of POMC mRNA in the NTS is reduced in response
to fasting, however unlike ARC POMC mRNA it is not restored to fed levels with leptin
replacement (164, 165). Leptin administration stimulates STAT3 phosphorylation in
NTS neurons (166). However, there currently is not agreement on whether pSTATS3 is
expressed in NTS POMC neurons in response to leptin. One study reported seeing co-
expression (167), whereas another published nearly simultaneously reported co-
expression was not apparent (164). The question of whether the brainstem melanocortin
system has a role in mediating the feeding and metabolic effects of leptin remains

unresolved at this time.
8.2 Insulin

Insulin is synthesized as a preprohormone by beta cells of the islets of Langerhans in the

pancreas and released in response to increases in plasma glucose levels (168). Insulin
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generates its intracellular effects by binding to the insulin receptor, a disulfide-bonded
glycoprotein plasma membrane receptor. Insulir_l receptors are expressed in the ARC and
NTS (169). ARC POMC neurons co-express insulin receptors and insulin infusion
reverses fasting induced changes in ARC POMC mRNA and NPY mRNA expression
(170, 171). Anorexia following third-ventricular administration of insulin is prevented
by subthreshold doses of SHU-9119 (170). Specific studies investigating the effects of
insulin on NTS POMC neurons have yet to be conducted, so at this time experimental
evidence primarily supports the role of the hypothalamic melanocortin system in

mediating the anorectic effects of insulin.
8.3 Cholecystokinin

Data support the brainstem melanocortin system of having a primary role in mediating
the anorectic effects of cholecystokinin (CCK). CCK is a peptide that is synthesized
primarily in the duodenum and jejunum of the gastrointestinal tract, although CCK
expression has also been reported in the brain (172, 173). CCK is released from the
duodenum and jejunum in response to the intraluminal presence of nutrient-digestive
products, and has been proposed to serve a feedback function in the short-term control of
food intake by reducing meal size (174, 175). The feeding inhibitory actions of CCK are
mediated through their interaction with CCK-A receptors (176). In the brain, the highest
expression of CCK-A receptors is in the NTS and AP, whereas exprcssion in the
hypothalamus is low (177). In response to CCK, NTS POMC neurons ekpress c-fos

(137, 178) and increase their firing rates via indirect activation by CCK-A expressing
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vagal afferents (178). Inhibition of food intake in response to peripheral injections of
CCK are partially attenuated by third-ventricular injection of SHU9119, but are
completely attenuated by fourth-ventricle injection of SHU9119 (137) supporting the role
of brainstem MC4-Rs and NTS POMC neurons in mediating the anorectic effects of

CCK.
8.4 Ghrelin

Ghrelin is a recently identified gut-derived peptide that is classified as a growth hormone
secretagogue [reviewed in (179)] and is an endogenous agonist for the growth hormone
secretagogue receptor (GHS-R) (180). The primary site of ghrelin expression is the
fundus of the stomach (180), although low level expression has been reported in the brain
(181, 182) and other peripheral organs [reviewed in (183)]. GHS-R is expressed in both
the central nervous system and the periphery. In the brain, GHS-R mRNA expression is
highest in the hypothalamus with the ARC and PVN having the densest concentration of
GHS-R mRNA. GHS-R mRNA is also expressed in all three components of the dorsal
vagal complex, including the NTS, the AP, and the DMV (184). Ghrelin mRNA
expression and peptide release from the stomach are increased in response to fasting
(185, 186) and hypoglycemia (187) and fall rapidly after ingestion of a meal suggesting
that ghrelin acts as a meal i11itiati6n factor (185). Both peripheral and central injections
of ghrelin stimulate food intake (188-190), and peripheral administration of ghrelin

* induces the expression of c-fos primarily in the ARC (191). AgRP/NPY neurons express

| c-fos in response to ghrelin, but c-fos was not inducéd in ARC POMC neurons (192).
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Both AgRP mRNA and NPY mRNA are increased in response to ghrelin administration
and this is likely a direct effect as AgRP/NPY neurons co-expresss GHS-R (193). ARC .
POMC neurons are hyperpolarized and AgRP/NPY neurons are depolarized in response
to ghrelin (181). The orexigenic effects of ghrelin are abolished in agouti (4”) and
AgRP/NPY double knockout mice (194) supporting the hypothesis that signaling via the
hypothalamic melanocortin system plays a key role in mediating the feeding effects of
ghrelin. The reported anticatabolic effects of ghrelin administration in rodent models of
cardiac cachexia (195) and cancer cachexia (196) may in part be due to its ability to
inhibit melanocortin signaling by increasing AgRP mRNA expression, but appropriate

studies to test this hypothesis have yet to be conducted.
8.5 Proinflammatory Cytokines

As described in an earlier section, the central melanocortin system plays a pivotal role in
mediating the metabolic effects of leptin, an adipocyte-derived cytokine. This
observation naturally raised the question of whether the central melanocortin system also
had a role in mediating the metabolic effects of additional cytokines. Experiments
demonstrating that neurons in both the ARC and NTS were activated in response to
inflammatory cytokines and that the anorectic and metabolic effects of inflammatory
cytokines were elicited when they were injected centrally supported a potential role for
the central melanocortin system. Surprisingly, at the time the work in this thesis was
done, this was a question that had received very little attention. For example, in an

exhaustive search of the literature,‘with the exception of the previously described co-
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expression studies with OB-Rb, I was unable to find a single study that had investigated
the co-expression of POMC anc! AgRP/NPY neurons with cytokine receptors. However,
there was sufficient data from a limited number of experiments investigating the effects
of inflammation and individual cytokines on the central melanocortin system to suggest
an interaction existed. In transcriptional regulation studies, ARC POMC mRNA was
increased following a peripheral injections of LPS (197) and TNF-o (198). A peripheral
injection of TNF-o was also shown to decrease AgRP mRNA expression (198).
However, the most convincing work came from studies investigating the feeding and
metabolic effects of CNTF. CNTF is a member of the cytokine family that includes IL-6,
LIF, and oncostatin M and promotes anorexia and loss of LBM when injected
peripherally (199-201). CNTF receptors are expressed in the hypothalamus and
hindbrain and utilize the gp130 subunit for intracellular signaling when bound to CNTF
(202). Peripheral injections of CNTF stimulate the expression of c-fos and SOCS-3 in the
ARC (203, 204). Selective ablation of the gp130 subunit from POMC neurons using the
Cre-loxP system abolished the anorectic effect of i.c.v. CNTF injections (205). These
results supported the central melanocortin system having a primary role in mediating the
anorectic effects of CNTF. Finally, at the time this thesis work began, it had recently
been shown that MC4-RKO mice, or wild-type mice receiving SHU9119 were resistant
to anorexia following administration of LPS and IL-1[3 (206-208). Collectively, these
earlier studies provided compelling data supporting a potential role for the central
melanocortin system in mediating the anorectic and metabolic cffccts of inflammatory

cytokines. The primary goal of the neuroanatomical and functional studies that I
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conducted for this thesis work was to test the hypothesis that the central melanocortin

system was a target for inflammatory cytokines.

9. Additional Orexigenic/Anorexigenic Neuropeptides Regulated by

Inflammation

Although the work in this thesis focused on the regulation of the central melanocortin
system by inflammatory cytokines, there are additional neuropeptide systems including
NPY, melanin-concentrating hormone (MCH), and CART with acknowledged roles in
the regulation of energy homeostasis that may also be targeted by inflammatory cytokines

and therefore warrant discussion.
9.1 Neuropeptide Y

NPY, a neuropeptide produced by neurons in many regions of the brain including the
ARC is strongly supported by many studies as playing an important role in the regulation
of food intake and cnergy homcostasis. Central injections of NPY potently stimulate
feeding (209, 210) and increase liver and white adipose tissue lipogenesis (211). The
biological actions of NPY are mediated by five G protein-coupled receptors (Y1-Y5)
with most experimental evidence supporting the Y1 and Y'5 receptors in the regulation of
food intake and metabolism (212-214). The PVN contains dense Y1 and Y5 expression
and injéctidn of Y1 and YS specific antagonists into the PVN reduce the oreXigﬁenic

effect of centrally administered NPY (215-217). Hypothalamic NPY mRNA expression
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and peptide secretion is increased with fasting and decreased with leptin replacement
(218-220). However, studies investigating the potential role of NPY in mediating the
metabolic effects of inflammatory cytokines have provided primarily negative results. In
response to peripheral LPS, hypothalamic NPY mRNA expression has been reported to
be unchanged (89, 197, 221). Hypothalamic NPY mRNA expression is also reported to
be unchanged (222), or slightly decreased, (90) in response to IL-1B3. Hypothalamic NPY
peptide secretion is unchanged in response to IL-1 (223). Interestingly, hypothalamic
NPY expression is increased in anorectic, tumor-bearing rodents and NPY injections
result in worsened anorexia (224, 225). Overall, these data suggest that the hypothalamic
NPY system probably does not have a significant role in mediating the anorectic and

metabolic effects of inflammatory cytokines.
9.2 Melanin-Concentrating Hormone

MCH is a 19-amino acid cyclic peptide produced primarily by neurons in the LHA (226)
that stimulates feeding and increases body weight with chronic administration (227, 228).
MCH knockout mice (MCH-KO) are hypophagic, have increased metabolic rates and
decreased fat mass (229). MCH-containing fibers project to several hypothalamic nuclei
including the ARC, PVN and VMH and to extra-hypothalamic areas such as the
neocortex, dorsal and ventral parabrachial nuclei and the dorsal vagal complex (226,
230). MCH binds to two G protein-coupled receptors, somatostatin-like (SLC-1) or
MCH-R1 (231) and MCH—R2, which is expressed in the brains of humans, but not

rodents (232). Expression of MCH-R1 in the brain is widespread with dense
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hypothalamic concentrations in the ARC, DMH, LHA and VMH (233). MCH-R1
knockout mice are lean, hyperactive and hypermetabolic (234). In humans, MCH-R2 is
densely expressed in the ARC and VMH (235). MCH neurons express OB-Rb (234) and
hypothalamic MCH mRNA expression and peptide levels are increased in 0b/ob mice
(236) and by fasting in wild-type mice (237). Increased MCH expression is normalized
with leptin injections (220). Hypothalamic MCH mRNA expression is increased by
peripheral LPS administration (197) and to date this remains the only study investigating
the effect of inflammation on MCH mRNA expression in the brain. AgRP and SHU9119
increase MCH mRNA expression (238), whereas in hypothalamic explants, MCH has
been shown to increase a-MSH secretion and inhibit AgRP secretion (239). These
results suggest a degree of cross-regulation that exists between the hypothalamic
melanocortin system and the LHA MCH system. The observation that MCH mRNA
expression is increased with LPS administrations indicates that this system might be a
target for inflammatory cytokines. Determining if the LHA MCH system has a role in
mediating the anorectic and metabolic effects of inflammatory cytokines and, if it does, if
it accomplishes this role independently or in collaboration with the hypothalamic

melanocortin system are attractive questions for future experiments.
9.3 Cocaine and Amphetamine-Regulated Transcript
CART is a 102- (long form), or 89- (short form) amino acid peptide (240) that is

.involved in a number of physiological processes including food intake, body weight

regulation, reward and reinforcement (241). Central injections of CART decrease food
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intake and body weight indicting that CART acts as an anorexigenic neuropeptide (242).
CART mRNA is robustly expressed in hypothalamic nuclei (ARC, PVN) and brainstem
nuclei (NTS) known to play a role in the regulation of food intake and energy metabolism
(243-245). Within the ARC, CART colocalizes with POMC, whereas in the NTS CART
and POMC do not colocalize (167). CART receptor(s) have not been cloned at the time
this thesis was written so our understanding of the sites and mechanisms of CART’s
actions is minimal. CART mRNA in the ARC is decreased with fasting and restored by
leptin replacement (242). Regulation of CART mRNA in the ARC by inflammation has
also been shown as peripheral injections of LPS increase CART mRNA expression (197).
Regulation of CART by other inflammatory mediators has not been studied. However,
the observation that virtually all ARC POMC neurons co-express CART (167, 243)
coupled with data from studies presented in this thesis demonstrating that ARC POMC
neurons are direct targets for cytokines suggests that CART may have a role in mediating

the anorectic and metabolic effects of inflammatory cytokines.

10. Therapeutic Benefit of Targeting Melanocortin Signaling in Acute

and Chronic Disease

10.1 MC4-R Antagonism and Anorexia of Acute Illness and Inflammation

In the first study that examined the effect of melanocortin blockade on cytokine-mediated
ahorexia, variable yellow (4"/a) obese mice displayed enhanced anorexia when -

administered IL-18 (246). However, increased CRF levels in the (A"/a) mice were
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thought to be the primary cause for this enhanced sensitivity to IL-1B and interest in the
ability of melanocortin blockade to inhibit cytokine-mediated anorexia was rekindled by
studies demonstrating that the central melancortin system played a key role in mediating
the anoroexic effects of leptin (247) and that blockade of melanocortin signaling with
AgRP (248), or SHU9119 (153) inhibited leptin-induced anorexia. The ability of central
melanocortin blockade to inhibit cytokine-mediated anorexia was first demonstrated in
rats when anorexia following a central administration of LPS was attenuated by co-
administration of SHU9119 (249). Interestingly, this study also revealed an antipyrectic
role for melanocortins in the brain, likely due to their recognized anti-inflammatory
properties (discussed below). SHU9119 has also proved effective in reversing anorexia
caused by a single i.c.v. injection of IL-1B (250) and in tumor-bearing animals (251).
The observation that MC4-RKO mice resist LPS and tumor-induced anorexia (207, 208)
whereas MC3-RKO mice respond with heightened anorexia (207) support the role for
MC4-R in transducing cytokine-mediated anorectic signals. Recently, additional support
for the role of MC4-R has been provided by studies showing that small-molecule,
selective MC4-R antagonists can attenuate IL-1B-induced anorexia (206). The current
hypotheis regarding the hightened anorexia observed in MC3-RKO in response to

inflammation will be discussed below.

10.2 MC4-R Antagonism and Cachexia of Chronic Disease

The observation that blockade of central melanocortin signaling could reverse anorexia

induced by acute inflammation naturally led investigators to ask if central melanocortin

37



signaling also played a significant role in the pathogenesis of cachexia of chronic disease.
.The first study to address this question demonstrated that central administration of AgRP
attenuated the development of anorexia and weight-loss in mice injected with LPS and in
mice bearing a Lewis lung carcinoma (208). Shortly after the publication of this first
study, it was reported by a second group that intracerebroventricular injection of
SHU9119 into rats bearing a prostate adenocarcinoma produced comparable anorexia-
sparing effects (251). Importantly, both studies reported that tumor growth in the
experiments utilizing tumor-bearing animals was identical between treatment and
vehicle-treated groups. This observation supported the argument that metabolic
derangement due to tumor growth was mediated by central melanocortin receptor
activation. Had the tumors been acting as simple metabolic sinks, it would have been
anticipated that increased nutrient intake observed in the AgRP and SHU-9119 animals

would have resulted in increased tumor growth (208, 251).

Evidence supporting a primary role of MC4-R antagonism in producing anticachectic
effects has come from genetic and pharmacologic studies that selectively targeted MC4-R
signaling. MC4-RKO mice have been shown to resist the development of cachexia in
models of LPS scpsis (208), cancer (207, 208), renal failure (252) and cystic fibrosis
(253). Sclective antagonism of MC4-R signaling using small-molecule, selective MC4-R
antagonists has also proved effective in reducing anorexia and loss of lean body mass
(254), or loss of lean body mass alone (255) in tumor-bearing rodents. In contrast to the
‘MC4-R, antagonism of the MC3-R produces enhanced anorexia and weight loss in

animal models of cachexia. MC3-RKO suffer more severe cachectic phenotypes
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compared to wild-type mice following LPS administration and with tumor growth (207).
Two leading hypothesis have been proposed to explain the observed detrimental effect of
MC3-R-deletion on the cachectic syndrome. First, data supports the role of MC3-R as an
inhibitory autoreceptor expressed by POMC neurons in the ARC that diminishes POMC
neuronal activity, leading to a reduction in o-MSH release onto MC4-R (135). Loss of
inhibitory MC3-R tone could lead to increased a-MSH release in response to stimulatory
signals. Second, MC3-R is expressed on macrophages and has anti-inflammatory effects
by suppressing cytokine release (256); therefore a lack of MC3-R tone may worsen
cachexia by facilitating increased cytokine release with inflammation. Collectively, these
observations strongly argue that selective antagonism of the MC4-R, but not the MC3-R,

may represent an effective therapy for cachexia of chronic disease.

10.3 Anti-Inflammatory Role of Melanocortins

In addition to its demonstrated role in the regulation of energy homeostasis,
melanocortins have also been shown to possess anti-inflammatory and
immunomodulatory properties. Binding of a-MSH to MC1-R and MC3-R on
macrophages and lymphocytes decreases the expression of proinflammatory cytokines
including IL-1, IL-6, TNF-o and interferon-y (IFN-y) (257, 258) and increases the
expression of the proinflammatory cytokine synthesis inhibitor interleukin-10 (IL-10)
(258). At the molecular level, the anti-inflammatory effects of o-MSH are mediated by
'ité ability to increase the expression of IxkBa (259, 260), the endogenous inhibitor of NF-

KB, a transcription factor that regulates multiple immediate-early gene expressions
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involved in immune and inflammatory responses (261). Central injections of o-MSH
attenuates pyrexia following administrations of LPS (249) and IL-1 (250), but
potentiates the observed anorexia demonstrating the divergent roles of melanocortins in
regulating the metabolic and anti-inflammatory response of the CNS to inflammation. In
the periphery, data from a number of studies support the hypothesis that the anti-
inflammatory properties of melanocortins have an important physiologic role.
Melanocortin receptors are expressed in the cardiovascular system (262, 263) and
stimulation of melanocortin signaling with a-MSH decreases cardiac injury in a murine
model of ischemia/reperfusion acute myocardial infarction (264). Activation of MC3-R
on resident macrophages is hypothesized to mediate this effect as the cardioprotective
effect of o-MSH is blocked by SHU9119, but not the MC4-R selective antagonist HS204
(264, 265). MC1-R activation, in addition to its role in melanogenesis, has been
demonstrated to mediate the potent anti-inflammatory effects of «-MSH in the epithelial-
lined organs of the body including the skin (266), lungs (267), and gut (268). The anti-
inflammatory properties of melancortins may prove a key barrier to the potential use of
exogenous antagonists of melanocortin receptors to attenuate anorexia and cachexia of
acute and chronic disease due to the role of melanocortins as anti-inflammatory

molecules.
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Hypothesis and Specific Aims of this Thesis

The overall goals of the research presented in this thesis were to test the following
hypotheses: 1) The central melanocortin system is a key target for the actions of
proinflammatory cytokines and the activity of this system is regulated by cytokines
produced during inflammatory states, and 2) Persistent increased activation of the central
melancortin system plays a key role in the pathogenesis of cachexia of chronic disease
and blockade of melanocortin signaling can attenuate the development of cachexia . The

specific aims of this research were as follows:

1. Determine if POMC and AgRP neurons can be directly targeted by proinflammatory
cytokines by examining if these neurons co-express receptors for the cytokines IL-1f and
LIF.

2. Examine the effect on POMC and AgRP transcriptional activity in response to
exposure to the individual cytokines IL-1f and LIF, and models of acute or chronic
inflammation.

3. Examine the effect of IL-1[3 on regulating the in vitro release of a-MSH and AgRP
from hypothalamic explants.

4. Determine if IL-1B-mediated changes in ARC POMC and AgRP neuronal activity are
dependent upon the synthesis of prostaglandins by cyclooxygenase enzymes.

5. Determine 1f genctic, or pharmacologic blockade of central melanacortin signaling
could successfully attenuate the development of cardiac cachexia in two independent

rodent models of chronic heart failure.
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Abstract

Anorexia and involuntary weight loss are common and debilitating complications of a
number of chronic diseases and inflammatory states. Proinflammatory cytokines,
including interleukin-1f (IL-1P), are hypothesized to mediate these responses through
direct actions on the central nervous system. However, the neural circuits through which
proinflammatory cytokines regulate food intake and energy balance remain to be
characterized. Here we report that IL-18 activates the central melanocortin system, a key
neuronal circuit in the regulation of energy homeostasis. Proopiomelanocortin (POMC)
neurons in the arcuate nucleus of the hypothalamus (ARC) were found to express the type
I'interleukin-1 receptor. Intracerebroventricular injection of IL-1f induced the
expression of Fos protein in ARC POMC neurons, but not in POMC neurons in the
commissural nucleus of the tractus solitarius (NTS). We further show that IL-18
increases the frequency of action potentials of ARC POMC neurons and stimulates the
release of o--melanocyte-stimulating hormone (o-MSH) from hypothalamic explants in a
dose-dependent fashion. Collectively, our data support a model in which IL-18 increases
central melanocortin signaling by activating a subpopulation of hypothalamic POMC

neurons and stimulating their release of o-MSH.
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Introduction

Activation of the host immune system in response to tissue injury or infection triggers
the release of proinflammatory cytokines that mediate a number of metabolic and
behavioral responses including anorexia, pyrexia and malaise (8, 269). This illness
behavior is hypothesized to be elicited by cytokines exerting their actions on the central
nervous system (CNS) (100, 270). Acutely, these responses represent an adaptive
response that promotes survival of the host (271), but may become harmful if sustained.
For example, short-term anorexia appears to promote survival as increased mortality
occurs with forced feeding of animals suffering from illness (272). In contrast, prolonged
anorexia, as occurs in animals with cachexia, or disease-associated wasting, promotes
increased morbidity and mortality (273). However, the means by which cytokines alter
energy regulation and the relationship of cytokine signaling to neural systems previously
shown to be involved in the regulation of energy homeostasis remains largely unknown.

The central melanocortin system plays a critical role in the regulation of food intake
and energy homeostasis. This occurs principally via the action of melanocortin peptides
derived from proopiomelanocortin (POMC) with a family of five G protein-coupled
melanocortin reccptors (MCIR through MC5R), and the endogenous melanocortin
receptor antagonist agouti-related protein (AgRP) (1). In the mammalian brain, the
central melanocortin system is comprised of adjacent populations of POMC and
AgRP/ncuropeptide Y (NPY) co-cxpressing neurons in the arcuate nucleus of the
hypothalamus (ARC) and a caudal brainstem population of POMC neurons in the

commissural nucleus of the tractus solitarius (NTS) (45, 274). Two melanocortin receptor
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subtypes, the melanocortin-3 (MC3R) and melanocortin-4 (MC4R) receptors, are
expressed in the brain and are thought to be the primary mediatqrs of the behavioral and
metabolic effects of melanocortin peptides (1, 143). The ability of POMC and
AgRP/NPY neurons to recognize and respond to a number of circulating signals of
energy balance including leptin, insulin, and ghrelin strongly supports this system having
a critical role in the regulation of energy homeostasis (181, 275, 276). Leptin, a 16-kDa
protein resembling the structure of 4-o-helical bundle cytokines (277), acts through leptin
receptors present on ARC POMC and AgRP/NPY neurons (154, 278) to suppress food
intake and increase energy expenditure by increasing the release of a-melanocyte-
stimulating hormone (0-MSH) from POMC neurons and decreasing the release of NPY
and AgRP (275). The responsiveness of the central melanocortin system to leptin raises
the possibility that it may play a role in mediating the anorectic effects of additional
cytokines.

The proinflammatory cytokine interleukin-1f (IL-1P) is secreted by activated immune
cells and plays a critical role in mediating the inflammatory response of the host against
infection and tissue injury (95, 279, 280). Administration of IL-1B, peripherally or
centrally, induces anorexia, fever, and activation of the hypothalamo-pituitary-adrenal
(HPA) axis (279-281). Intracerebroventricular (i.c.v.) administration of the IL-1 receptor
antagonist (IL-1ra) attenuates the anorexic effects of peripheral IL-1p and
lipopolysaccharide (LPS) administration (96). The effects of IL-1B in the brain are
mediated by the type I IL-1 receptor (IL-1R) (282). Low to moderate levels of IL-1R
fnRNA are expressed by neurons in régions of the b-rain aséociatéd with energy

homeostasis, including the ARC and brainstem (87). In previous work, IL-1f given
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intravenously to rats was shown to induce Fos protein in POMC mRNA-expressing
neurons ip the ARC, suggesting that the central melanocortin system may be a target for
IL-1 signaling and have a role in mediating the behavioral effects of IL-1 (100). This
hypothesis is strengthened by the observation that the anorexic effects of IL-1[ can be
blocked by central administration of a nonspecific melanocortin receptor antagonist
(250).

In the present study, we report that IL-1f3 activates a subpopulation of POMC neurons
in the ARC, but not in the NTS and stimulates the release of o-MSH from hypothalamic
explants in a dose-dependent manner. Our data also show that POMC neurons in the
ARC express IL-1R mRNA. Collectively, our data support a model in which IL-1f3
increases central melanocortin signaling by activating a subpopulation of hypothalamic

POMC neurons and stimulating them to release a-MSH.

Materials and methods

Animals and Surgical Procedures

Male Sprague-Dawlcy rats (300-350g; Charles River Laboratories), wild-type C57BL/6]
mice (4-5 wecks of age; Jackson Laboratory), and transgenic C57BL/6J POMC-EGFP
micc (6-8 weeks of age; genotyping and breeding of mice were as described
previously(135)) were maintained on a normal 12:12 light/dark cycle with ad libitum
access to food (Purina'rodent diet 5001, Purina Mills) and water. Experiments were -

conducted in accordance with the NIH Guide for the Care and Use of Laboratory
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Animals and approved by the Animal Care and Use Committees of Oregon Health and

Science University and the Oregon National Primate Research Center.

i.c.v. cannulation and injections

Male POMC-EGFP mice were anesthetized with a ketamine cocktail and placed in a
stereotaxic apparatus (Cartesian Instruments). A sterile guide cannula with obdurator
stylet was stereotaxically implanted into the lateral ventricle (1.0 mm posterior to
bregma, 0.5 mm lateral to midline, and 2.3 mm below the surface of the skull). The
cannula was then fixed in place with dental cement. The animals were individually
housed after surgery for a minimum of 1 week and were handled and administered 1ul
i.c.v. injections of commercial artificial cerebrospinal fluid (Harvard Apparatus) daily.
On the day of the experiment, mice were treated at 0900 with 40 mg/kg intraperitoneal
ketorolac (K1136, Sigma-Aldrich) dissolved in sterile saline, or sterile saline. At 1000 h
mice received 1.c.v. injections of 10 or 100 ng murine IL-13 (R&D Systems, Inc.)
dissolved in aCSF, or aCSF alone. Ninety minutes after treatment, mice were deeply
anesthetized and perfused transcardially with 0.9% saline followed by ice-cold 4%
paraformaldehyde in 0.01 M phosphate buffered saline (PBS). Brains were post-fixed for
2 hin fixative and then stored overnight in 20% sucrose in PBS as a cryoprotectant
before being frozen at —80 C until use. The positions of the cannulae were verified at

the end of the experiment by histological analysis.

Implantation of osmotic minipumps
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ALZET micro-osmotic pumps (Model 1007D, D[_JRECT Corporation) were filled with
ketorolac (K1136, Sigma-Aldrich) dissolved in sterile saline (n = 12) or sterile saline (n
=18). Ketorolac-filled pumps were calibrated to deliver a constant infusion of 1.0 mg/kg
every six hours. Male C57BL/6J mice were anesthetized with a ketamine cocktail and
the pumps were implanted subcutaneously on the dorsal surface of each mouse. Mice

were allowed two days of recovery prior to use in hypothalamic peptide secretion studies.
Immunohistochemistry for c-Fos and EGFP

Dual-immunofluoresence histochemistry was performed as previously described(167).
Briefly, free-floating sections were cut at 30 um from perfused brains using a sliding
microtome. Three sets of sections were generated from the hypothalamus and hindbrain
of each brain. Hypothalamic sections were collected from the diagonal band of Broca
(Bregma 1.0 mm) caudally through the mammillary bodies (Bregma —3.00 mm).
Hindbrain sections were collected from the facial nucleus (Bregma —5.75 mm) caudally
through the spinal cord (283). The sections werc incubated for 1 h at room temperaturc in
blocking reagent (5% normal donkey serum in 0.01 M PBS and 0.3% Triton X-100).
After the initial blocking step, the sections were incubated in rabbit anti-c-Fos antibody
(PC38, EMD Biosciences, Inc.) diluted 1:75,000 in Blocking reagent for 48 h at 4 C,
followed by incubation in 1:500 donkey anti-rabbit Alexa 594 (Molecular Probes, Inc.)

~ forlh at room temperature. Hindbrain sections were then incubated in rabbit'anti-GFP :

antibody directly conjugated to Alexa 488 (Molecular Probes, Inc.) diluted 1:4000 in
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blocking reagent for 1 h at room temperature. Hypothalamic sections did not require this
step. Between each stage the sections were washed thoroughly with 0.01 M PBS.
Incubating the sections in the absence of primary antisera was used to ensure specificity
of the secondary antibodies. Sections were mounted onto gelatin-coated slides,
coverslipped using Vectashield mounting media (Vector Laboratories) and viewed under

a fluorescence microscope (Leica 4000 DM; Leica Microsystems)
Cell Counting

The number of c-Fos immunoreactive cells and double-labeled cells was counted by eye
in sections representing the ARC and the NTS by investigators blinded to the treatments.
Results were expressed as the number of cells per section as well as the percentage
double-labeled. Each set of ARC sections contained 7-9 sections expressing
immunopositive cells and each set of caudal brainstem sections contained 5-7 caudal
brainstem sections expressing immunopositive cells. A cell was determined to be single-
labeled when visible only under the fluorescence filter corresponding to the emission
wavelength of the primary/secondary antibody complex used (e.g. 594nm and not 488nm
for c-Fos). Cells were examined at multiple focal plancs within the section and at
multiple magnifications to ensure that the cell was indeed representative of a single-
labeled cell. When the cell was visible at both 594- and 488—11m filters, it was deemed to
be double-labeled. Double-labeled cells were examined at multiple focal planes within
the section and at multiple magnifications to ensure that the cell was indeed’

represéntative of a single cell labeled with both antibody complexes and not two single-
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labeled cells in close proximity within different levels of the optical section. The cells
were also examined under a third wavelength (350nm) not corresponding to the emission
wavelength of either of the secondary antibodies to ensure that the immunoreactivity was

specific.
Electrophysiology

Standard electrophysiological techniques were used, as previously described(135).
Briefly, 8 week-old male POMC-EGFP mice were anesthetized with isoflurane and killed
quickly by decapitation. Coronal hypothalamic slices containing the ARC were cut at
185um with a vibrating slicer (Leica VT1000S) under ice-cold aCSF solution of the
following composition (in mM): 126 NaCl, 2.5 KCl, 1.2 MgCl,/6H,0, 2.4 CaCl,/2H,0,
1.2 NaH,PO4/H,0, 21.4 NaHCO3 and 11.1 glucose (saturated with 95% 0,/5% CO,).
Slices were stored for at least 1 h in a holding chamber with aCSF at room temperature
and continuously bubbled with 95% 0,/5% CO,. Individual slices were submerged in a
recording chamber and superfused continuously with carbogenated ACSF at 35°C (3-5
mL/min). All recordings were made from ARC POMC neurons, identified by bright
green fluorescence(135). Electrode resistances were 2-4 MQ when filled with an
intraccllular solution of the following composition, in mM: 128 K- gluconate, 10 HEPES,
I EGTA, 10 KCI, 1 MgCl,, 0.3 CaCl, 5 (Mg)ATP, 0.3 (Na)GTP. Current- clamp
recordings werc performed in whole-cell configuration with an Axopatch 200B amplifier
(AXon Instrumenfts). Data were ﬁltefed at 2 kHz and then sampled at 50-100 kHz by

pClamp 8.2 software (Axon Instruments). Data were stored on a hard disk for analysis
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using Mini Analysis (Synaptosoft, Inc.). Only neurons with stable holding currents not
exceeding 100 pA for the ten minu_te baseline were studied. Approximately ten minutes
of baseline data were recorded for each arcuate neuron prior to drug application. Murine
IL-1B (R&D Systems, Inc.) was applied at specified concentrations to the superfusion
medium by gravity perfusion for approximately three minutes and data were recorded for
approximately fifteen minutes after drug was discontinued. All data are presented as
mean + SEM. Differences in drug effects were tested by either a one sample Student’s t
test with a hypothetical mean of 0 mV (membrane potential) or with Student’s t test
(firing rate). For drug-induced changes in firing rate, changes are normalized to the five
minute period immediately prior to drug application. Only cells with a minimum average
of five action potentials/20 sec bin during baseline were included in the analysis to avoid

the potential of overestimating changes in firing rate with extremely low-firing cells.
Hypothalamic peptide secretion

Male C57BL/6] mice (n = 30) were anesthetized with isoflurane and killed quickly by
decapitation. The brain was removed (with care taken to ensure that there was no
contamination of the hypothalamic portion with residual pituitary) and a 2 mm slice was
prepared using a vibrating microtome (Leica VS 1000) to include the paraventricular and
arcuate nuclei. Individual hypothalami received a 1 h cquilibration period with aCSF
(aCSF; NaCl 126 mM, Na,HPO 0.09 mM, KC1 6 mM, CaCl, 4 mM, MgSQO4 0.09 mM,
NaHCO3 20 mM, glucose 8 mM, a_scorbic acid 0.18 mg/ml, 0.6 TIU aprqtinin/ml) at

37°C. Hypothalami were then incubated for 45 min at 37°C in 700 ulbaCSF (basal
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period) before being challenged with a single concentration of murine IL-1p (R&D
Systems, Inc.) (0.0001 nM to 1.0 nM) in 700 pl aCSF for 45 min at 37°C. Tissue
viability was verified by a 45 min exposure to 700 pl aCSF containing 56 mM KCI.
Treatments were performed in quadruplicate. At the end of each treatment period,
supernatants were removed and frozen at —80°C until assayed by radioimmunoassay.
Hypothalamic explants that failed to show peptide release 3X above that of basal in

response to aCSF containing 56 mM KCI were excluded from data analysis.

Hypothalamic peptide secretion following ketorolac treatment

Male C57BL/6J mice that had been implanted with ketorolac-filled (n = 12) or saline-
filled osmotic pumps (n = 18) were divided into five groups of six animals each. Mice
from all groups were anesthetized with isoflurane and killed quickly by decapitation.
Brains were removed and processed on a vibrating microtome as described above.
Individual hypothalami received a 1 h equilibration period with aCSF at 37°C. A single
group of hypothalami from mice that received saline pumps (n = 6) were incubated for 45
min at 37°C in 700 pl aCSF + ketorolac (121 uM) (basal period) before being challenged
with 0.1 nM murine IL-1p in 700 pl aCSF + ketorolac (121 uM) for 45 min at 37°C.
Hypothalami from the remaining four groups were incubated for 45 min at 37°C in 700
ul aCSF (basal period) before being challenged with cither 0.05 nM (n =6 for saline and
ketorolac-treated mice) or 0.1 nM (n =6 for saline and ketorolac-treated mice) murine IL-
» 1[3‘ in 700 pl aCSF for 45 min at 37°C. Tissue viability was verified by a 45 min

exposure to 700 ul aCSF containing 56 mM KCl. Treatments were performed in
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quadruplicate. At the end of each treatment period, supernatants were removed and
frozen at —80°C until assayed by radioimmunoassay. Hypothalamic explants that failed to
show peptide release 3X above that of basal in response to aCSF containing 56 mM KCl

were excluded from data analysis.

o-MSH radioimmunoassay

o-MSH immunoreactivity was measured with a rabbit anti-a-MSH specific for o-MSH
(Phoenix Pharmaceuticals, Inc.). The antibody cross-reacts fully with the mature a-MSH
[N-acetylated a-MSH], and partially (46%) with desacetylated a-MSH, but not with
NPY or AgRP. '®I-labeled o-MSH was prepared by the iodogen method and purified by
high-pressure liquid chromatography (University of Mississippi Peptide Radioiodination
Service Center, University, MS). All samples were assayed in duplicate. The assay was
performed in a total volume of 350 pul 0£0.06 M phosphate buffer, pH 7.3, containing 1%
BSA. The sample was incubated for three days at 4°C before the separation of free and
antibody-bound label by goat anti-rabbit IgG serum (Phoenix Pharmaceuticals, Inc). One
hundred microliters of supernatant was assayed. The lowest detectable level that could
be distinguished from the zero standard was 0.30 fmol/tube. The intra-assay variation
(CV%) was determined by replicate analysis (n=10) of two samples at a-MSH
concentrations of 2 and 10 fmol/tube, and the results were 7.8% and 7.5% respectively.

The inter assay variation (CV%) was 10.7% and 12.1% for the range of values measured.

Double-label in situ hybridization histochemistry
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Simultaneous Visuz}lization of POMC and IL-1R mRNA in the rat brain (n = 3) was
performed as previously reported (284), with slight modifications. Coronal sections (20
um) were cut on a cryostat and thaw-mounted onto Superfrost Plus slides (VWR
Scientific, West Chester, PA). Hypothalamic sections were collected in a 1:6 series from
the diagonal band of Broca (Bregma 0.50 mm) caudally through the mammillary bodies
(Bregma —5.00 mm). Hindbrain sections were collected in a 1:6 series from the facial
nucleus (Bregma —10.00 mm) caudally through the spinal cord (285).  Antisense **P-
labeled rat IL-1R riboprobe (corresponding to bases 207-930 of rat interleukin-1 receptor
type I; GenBank accession number M95578) (0.2 pmol/ml) and antisense digoxigenin-
labeled rat POMC riboprobe (corresponding to bases 49-644 of rat proopiomelanocortin;
GenBank accession number AF510391) (concentration determined empirically) were
denatured, dissolved in hybridization buffer along with tRNA (1.7 mg/ml), and applied to
slides. Controls used to establish the specificity of the IL-1R riboprobe included slides
incubated with an equivalent concentration of radiolabeled sense IL-1R riboprobe, or
radiolabeled antisense probe in the presence of excess (1,000x) unlabeled antisense
probe. Slides were covered with glass coverslips, placed in a humid chamber, and
incubated overnight at 55°C. The following day, slides were treated with RNase A and
washed under conditions of increasing stringency. The sections were incubated in
blocking buffer and then in Tris buffer containing antidigoxigenin fragments conjugated
to alkaline phosphatase (Roche Molecular Biochemicals), diluted 1:250, 3 h at room

~ temperature. POMC qells were ViSualizgd wit_h’.Vector_Red subs.trat:q (SK-5100; Yector

Laboratories) according to the manufacturer’s protocol. Slides were dipped in 100%
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ethanol, air dried, and then dipped in NTB-2 liquid emulsion (Eastman Kodak Co.).
Slides were developed 13 days later and coverslipped. Determination of cells expressing
both IL-1R and POMC mRNA was performed using criteria previously described(284).
Briefly, POMC-mRNA-containing cells were identified under fluorescent illumination,
and custom-designed software was used to count the silver grains (corresponding to
radiolabeled IL-1R mRNA) over each cell. Signal-to-background ratios (SBRs) for
individual cells were calculated; an individual cell was considered to be double-labeled if
it had an SBR of 2.5 or more. For each animal, the amount of double-labeling was
calculated as a percentage of the total number of POMC-mRNA -expressing cells and

then averaged across animals to produce mean + SEM.

Statistical analysis

Data are expressed as mean + SEM for each group. Statistical analysis was performed
using SPSS (v. 14.0) and Prism (v. 3.03) software. All data were analyzed with either a
one-sample t test (electrophysiology data), an unpaired t test (immunohistochemistry
data), one-way ANOVA followed by a post hoc analysis using a Bonferroni corrected t
test (c-Fos with ketorolac data), or a two-way ANOVA followed by a one-way ANOVA
with post hoc analysis using a Bonferroni multiple comparison test (secretion study with

ketorolac). For all analyses, significance was assigned at the p < 0.05 level.
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Results
IL-1P selectively activates c-Fos expression in ARC POMC-EGFP neurons

To test whether IL-1 activates ARC and NTS POMC-EGFP neurons, we examined the
expression of c-Fos in POMC-EGFP neurons following i.c.v. injection of IL-13. In
agreement with the literature, i.c.v. administration of IL-1§ ( 10ng) induced c-Fos-
immunoreactivity (c-Fos-IR) in the ARC (aCSF, 21 + 2 cells per section, n=4; IL-1f3, 79
+ 2 cells per section, n=5; p < 0.0001) (Fig. 1b,e,h,j) and NTS (aCSF, 3 + 1 cells per
section, n=4; IL-1(3, 49 + 5 cells per section, n=4; p < 0.0001) (Fig. 2b,e,j). In the ARC,
few POMC-EGFP neurons expressed c-Fos in aCSF treated animals (7% + 2% co-
expression) (Fig. 1¢,k). IL-1p increased the c-Fos expression in ARC POMC-EGFP
neurons by ~ 4-fold (31% + 2% co-expression; p < 0.0001) (Fig. 1f,i,k). No additional
increase in the number of POMC-EGFP neurons activated by IL-1B was observed when
higher doses (100ng) of IL-1 were administered (data not shown). In contrast to the
arcuate POMC-EGFP neurons, NTS POMC-EGFP neurons were unresponsive to IL-1[.
Expression of c-Fos by NTS POMC-EGFP neurons was very low in aCSF-treated
animals (2% + 0.5% co-expression) (Fig. 2f,k), and remained low after IL-1f treatment

(3% + 0.5% co-expression; p > 0.05) (Fig. 2f,i,k).

Activation of ARC POMC-EGFP neurons by IL-1B is decreased by inhibition of

cyclooxygenase activity
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To determine if the synthesis of prostaglandin intermediates is necessary for the
activation of ARC POMC neurons by IL-1 B, we examined the expression of ¢-Fos in
ARC POMC-EGFP neurons from mice that had received an intraperitoneal (i.p.)
injection of ketorolac (40 mg/kg) or saline one hour prior to receiving an i.c.v. injection
of IL-1P (10ng) or aCSF. The overall expression of c-Fos-IR in the ARC of mice that
received IL-1f was significantly reduced in animals that had received i.p. ketorolac
compared to animals that had received an i.p. injection of saline (saline, 45 + 2 cells per
section, n=4; ketorolac, 25 + 1 cells per section, n=6; p < 0.001), but was still
significantly increased compared to animals that had received ketorolac and an i.c.v.
injection of aCSF (18 + 1 cells per section, n=4; p < 0.01) (Fig. 3a). As before, the
expression of c-Fos in ARC POMC-EGFP neurons was increased by i.c.v. IL-1B in
animals that had received i.p. saline injections (aCSF, 10% + 1% co-expression, n=4; IL-
1B, 23% + 1% co-expression, n=4; p < 0.001) (Fig. 3b). Pretreatment with ketorolac
reduced the expression of ¢-Fos in ARC POMC-EGFP neurons following IL-13
treatment (ketorolac, 16% + 1% co-expression, n=6; saline, 23% + 1% co-expression,
n=4; p <0.01), but failed to completely attenuate activation compared to animals that had

received i.p saline and i.c.v. aCSF (p > 0.05) (Fig. 3b).
IL-1B increases the firing rate of ARC POMC-EGFP neurons

Using EGFP-labeled cells in ARC slices from male POMC-EGFP mouse brains, we
observed that~bath—applied.IL-~1[3 (1 nM) depolarized 11 of 15 (’73%) POMC-EGFP-

neurons tested (2.5 + 0.9 mV; p< 0.05, one-sample Student’s ¢ test). In 4 of 15 (27%)
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POMC-EGFP neurons tested, IL1J induced a small hyperpolarization (1.2 + 0.1 mV; p<
0.05, one-sample Student’s ¢ test).

Of the spontaneously firing POMC-EGFP neurons (12 of 15 tested), IL1B (1 nM)
increased the firing frequency of 10 cells (83%) (Fig. 4a). To avoid overestimation of
drug-induced increases in firing rate that occurs if extremely low-firing cells are assessed,
2 cells were excluded from analysis. IL-1B increased the firing rate 78.8 + 12.1% from
baseline to the ten-minute washout period (n=8; p < 0.0001) (Fig. 4b). During its peak
effect during the first 250 seconds after IL1p addition to the bath (Fig. 4b), IL1B

increased POMC-EFGP neuronal activity by 87.4 + 15.4% above baseline (p <0.0001).

IL-1p stimulates the release of o-MSH from murine hypothalamic explants

To investigate the effect of IL-1 on a-MSH release in vitro, hypothalamic explants
harvested from male C57BL/6 mice were incubated with IL-13 (0.01 nM, 0.1 nM, 1.0
nM, 3.0 nM, and 30.0 nM; n=4 per IL-1[ dose). These doses were chosen based on
previous work estimating basal IL-13 concentration in the hypothalamus at 0.01-0.02 nM
and increasing approximately 10-fold during pathological conditions(286). 1L-13
significantly increascd the rclcasc of o-MSH from hypothalamic explants with a
calculated EC5=5.9x 10" M (Fig. 5). These results demonstrate that in vivo
hypothalamic concentrations of IL-1f3 that arc produced during pathological conditions

are able to potently stimulate the in vitro release of a-MSH from hypothalamic explants.
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Ketorolac treatment does not block IL-1B-stimulated release of -MSH from murine

hypothalamic explants

To determine if inhibition of prostaglandin synthesis would reduce the IL-1B-stimulated
release of 0-MSH from hypothalamic explants we repeated our explant studies using two
doses of IL-1f (0.05 nM and 0.1 nM) in the presence of ketorolac. We observed that
acutely blocking prostaglandin synthesis by incubating the explants in aCSF containing
ketorolac (121 uM) did not alter either basal, or IL-1B-stimulated o.-MSH release (p<0.01
vs. aCSF) (Fig. 6). To investigate the effects of chronic blockade of prostaglandin
synthesis on IL-1f3-stimulated a-MSH release we implanted osmotic pumps containing
either ketorolac or saline two days prior to the explant study. Both doses of IL-1
stimulated o-MSH release from hypothalamic explants from mice that had received
saline-filled pumps, though only the higher dose of 0.1 nM reached significance (p<0.001
vs. aCSF) (Fig. 6). Mice with ketorolac-filled pumps had reduced oi-MSH release in
response to both doses of IL-1B used compared to mice with saline pumps. However,
this reduction did not achieve statistical significance for either dose of IL-1B (p>0.05 vs.
saline pump groups) and o-MSH release was still significantly increased in animals that
had received ketorolac pumps at the high dose of IL-1f (p<0.05 vs. aCSF) (Fig. 6). No
significant interaction was found between method of infusion and dose of TL-1f by two-

way ANOVA,

POMC mRNA co-expression with IL.-lR mRNA in the hypbthaiamus
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Hypothalamic sections from rat brains were processed for double-label in situ
hybridization for POMC and IL-1R. The pattern of silver grain clusters representing cells
in the ARC expressing IL-1R mRNA was similar to that previously reported with a
radiolabeled probe(87) (Fig. 7a). Including excess unlabeled antisense probe with
radiolabeled antisense probe abolished all specific signal, and no signal was seen with
application of radiolabeled sense probes. A number of POMC mRNA-expressing
neurons in the ARC, represented by cell bodies filled with fluorescent red precipitate, had
overlying clusters of silver grains, signifying co-expression of IL-1R mRNA (Fig 7b).
Semiquantitative image analysis revealed that with a signal to background ratio of 2.5 set
as the threshold for neurons to be considered double-labeled, 35% + 7% of the
digoxigenin-labeled POMC neurons co-expressed IL-1R mRNA. Technical limitations
in obtaining consistent labeling of POMC neurons in the NTS using digoxigenin-labeled
riboprobes prevented a thorough repetition of these studies in the NTS. However, in
instances in which POMC neurons in the NTS were successfully labeled using
digoxigenin-labeled riboprobes, no co-expression with IL-1R mRNA was observed (not

shown).

Discussion

Both obesity and cachexia of chronic disease are known to be associated with increascs in
the circulating levels of prointflammatory cytokines (287, 288). Therefore, understanding

how these cytokines interact with and regulate central feeding circuits is critical to our

overall understanding of these disorders of energy balance. ‘Data from a number of

60



previous studies strongly suggested that the central melanocortin system might play a
significant role in mediating the anorexic effects of IL-1B. Elevated cellular activity in
ARC POMC neurons, as indicated by an increase in c-Fos expression, has been shown to
occur in rats following IL-1P administration(100). Furthermore, the anorexic effects of
IL-1P can be attenuated by central administration of either a mixed MC3R/MC4R
antagonist (SHU9119) (250), or a MC4R-selective small molecule antagonist (206).
However, a comprehensive investigation of the sensitivity of the entire central
melanocortin system to IL-1[3 and a characterization of the role of IL-1f in the
biosynthesis and release of a-MSH from POMC neurons is lacking. In the present study,
we report that ARC POMC neurons express IL-1R and that IL-1f selectively activates
ARC POMC neurons. We further demonstrate that in acute hypothalamic slices, IL-13
depolarizes and increases the frequency of action potentials of ARC POMC neurons. In
hypothalamic explants, IL-1P stimulates the release of a-MSH in a dose-dependent
fashion. These findings suggest that IL-1f increases signaling at melanocortin receptors
by targeting ARC POMC neurons and stimulating the release of a-MSH.

Our data suggest that ARC POMC neurons are distinct from NTS POMC neurons, in
that arcuate POMC neurons are responsive to IL-1[ as measured by the expression of c-
Fos. One explanation for our inability to observe activation of NTS POMC neurons
might be duc our central injections of IL-13 not stimulating vagal nerve affcrents to the
NTS. This possibility is reinforced by data that support a role for viscerosensory
afferents‘of the vagus nerve mediating. the responsiveness of NTS neurons to peripheral
administration of com.'p(')und's,.kincluding 'IL-IB (289). Indéed, chbleCyStokfnin-sénsiti(ze

vagal afferents have been shown to directly activate NTS POMC-EGFP neurons (137).
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However, neurons in the brains of vagotomized animals retain sensitivity to central
injections of IL-1f3 (290), indicating that the absence of IL-1B-mediated vagal signaling
is an unlikely explanation for our observed lack of POMC neuron activation in the NTS.
The expression of IL-1R mRNA by a subset of ARC POMC neurons indicates that
these neurons may be direct targets for the actions of IL-1B. Our observation that some,
but not all ARC POMC neurons express IL-1R suggests that only a distinct subset of
neurons participate in IL-1p3-mediated signaling. This hypothesis is supported by our
observation that only 31% + 2% of POMC neurons express c-Fos in response to IL-1f.
However, recordings from ARC POMC neurons also revealed that IL-1f induces a small

hyperpolarization in 27% of POMC neurons tested. Although the physiological
relevance of this hyperpolarization is unknown, it suggests that the population of POMC
neurons that express c-Fos following IL-1f administration may only represent a fraction
of the total ARC POMC population that participates in IL-13-mediated signaling. In
addition, the expression of IL-1R mRNA by ARC POMC neurons does not conclusively
demonstrate that IL-1f acts directly upon ARC POMC neurons. Indirect mechanisms of
IL-1B-mediated regulation of ARC POMC neuronal activity remain a strong possibility.
We observed that ARC POMC neurons represented a minority population of cells that
expressed IL-1R mRNA in the ARC. However, ARC POMC neurons not cxpressing 1L-
IR mRNA frequently had IL-1R mRNA-expressing cells of unknown phenotype directly
adjacent to them. Data from previous studics suggest that many of the neural responscs
to IL-1P are mediated by the synthesis of endogenous prostaglandins. Blockade of
prostagl'andin'syntheSis with cyclooxygenase inhibitors or d‘eletio‘n of the Ptges‘vzgene that

encodes for microsomal prostaglandin E synthase-1 (mPGES-1), the inducible terminal
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enzyme in thePGE2 synthesizing pathway, attenuates important components of the IL-
1B-induced systemic response including HPA activation (291) and anorexia (292).
Indeed, IL-1B-mediated depolarization of magnocellular neurons in the paraventricular
nucleus occurs indirectly through the synthesis and secretion of prostaglandin (PG) E;
(PGEZ2) (293). Our results demonstrating that activation of c¢c-Fos in ARC POMC
neurons and increased release of a-MSH from hypothalamic explants in response to IL-
1B, is decreased, but not completely blocked in the presence of a cyclooxygenase
inhibitor suggest that activation of these neurons can occur via prostaglandin-independent
mechanisms. IL-1f has also been shown to alter the membrane potential and firing rates
of neurons in the anterior hypothalamus via PGE2-independent regulation of y-amino
butyric acid (GABA) neurons that project onto these neurons (294). Future studies will
be necessary to determine the potential role that these indirect mechanisms may play in
mediating the observed effects of IL-10 on the membrane potential and firing rates of
ARC POMC neurons.

Conflicting data exist concerning the role of the ARC in mediating IL-1B-induced
anorexia. One group previously demonstrated that destruction of the ARC, by neonatal
monosodium glutamate (MSG) treatment, or knife cut disruption of vertical projections
from the ARC to the paraventricular nucleus resulted in augmented anorexia in response
to IL-1B (100). Although data from these experiments do not support our model of
increased hypothalamic melanocortin signaling mediating IL-183-induced anorexia, it is
important to highlight important caveats of these two paradigms in the context of our
" results. First, both experimental paradigms would result in sub'stantialjdisruptio‘h of

numerous ARC neuropeptide systems. Of particular significance are AgRP neurons,
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which co-express NPY and make synaptic contact with POMC neurons, forming a
complex neural network whose interplay produces both anorectic an‘d orexigenic effects
(295). ARC AgRP/NPY neurons express c-Fos in response to peripheral IL-1[3
administration(100), and central injections of both NPY and AgRP have been shown to
reverse IL-1[3-induced anorexia (206, 296). Second, as discussed by the manuscript’s
authors, ablation of the ARC by MSG failed to completely eliminate all IL-1[3 sensitive
POMC-expressing neurons in the hypothalamus. The combined ability of these neurons
to be activated by IL-1B coupled with an impaired or absent compensatory AgRP/NPY
response could allow sufficient MC4R activation to drive the observed heightened
anorexia. Further characterization of the response of ARC AgRP/NPY neurons to IL-1]3
may prove essential in resolving this apparent conflict and elucidating the integrated
effect of IL-1PB on the POMC-AgRP/NPY neural network.

In summary, our results suggest that the hypothalamic melanocortin system is an
important target for IL-1P signaling in the brain. The data presented here argue that IL-
1B has a predominately stimulatory effect on the activity of the hypothalamic
melanocortin system and that increased hypothalamic melanocortin signaling may play a
key role in mediating the acute behavioral effects of IL-1B. The observation that IL-1 R
knockout mice are obese(69) indicates that this system may also play a tonic role in body
weight regulation and also provide a mechanism for anorexia and weight loss in both

acutc and chronic disease states.
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Figure 2-1. IL-1p activates POMC-EGFP neurons in the hypothalamus. (a,d,g)
Expression of EGFP in the hypothalamus of POMC-EGFP mice. (b) Expression of c-Fos
(red) in aCSF-treated animals (i.c.v., n=4) is low. (¢) Few POMC neurons express c-Fos
following aCSF treatment. (e,h) Expression of c-Fos in IL-1pB-treated animals (10ng,
i.c.v., n=5) is increased. (f,i) IL-1P activates c-Fos in POMC neurons. (g,h,i) Panels g-i
represent an enlargement of panels d-f shown for clarity. White boxes denote regions of
enlargement. (j) IL-1P increases the expression of c-Fos in the ARC by ~3.5 fold (two-
tailed Student’s t-test, ***p<0.0001 vs. aCSF). (k) ~30% of POMC neurons are

activated by i.c.v. IL-1B (10ng, two-tailed Student’s t-test, ***p<0.0001 vs. aCSF). Scale
bars = 65um (a-f) and 60 um (g-i).. 3V = third ventricle.
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Figure 2-2. IL-1p does not activate POMC-EGFP neurons in the NTS. (a,d,g)
Expression of EGFP in the NTS of POMC-EGFP mice. (b) Expression of ¢-Fos (red) in
aCSF-treated animals (i.c.v., n=4) is very low. (f) Few POMC neurons express c-Fos
following aCSF treatment. (e,h) Expression of c-Fos in IL-1B-treated animals (10ng,
i.c.v., n=4) is increased. (f,i) IL-1P does not activate c-Fos in POMC neurons. (g,h,i)
Panels g-i represent an enlargement of panels d-f shown for clarity. White boxes denote
regions of enlargement. (j) IL-1p increases the expression of c-Fos in the NTS by ~16
fold (two-tailed Student’s t-test, ***p<0.0001 vs. aCSF). (k) IL-1P does not increase the
number POMC neurons activated in the NTS (two-tailed Student’s t-test, p = ns vs.
aCSF). Scale bars = 100um (a-f) and 60 um (g-i). CC = central canal.
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Figure 2-3. Ketorolac reduces IL-1p activation of POMC-EGFP neurons in the
hypothalamus. (a) Expression of c-Fos in the ARC of POMC-EGFP mice receiving i.p.
ketorolac (40 mg/kg) or saline followed by i.c.v injection of IL-1f (10ng) or aCSF 1 hr
later (saline + aCSF, n =4, saline + IL-1B, n =4, ketorlac + aCSF, n = 4; ketorolac +
IL-1B, n =6). (b) Reduced expression of c-Fos in ARC POMC-EGFP neurons in mice
receiving i.p. ketorolac (40 mg/kg) or saline followed by i.c.v injection of IL-1B (10ng)
or aCSF 1 hr later (saline + aCSF, n =4; saline + IL-1pB, n = 4; ketorlac +aCSF, n = 4;
ketorolac + IL-1B, n = 6). Data is expressed as mean + SEM, statistics by one-way
ANOVA followed by a post hoc analysis using a Bonferroni corrected t test; “p<0.001 vs
Saline+aCSF, "p<0.01 vs Saline+aCSF, p<0.001 vs Ketorolac+aCSF, 9p<0.01 vs
Ketorolac+aCSF, “p<0.001 vs Ketorolac+IL-1, tp<0.01 vs Ketorolac+IL-1.
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Figure 2-4. IL-1p increases the firing rate of ARC POMC-EGFP neurons. (a) Example
of raw data (15 minute trace) showing bath application of IL-1B (1 nM). IL1 B
depolarized and increased spontaneous activity of a single ARC POMC-EGFP neuron.
Mean of membrane potential five minutes prior to IL1 B application = - 54.5 mV; during
application (2.32 min) = - 51.4 mV; mean peak depolarization (from 1.5 min after start of
drug application to 3.5 min into washout) = - 45.6 mV. Mean firing frequency five
minutes prior to IL1p application = 0.52 Hz; during application = 1.86 Hz; five minutes
into washout period = 1.48 Hz. (b) IL-1B (1 nM) increases the firing rate of ARC
POMC-EGFP neurons (n = 8; p < 0.0001, baseline compared with washout). Shaded
region corresponds to time of IL1 B addition to bath. Error bars represent SEM.
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Figure 2-5. IL-1f stimulates in vitro release of -MSH from murine hypothalamic
explants in dosc-dependent manner with a calculated ECsp = 5.9 x 10" M. Values are
means + SEM (n = 4 for each dose).
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Figure 2-6. Acute and chronic ketorolac treatment does not reverse IL-1B-stimulated in
vitro release of -MSH from murine hypothalamic explants. Data is expressed as mean +
SEM (n = 6 for each dose), statistics by one-way ANOVA followed by a post hoc
analysis using a Bonferroni multiple comparison test; *p<0.05 vs. aCSF, **p<0.01 vs.
aCSF, ***p<0.001 vs. aCSF.
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Figure 2-7. Co-expression of POMC mRNA and IL-1R mRNA in the hypothalamus.

(a) Representative darkfield photomicrograph showing distribution of IL-1R mRNA
(white silver grain clusters) in the ARC of wild-type rats. (b) Double-label ISH revealed
clusters of silver grains representing IL-1R mRNA-expressing cells overlying ARC
POMC mRNA-expressing neurons (red precipitate). Arrows point to POMC neurons that
co-expresses IL-1R mRNA. Open arrowheads represent POMC neurons that do not co-
express IL-1R mRNA. Arrowheads represent silver grain clusters not overlying POMC
neurons. Scale bars = 300 um (a) and 70 um (b). 3V = third ventricle.
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Abstract

Agouti-related protein (AgRP) is an orexigenic neuropeptide produced by neurons in the
hypothalamic arcuate nucleus (ARC) that is a key component of central neural circuits
that control food intake and energy expenditure. Disorders in energy homeostasis,
characterized by hypophagia and increased metabolic rate, frequently develop in animals
with either acute or chronic diseases. Recently, studies have demonstrated that
proopiomelanocortin (POMC)-expressing neurons in the ARC are activated by the
proinflammatory cytokine interleukin-1p (IL-1f8). In the current study, we sought to
determine if inflammatory processes regulate the expression of AgRP mRNA and to
characterize the response of AgRP neurons to IL-13. Here we show by real-time RT-
PCR and in situ hybridization analysis that AgRP mRNA expression in rodents is
increased in models of acute and chronic inflammation. AgRP neurons were found to
express the type I interleukin-1 receptor and the percentage of expression was
significantly increased following a peripheral administration of lipopolysaccaride.
Furthermore, we demonstrate that IL-1B inhibits the release of AgRP from hypothalamic
explants. Collectively, these data indicate that proinflammatory signals decrease the
secretion of AgRP while increasing the transcription of the AgRP gene. These
observations suggest that AgRP ncurons may participate with ARC POMC neurons in

mediating the anorexic and metabolic responses to acute and chronic discase processes.
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Introduction

Disorders in the regulation of energy intake and energy expenditure are frequent
occurrences during acute and chronic diseases (4, 8). Recent studies suggest that the
synthesis and release of proinflammatory cytokines, including interleukin-1f (IL-1),
interleukin-6 (IL-6), tumor necrosis factor-o. (TNF-) and leukemia inhibitory factor
(LIF) in response to pathophysiological processes induce anorexia and increased
metabolic rate by acting upon centers of the brain that are known to control energy
homeostasis (8, 32, 280, 297). One region in the brain that is a candidate target for the
actions of inflammatory cytokines is the arcuate nucleus of the hypothalamus (ARC).
The ARC is a key site that integrates peripheral signals of energy balance and regulates
energy homeostasis by transducing signals that modulate eating behavior and metabolism
(42, 135, 298). Within the ARC, there are a number of neuropeptide-expressing neurons
that play important roles in the regulation of energy homeostasis by providing either
anorexigenic or orexigenic signals (298). One key population of neurons in the ARC that
provides orexigenic drive are neurons that express the neuropeptide agouti-related protein
(AgRP).

AgRP is an endogenous antagonist of the anorexigenic neuropeptide alpha-
melanocyte-stimulating hormone [o-MSH; derived from the proopiomelanocortin
(POMC) precursor] (130, 299). AgRP promotes food intake and positive energy balance
via inhibition of o-MSH-stimulated signaling and inverse agonism at the type 3 and type
| 4 central melanocortin recepfors (MC3-R and MC4-R) (130,_300; 301). Inthe CNS,

AgRP is produced exclusively by neurons in the ARC where it is colocalized with
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neuropeptide Y (NPY) (132) and the inhibitory neurotransmitter GABA (131). Central
infusion of AgRP(302), or overexpression of AgRP in transgenic mice(303) induces
hyperphagia and obesity. AgRP neurons recognize and respond to a number of
peripheral signals of energy balance, including insulin and the adipose-derived hormone
leptin(163).

Leptin is a 16-kDa protein that has a fundamental role in the regulation of feeding
behavior, metabolism and neuroendocrine function(304, 305). The functional long form
of the leptin receptor is a member of the class-I cytokine receptor family(306) and it is
expressed by neurons in the hypothalamus associated with energy homeostasis, including
AgRP(307) and POMC-expressing neurons(154). AgRP mRNA expression is increased
during fasting and can be returned to pre-fasting levels with leptin replacement(163).
Leptin has also been shown to inhibit the i vitro release of AgRP from hypothalamic
explants harvested from both rats (308) and mice (161). The responsiveness of AgRP
neurons to leptin raises the possibility that additional cytokines that are synthesized and
released during inflammatory states may also be involved in the regulation of AgRP
neuronal activity. Indeed, it has been reported that AgRP mRNA expression in mice is
decreased six hours after receiving a peripheral administration of TNF-o. (198).

IL-1B is a proinflammatory cytokine that is rapidly relcased in response to infection
and tissue injury and can elicit a number of behavioral and metabolic responses including
anorexia, pyrexia and increased basal metabélic rate (279-281, 309). In rodents, anorcxia
can be reliably induced by both peripheral and central administrations of recombinant IL-
1B(100, 280). The effects of IL-1B in the brain are mediated by the type I IL-1 receptor

(IL-1R) and these receptors are expressed by neurons in regions of the brain associated
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with energy homeostasis, including the ARC (87). In previous work, IL-1p given
intravenously to rats was shown to induce Fos protein in NPY mRNA-expressing neurons )
in the ARC(100). Recently, our lab has shown that IL-1p specifically activates a
subpopulation of ARC POMC neurons and potently stimulates the release of a-MSH
from hypothalamic explants (310). In the current study, we tested the hypothesis that
AgRP-expressing neurons in the ARC are targets for IL-1[’s action in the regulation of
food intake and metabolism. Specifically, we investigated whether: (1) AgRP gene
transcription is regulated by IL-1f given as a single injection or as a result of induced
acute and chronic inflammatory states; (2) AgRP peptide secretion from ex vivo
hypothalamic explants is regulated by IL-1p and if prostaglandin synthesis is a required
step; (3) AgRP neurons are direct targets for the action of IL-1p by identifying AgRP

neurons in the Arc that co-express IL-1R mRNA.

Materials and Methods

Animals

Malc Sprague-Dawley rats (300-350g; Taconic Farms), F344/NTacfBR rats (200-250g;
Taconic Farms), IL-1R KO mice (5-8 weeks of age; Jackson Laboratory) and C57BL/6J
mice (5-8 weeks of age; Jackson Laboratory) were maintained on a normal 12:12
light/dark cycle with ad libitum access to food (Purina rodent diet 5001; Purina Mllls)
and water. Experiments were conducted in accordance with the NIH Guide for the Care

and Use of Laboratory Animals and approved by the Animal Care and Use Committees
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of Oregon Health and Science University and the Oregon National Primate Research

Center.

Implantation of lateral ventricle cannulae

Male Sprague-Dawley rats and C57BL/6] mice were anesthetized with a ketamine
cocktail and placed in a stereotaxic apparatus (Cartesian Instruments). A sterile guide
cannula with obdurator stylet was stereotaxically implanted into the lateral ventricle. For
rats, the coordinates used were: 1.0 mm posterior to bregma, 1.25 mm lateral to midline,
and 4.0 mm below the surface of the skull. For mice, the coordinates used were: 1.0 mm
posterior to bregma, 0.5 mm lateral to midline, and 2.3 mm below the surface of the skull
(283, 285). The cannula was then fixed in place with dental cement. The animals were
individually housed after surgery for a minimum of 1 week and were handled and
administered 5ul (rats) or 1l (mice) i.c.v. injections of commercial artificial

cerebrospinal fluid (Harvard Apparatus) daily.

Central IL-1f injcction in rats for AgRP mRNA and c-fos mRNA double-label study

On the day of the experiment at 0900, rats received i.c.v. injections of 10 ng rat IL-1p
(R&D Systems, Inc.) dissolved in 5ul aCSF, or aCSF alonc. Ninety minutes after
treatment, rats were anesthetized with isoflurane and killed by decapitation. The brains
were immediately removed from the calvaria and frozen on dry ice. Brains were stored at

—80°C until sectioned on a cryostat.
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Central IL-1B injection in mice for AgRP mRNA expression study

On the day of the experiment at 0900, mice received i.c.v. injections of 10 ng murine IL-
1B (R&D Systems, Inc.) dissolved in 1l aCSF, or aCSF alone and were placed in clean
cages without food. Eight hours after treatment, mice were anesthetized with isoflurane
and killed by decapitation. The brains were immediately removed from the calvaria and a
hypothalamic block was dissected out, preserved in RNAlater solution (Ambion, Inc.)

and stored at —80°C until RNA extraction and RT-PCR analysis.

Rat tumor model

Male F344/NTacfBR rats were individually housed and divided into three groups: Sham-
operated controls, tumor-bearing, and sham-operated rats that were pair-fed with the
tumor-bearing group such that they were given a quantity of food each day equal to the
average amount eaten by the tumor-bearing rats from the previous day. On day 0, the
animals were anesthetized with a ketamine cocktail and fresh tumor tissue (0.2 — 0.3g)
from a rat donor was implanted subcutaneously into the flank of the rat as previously
described (311). The tumor is a methylcholanthrene induced sarcoma that does not
metastasize. Its characteristic growth curve vs. time is curvilinear and was previously
documented (312). On day 13 after tumor implantation, tumor growth had fallen within
the predetermined endpoints of the sftudy,vaccording to OHSU TACUC Policy on Tumor

Burden and the animals were sacrificed. The brains were immediately removed from the
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calvaria and a hypothalamic block was dissected out, preserved in RNAlater solution

(Ambion, Inc.) and stored at —80°C until RNA extraction and RT-PCR analysis.

Subtotal nephrectomy procedure

Chronic renal failure was induced in male F344/NTacfBR rats using a two-stage, five-
sixth nephrectomy procedure. In the first stage of the procedure, animals were
anesthetized with a ketamine cocktail and a left flank incision was made to allow
visualization of the left kidney. Surgical ablation of two poles of the left kidney resulted
in an approximate two-thirds reduction of the total left renal mass. Sham-operated
control rats underwent left renal decapsulation during this stage. Animals were allowed
nine days of recovery prior to the second stage of the nephrectomy procedure. In the
second stage of the procedure, animals were anesthetized with a ketamine cocktail and a
right flank incision was made to allow visualization and surgical resection of the right
kidney. Sham-operated control rats underwent right renal decapsulation during this
stage. Two doses of buprenorphine (0.05 mg/kg) were administered before incision and
post- operation in each stage. After the second surgery, animals were housed in
individual cages and body weight and food intake were measured daily. Animals were
sacrificed 14 days after the second surgery. Blood was collected for BUN and plasma
crcatinine assays. Brains were collected and a hypothalamic block was dissected out,
preserved in RNAlater solution (Ambion, Inc.) and stored at —80°C until RNA cxtraction

and RT-PCR analysis. -
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Implantation of osmotic minipumps

ALZET micro-osmotic pumps (Model 1007D, DURECT Corporation) were filled with
ketorolac (K1136, Sigma-Aldrich) dissolved in sterile saline, or sterile saline. Ketorolac-
filled pumps were calibrated to deliver a constant infusion of 1.0 mg/kg every six hours.
Male C57BL/6J mice were anesthetized with a ketamine cocktail and the pumps were
implanted subcutaneously on the dorsal surface of each mouse. Mice were allowed two

days of recovery prior to use in studies.
Hypothalamic peptide secretion

Male C57BL/6J mice (n = 30) were anesthetized with isoflurane and killed quickly by
decapitation. The brain was removed (with care taken to ensure that there was no
contamination of the hypothalamic portion with residual pituitary) and a 2 mm slice was
prepared using a vibrating microtome (Leica VS 1000) to include the paraventricular and
arcuate nuclei. Individual hypothalami received a 1 h equilibration period with aCSF
(aCSF; NaCl 126 mM, Na,HPO 0.09 mM, KCI 6 mM, CaCl, 4 mM, MgSO, 0.09 mM,
NaHCO; 20 mM, glucose 8 mM, ascorbic acid 0.18 mg/ml, 0.6 TIU aprotinin/ml) at
37°C. Hypothalami were then incubated for 45 min at 37°C in 700 pl aCSF (basal
period) bcfore bcing'challcnged wi£h a Single concentration of murine IL-1PB (R&D-
Systems, Inc.) (0.0001 nM to 1.0 nM) in 700 pl aCSF for 45 min at 37°C. Tissue
viability Was verified by a 45 min exposure to 700 ul aCSF containing 56 mM KCl.

Treatments were performed in quadruplicate. At the end of each treatment period,
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supernatants were removed and frozen at —80°C until assayed by radioimmunoassay.
Hypothalamic explants that failed to show peptide release 3X above that of basal release

in response to aCSF containing 56 mM KCI were excluded from data analysis.
Hypothalamic peptide secretion following ketorolac treatment

Male C57BL/6J mice that had been implanted with ketorolac-filled (n = 6) or saline-filled
osmotic pumps (n = 12) were divided into three groups of six animals each. Mice from
all groups were anesthetized with isoflurane and killed quickly by decapitation. Brains
were removed and processed on a vibrating microtome as described above. Individual
hypothalami received a 1 h equilibration period with aCSF at 37°C. A single group of
hypothalami from mice that received saline pumps (n = 6) were incubated for 45 min at
37°C in 700 pl aCSF + ketorolac (121 uM) (basal period) before being challenged with
0.1 nM murine IL-1f in 700 pl aCSF + ketorolac (121 uM) for 45 min at 37°C.
Hypothalami from the remaining two groups were incubated for 45 min at 37°C in 700 ul
aCSF (basal period) before being challenged with 0.1 nM (n =6 for saline and ketorolac-
treated mice) murine IL-1f3 in 700 ul aCSF for 45 min at 37°C. Tissue viability was
verified by a 45 min exposure to 700 ul aCSF containing 56 mM KC1. Treatments were
performed in quadruplicate. At the end of each treatment period, supernatants were
removed and frozen at —80°C until assayed by radioimmunoassay. Hypothalamic explants
that failed to show peptide relcase 3X above that of basal releasein response to aCSF

containing 56 mM KCI were excluded from data analysis.
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AgRP radioimmunoassay

AgRP immunoreactivity was measured with a rabbit anti-a-AgRP (Phoenix
Pharmaceuticals, Inc.). The antibody cross-reacts fully with the mature AgRP. '*°I-
labeled AgRP was prepared by the iodogen method and purified by high-pressure liquid
chromatography (University of Mississippi Peptide Radioiodination Service Center,
University, MS). All samples were assayed in duplicate. The assay was performed in a
total volume of 350 ul of 0.06 M phosphate buffer, pH 7.3, containing 1% BSA. The
sample was incubated for three days at 4°C before the separation of free and antibody-
bound label by goat anti-rabbit IgG serum (Phoenix Pharmaceuticals, Inc). One hundred
microliters of supernatant was assayed. The lowest detectable level that could be
distinguished from the zero standard was 0.30 fmol/tube. The intra-assay variation
(CV%) was determined by replicate analysis (n=10) of two samples at AgRP

concentrations of 2 and 10 fmol/tube, and the results were 7.8% and 7.5% respectively.

The inter-assay variation (CV%) was 10.7% and 12.1% for the range of values measured.
RNA preparation and RT-PCR

Total RNA was extra;ted from hypothalamic blocks using Qiagen»RN easy kits (Qiagen,
Inc., Valencia, CA). Hypothalaﬁﬂc blocks were dissected by making coronal cuts at the
rostral extent of the optic chiasm and caudal to the mammillary bodies; sagittal cuts were
made along the optic tracts. Cortex was then removed at the level of the corpus callosom.

DNA was removed from total RNA using RNase-Free DNase (Qiagen Inc., Valencia,
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CA). RT reactions were prepared using a TagMan Reverse Transcription Kit (Applied
Biqsystems, Inc., Foster City, CA). For each reaction cDNA synthesis was prepared
using 500ng of RNA in a reaction containing 4pl 10X RT Buffer, 9ul 25mM MgCl,, 8ul
10mM dNTPs, 1.5u1 50uM Random Hexamers, 1l RNase Inhibitor, 1.5u1 MultiScribe
Reverse Transcriptase, q.s. to 40ul with nuclease-free water. RT reactions were

performed on an Eppendorf Mastercycler (Eppendorf AG, Hamburg, Germany)

programmed for 25°C for 10 min, 37°C for 1 hr, and 95°C for 5 min. Samples were

diluted with 40ul nuclease-free water and stored at 4°C until RT-PCR was performed.

Real-Time RT-PCR was performed on an ABI 7300 Real Time PCR System using rat-
specific primer probe sets obtained from Applied Biosystems, Foster City, CA. Each RT-
PCR reaction contained 10pl TagMan Universal PCR Master Mix, 1l Assays-on-
demand Gene Expression Assay Mix, 4l nuclease-free water, and 5ul cDNA. Samples
and endogenous controls (eukaryotic 18s rRNA) were run in duplicate to assure
repeatability. Auto Ct values were calculated using 7300 RQ Study Software v.1.3 and

verified.
Single-label in situ hybridization

Single-label in situ hybridization to identify cclls expressing AgRP mRNA in rat brains
was performed as previously described (284). Coronal sections (20 um) were cut on a
éryostat' and thaw-mounted onto Superfrost Plus slides (VWR Scientific, West Chester,

PA). Hypothalamic sections were collected in a 1:6 series from the diagonal band of
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Broca (Bregma 0.50 mm) caudally through the mammillary bodies (Bregma —5.00 mm).
Antisense **P-labeled rat AgRP riboprobe (corresponding to bases 14-383 of rat AgRP;
GenBank accession number AF206017) was denatured, dissolved in hybridization buffer
at a concentration of 0.05 pmol/ml along with tRNA (1.7 mg/ml), and applied to slides.
Slides were covered with glass coverslips, placed in a humid chamber, and incubated
overnight at 55°C. The following day, slides were treated with RNase A and washed
under conditions of increasing stringency. The tissue was dehydrated in 100% ethanol,
air dried, and then dipped in NTB-2 liquid emulsion (Eastman Kodak Co.) diluted 1:1

with distilled water. Slides were developed 5 days later and coverslipped.
Single-label in situ hybridization image analysis

All slides were assigned a random three-letter code, alphabetized, and read unilaterally
under dark-field illumination with custom software designed to count the total number of
cells and the number of silver grains (corresponding to radiolabeled AgRP mRNA) over
each cell. Cells with a signal to background ratio (SBR) of at least 2 or greater were
considcred to express AgRP mRNA. Data are expressed as the total number of

identifiable cells and grains/cell (a semiquantitative index of mRNA content/cell).
Double-label in sin hybridization

Simultaneous visualization of AgRP mRNA with either IL-1R mRNA or c-foé mRNA in

the rat brain was performed as previously reported (284), with slight modifications.
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Coronal brain sections (20 um) were cut on a cryostat and thaw-mounted onto Superfrost
Plus slides (VWR Scientific, West Chester, PA). Hypothalamic sections were collected
in a 1:6 series from the diagonal band of Broca (Bregma 0.50 mm) caudally through the
mammillary bodies (Bregma —5.00 mm). Hindbrain sections were collected in a 1:6
series from the facial nucleus (Bregma —10.00 mm) caudally through the spinal
cord(285). Antisense **P-labeled rat IL-1R riboprobe (corresponding to bases 207-930
of rat interleukin-1 receptor type I; GenBank accession number M95578) (0.2 pmol/ml),
or **P-labeled rat c-fos riboprobe (corresponding to bases 210-479 of rat proto-oncogene
c-FOS gene; GenBank accession numbers AY 780201 and AY780202) (0.1 pmol/ml) and
antisense digoxigenin-labeled rat AgRP riboprobe (concentration determined empirically)
were denatured, dissolved in hybridization buffer along with tRNA (1.7 mg/ml), and
applied to slides. Slides were covered with glass coverslips, placed in a humid chamber,
and incubated overnightat 55°C. The following day, slides were treated with RNase A
and washed under conditions of increasing stringency. The sections were incubated in
blocking buffer and then in Tris buffer containing antidigoxigenin fragments conjugated
to alkaline phosphatase (Roche Molecular Biochemicals) diluted 1:250 for 3 h at room
temperature. AgRP cells were visualized with Vector Red substrate (SK-5100; Vector
Laboratories) according to the manufacturer’s protocol. Slides were dipped in 100%
ethanol, air dried, and then dipped in NTB-2 liquid emulsion (Eastman Kodak Co.)
.diluted 1:1 with distilled water. Slides were developed 6 days (c-fos), or 11 days (IL-1R)
later and coverslipped. Determination of cells expressing both AgRP mRNA and c-fos
mRNA,' or IL-1R mRNA was performed using criteria previously described(284).

Briefly, AgRP mRNA-containing cells were identified under fluorescent illumination,
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and custom-designed software was used to count the silver grains (corresponding to
radiolabeled c-fos mRNA or IL-1R mRNA) over each cell. Signal-to-background ratios
(SBRs) for individual cells were calculated; an individual cell was considered to be
double-labeled if it had an SBR of 2.5 or more. For each animal, the amount of double-
labeling was calculated as a percentage of the total number of AgRP mRNA-expressing

cells and then averaged across animals to produce mean + SEM.
Statistical analysis

Data are expressed as mean + SEM for each group. Statistical analysis was performed
using SPSS (v. 14.0) and Prism (v. 3.03) software. All data were analyzed with either an
unpaired t test, one-way ANOVA followed by a post hoc analysis using a Bonferroni
corrected t test, or a two-way ANOVA followed by a one-way ANOVA with post hoc
analysis using a Bonferroni multiple comparison test (secretion study with ketorolac).

For all analyses, significance was assigned at the p < 0.05 level.

Results

Acute inflammation increases AgRP mRNA expression

To determine if AgRP expression is increased during periods of acute inflammation, we

measured AgRP mRNA expression in two independent rodent models of acute

inflammation. In our first study, we administered i.p. injections of lipopolysaccaride
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(100 pg/kg), or saline to rats at 0800 and sacrificed the animals eight hours later. Cells
expressing AgRP mRNA were readily identifiable in the ARC of all animals by single-
label in situ hybridization (Fig. 1). Data analysis revealed that the number of identifiable
AgRP-expressing neurons and the cellular content of AgRP mRNA (as reflected by silver
grains per cell) were both significantly higher in rats that had received LPS compared to
saline treated rats (P < 0.05 for both measures) (Fig. 2). In our second study, we
administered i.c.v. injections of murine IL-1B (10 ng), or aCSF to mice at 0800 and
sacrificed the animals eight hours later. IL-1P treatment did not increase AgRP
expression compared to aCSF treatment in mice (AgRP: relative quantity [RQ}; aCSF
0.96 £0.32, n=4, vs. IL-1f3 0.95 + 0.20, n=7; p = 0.64) (Fig. 3A), or rats (RQ; = aCSF

1.18 + 0.10, n=5, vs. IL-1f 1.16 £ 0.08, n=10; p = 0.81) (Fig. 3B).
Chronic inflammation increases AgRP mRNA expression

To extend our findings that AgRP mRNA expression is increased in the setting of acute
inflammation, we investigated AgRP mRNA expression in two models of chronic
inflammatton. In our first model, we observed that AGRP mRNA expression was
significantly increased in tumor-bearing rats compared to sham-operated, ad libitum fed
rats (AgRP: relative quantity [RQJ; tumor-bearing 2.31 £ 0.60, n=10, vs. sham-operated,
ad libitum fed 0.92 £ 0.25, n=10; p < 0.001) (Fig. 4A). AgRP mRNA expression was
also elevated in sham—opgrated, pajr—fed rats (RQ = 1.76 + 0.26, n=9) compared to sham-
operated, ad libitum ‘fed" rats (p < 0.601) (Fig. 4A), but Was still signiﬁcantly IOWer_ than

tumor-bearing rats (p < 0.05) (Fig. 4A). In our second model of chronic inflammation,
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rats that had received a two-stage, five-sixth nephrectomy procedure had significantly
elevated BUN and plasma crea_ltinine levels 14 days after the procedure compared to
sham-operated rats (data not shown) thus confirming the effectiveness of the procedure in
inducing a state of renal failure. AgRP mRNA expression was significantly elevated in
rats with renal failure compared to sham-operated rats (RQ; nephrectomy 0.94 + 0.34,

n=16, vs. sham-operated 0.62 + 0.15, n=10; p < 0.01) (Fig. 4B).
AgRP neurons express c-fos mRNA following i.c.v. IL-1B administration

In a previous study, it was reported that an intravenous injection of IL-1f induced Fos
immunoreactivity in ARC neurons and that 23% of these Fos-immunoreactive neurons
also expressed NPY mRNA (100). To both confirm and extend upon these findings, we
performed double-label in-situ hybridization for AgRP mRNA and Fos mRNA on brains
from rats that had been given i.c.v. injections of IL-1p (10 ng; n = 4) or aCSF (n = 4) and
sacrificed 90 minutes later. IL-1( treatment significantly increased the number of
identifiable c-fos mRNA-expressing cells in the ARC (aCSF, 16 + 5 cells per animal,
n=4; IL-1f, 133 + 20 cells per animal; p <0.01) (Fig. 5A). Co-expression of AgRP
mRNA and c-fos mRNA was very low in aCSF treated animals (2% + 0.5%) and was

significantly increased by IL-18 treatment (13.3% + 1.7%; p <0.001) (Fig 5B).

AgRP mRNA co-expression with IL-1R mRNA
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IL-1R mRNA is densely expressed in the hypothalamus, suggesting that this site is
responsive to IL-1B-mediated signaling. Indeed, RT-PCR analysis revealed that in the
mouse hypothalamus the abundance of IL-1R mRNA (Relative quantity [RQ] = 2.284 +
0.186, n=7) is more than two-fold higher than OB-Rb mRNA (1.001 £ 0.60, n=7 p <
0.0001) and MC4-R mRNA (1.016 £ 0.084, n=7 p < 0.0001). To determine if AgRP
mRNA-expressing cells co-express IL-1R mRNA we performed double-label in-situ
hybridization on brains from rats that had been administered i.p. injections of saline (n =
6). Additionally, a second group of rats in the same study received i.p. injections of LPS
(100 pg/kg, n = 5) to measure potential changes in co-expression in the setting of acute
inflammation. Both group of rats were injected at 0800 and sacrificed 8 hours later. In
both groups of rats, a significant number of AgRP mRNA-expressing neurons in the
ARC, represented by cell bodies filled with fluorescent red precipitate, had overlying
clusters of silver grains, signifying co-expression of IL-1R. Semiquantitative image
analysis revealed that with a signal to background ratio of 2.5 set as the threshold for
neurons to be considered double-labeled, 25.0% + 2.4% of the digoxigenin-labeled AgRP
neurons in saline treated rats co-expressed IL-1R mRNA (Fig. 6A,B). LPS treatment
caused a significant increase in the number of AgRP mRNA-expressing cells co-
expressing IL-1R mRNA (34.6% + 2.5%) compared to saline treated animals (p < 0.05).
Co-expression of IL-1R mRNA by ARC POMC mRNA-expressing cells was not affected

by LPS treatment (data not shown).

 IL-1P decreases AgRP release from murine hypothalamic explants
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To investigate the effect of IL-13 on AgRP release in vitro, hypothalamic explants
harvested from male C57BL/6 mice were incubated with IL-1f (0.01 nM, 0.1 nM, 1.0
nM, 3.0 nM, and 30.0 nM; n=4 per IL-1J3 dose). These doses were chosen based on
previous work estimating basal IL-1f3 concentration in the hypothalamus at 0.01-0.02 nM
and increasing approximately 10-fold during pathological conditions(286). IL-1j3

significantly decreased the release of AgRP from hypothalamic explants with a calculated

ECso=13x10"M (Fig. 7). These results demonstrate that in vivo hypothalamic
concentrations of IL-1J3 that are produced during pathological conditions are able to

potently inhibit the in vitro release of AgRP from hypothalamic explants.

Ketorolac treatment does not prevent IL-1p-mediated inhibition of AgRP secretion

from murine hypothalamic explants

To determine if inhibition of prostaglandin synthesis would prevent the IL-13-mediated
inhibition of AgRP secretion from hypothalamic explants, we repeated our explant
studies in the presence of ketorolac. We observed that acutely blocking prostaglandin
synthesis by incubating the explants in aCSF containing ketorolac (121 uM) did not alter
IL-1B-mediated inhibition of AgRP rclease (p<0.05 vs. aCSF) (Fig. 8). To investigate
the effect of chronic blockade of prostaglandin synthesis on IL-13-mediated inhibition of
AgRP release, we implanted mini-osmotic pumps containing cither ketorolac or saline
two days prior to conducting the explant study. IL-1B (1.0 nM) inhibited AgRP release
from hypothalamic explants from mice thaf had received saline-filled pumps (p<0.01 vs

aCSF) (Fig. 8). Mice with ketorolac-filled pumps had decreased AgRP release in
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response to IL-1B (p<0.05 vs. aCSF) that was not significantly different compared to
mice with saline pumps (p>0.05 vs. saline pump groups) (Fig. 8). No significant
interaction was found between method of infusion and dose of IL-1f by two-way

ANOVA.
Discussion

The findings of the present study demonstrate that the transcriptional and secretory
activity of AgRP neurons is regulated by inflammatory signals. AgRP mRNA expression
was increased in models of both acute and chronic inflammation. AgRP neurons were
found to co-express IL-1R mRNA, and inflammation following a peripheral dose of LPS
increased the number of AgRP neurons that co-expressed IL-1R mRNA. Finally, the
secretion of AgRP from hypothalamic explants was inhibited by IL-1B and blockade of
prostaglandin synthesis failed to attenuate this observed inhibition.

AgRP mRNA expression is increased during periods of fasting. This process is
hypothesized to be primarily a leptin-dependent process as leptin replacement can reverse
fasting-induced increases in AgRP mRNA expression (132, 313, 314). In the context of
these findings, one could hypothesize that decreased circulating levels of leptin as a result
of illness-induced anorexia and weight loss could explain our observation that AgRP
mRNA cxpression was incrcased in response to acutc and chronic inflammatory states.
However, arguing against this hypothesis are numerous studies showing that in many
acute and chronic inflammatory settings, leptin levels are pafadoxically elevéted despite

significant decreases in food intake and body weight (252, 315-319). An alternative
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hypothesis is that cytokines derived from the immune responses may be responsible for
overriding classical responses of orexigenic pathways to changes in energy balance.
Support for this alternative hypothesis can be found from studies examining the response
of the hypothalamic NPY system to inflammation. NPY activity is potently increased in
states of non-inflammatory negative energy balance including starvation and dietary
restriction (320-322). However, this strong NPY activation is not observed in many
states of illness-induced anorexia and weight loss including acute cytokine administration
(223, 323) and in tumor-bearing rats (324).

Previously, it had been reported that NPY mRNA-expressing neurons in the
hypothalamus express Fos-IR in response to a peripheral injection of IL-1B (100). As the
majority of ARC NPY neurons co-express AgRP (132), we hypothesized that IL-1P
might play an important role in regulating the activity of AgRP neurons. Using double-
label in situ hybridization, we demonstrated that AgRP neurons might by directly
targeted by IL-1[3 as 25.0% + 2.4% of AgRP neurons in the rat ARC were found to co-
express IL-1R mRNA. Interestingly, we observed a significant increase in the number of
AgRP neurons co-expressing IL-1R mRNA following a peripheral injection of LPS,
suggesting that the sensitivity of this orexigenic system to cytokine signaling may be
enhanced during an inflammatory state. AgRP peptide secretion from hypothalamic
explants was potently decreased by IL-18 administration and this effect was not
attenuated by blockade of prostaglandin synthesis. These secretion results suggest that
IL-1P has a predominant inhibitory effcct on the population of AgRP neurons. This
‘hypothesis ‘is supported by our observation fhat very few AgRP neurons (13.3% + 1.7%)

co-express ¢-fos mRNA in response to IL-1B. We did not observe an increase in AgRP
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mRNA expression in mice or rats eight hours after they had received a central injection
of IL-1B. One explanation for this observation is that we chose a time point that was
either too early or too late to measure changes in AgRP mRNA expression that might
have occurred. However, it is also possible that IL-1B may act principally to regulate the
secretory activity of AgRP neurons, and does not have a role in regulating AgRP
transcriptional activity. Indeed, we were also unable to detect changes in POMC mRNA
expression in mice and rats eight hours after they had received a central injection of IL-
1f3 (data not shown), but have clearly shown in previous experiments that IL-1PB activates
ARC POMC neurons leading to the increased release of a-MSH (310).

Currently, there exists conflicting data in the literature regarding the role of the ARC
in mediating IL-1B-induced anorexia that results from this study may help to reconcile.
In an earlier study, it was shown that destruction of the ARC, by neonatal monosodium
glutamate (MSG) treatment, or knife cut disruption of vertical projections from the ARC
to the paraventricular nucleus resulted in augmented anorexia in response to IL-1B (100).
From these results, the authors concluded that the apparent role of the ARC was not to
promote, but rather to restrain IL-1B-induced anorexia. However, these data and the
authors’ conclusion appear to be at odds with recently published data from our lab
demonstrating that IL-1f activates ARC POMC neurons and potently stimulates the
releasc of the anorexigenic neuropeptide -MSH from hypothalamic explants (310). An
important caveat to the MSG ablation studies is that IL-1p sensitive POMC-cxpressing
neurons in the lateral hypothalamus were left intact. Previously, in studies comparing the
effects of MSG vs. gold thioglﬁcose (GTG) in mice it had been noted that the lateral

POMC-expressing neurons (largely spared by MSG) may be more important in the
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control of body weight and feeding than the medial POMC-expressing neurons (325).

- These observations, when coupled with results from another study showing that AgRP
cell body and fiber staining is virtually eliminated following MSG treatment (44) may
explain why more pronounced anorexia is observed in MSG-treated animals treated with
IL-1B.

In an intact setting, IL-1B-mediated activation of ARC POMC neurons (causing
increased o-MSH release) and inhibition of AgRP neurons (causing decreased AgRP
release) produces a strong anorexigenic effect via increased MC4-R signaling. Single
injections of AgRP have been shown to induce hyperphagia for as long as one week in
the rat (302). The long duration of the orexigenic effect of AgRP suggests that during
periods of illness the release of AgRP acts as a balancing orexigenic signal that regulates
the severity of anorexia and provides a mechanism for a period of rebound hyperphagia
when the illness is resolved. Teleologically, an initial period of hypophagia with an acute
illness may be beneficial as energy that would otherwise be spent in the acquisition and
digestion of food is shunted to systems combating the illness. Hyperphagia following
resolution of the illness would allow recovery of energy that had been utilized during the
period of illness. However, lesions of the ARC that ablate both POMC and NPY/AgRP
neurons in the ARC, but spare IL-1B-sensitive extra-arcuate POMC neurons in the
hypothalamus disrupt the normal competition that occurs at MC4 receptors between o-
MSH and AgRP. Worsened anorexia in response to 1L-1B might then occur due to a
complete loss of AgRP competition at MC4 receptors that are being activated by a-MSH
coming from the re?naining IL-lB—senSitive extra-arcuaté POMC neuréns. Our |

observations that AgRP secretion is decreased in response to IL-1[3, but that the
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biosynthetic capacity for AgRP neurons to produce AgRP is increased in response to
inflammation support this hypothesized model.

In summary, we have shown that the expression of AgRP mRNA is increased in
models of both acute and chronic inflammation and that the secretion of AgRP from
hypothalamic explants is decreased in response to IL-1f. Combined with previous work
demonstrating that o-MSH secretion is increased in response to IL-1B, our data support a
role for increased hypothalamic melanocortin signaling in mediating cytokine-induced

anorexia during acute and chronic inflammatory states.
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Figure 3-1. Dark-field photomicrographs showing AgRP mRNA-expressing cells (as
reflected by the presence of clusters of white silver grains) in the arcuate nucleus of (A)
saline-treated and (B) LPS-treated rats. Scale bars = 300um. 3V = third ventricle.
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Figure 3-2. LPS treatment increased the number of (A) identifiable AgRP mRNA-
containing cells and (B) grains per AgRP cell compared to saline-treated controls.
Values are presented as the mean + SEM. * p < 0.05.
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Figure 3-3. AgRP mRNA expression is not increased in mice and rats eight hours after a
single injection of IL-1f (10ng) as determined by real-time RT-PCR. (A) AgRP mRNA
expression in mice. (B) AgRP mRNA expression in rats. p>0.05 for both groups.
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Figure 3-4. AgRP mRNA expression is increased in rat models of chronic inflammation
as determined by real-time RT-PCR. (A) Treatment groups: Sham (sham-operated, ad
libitum fed), Tumor (tumor-bearing) and Sham/PF (sham-operated, pair-fed). *p<0.001
vs Sham, "p<0.05 vs Tumor. (B) Treatment groups: Sham (sham-operated) and
Nephrectromy (renal failure). * p <0.05. Values are presented as the mean + SEM.
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Figure 3-5. IL-1p activates AgRP mRNA-expressing neurons in the ARC. (A) The
number of identifiable c-fos mRNA cells per animal after treatment with aCSF or IL-1p
(10ng). (B) The percentage of AgRP mRNA-expressing cells that co-express c-fos
mRNA after treatment with aCSF or IL-1B (10ng). **p<0.001 vs. aCSF, ***p<0.0001
vs. aCSF. Values are presented as the mean + SEM.
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Figure 3-6. Representative photomicrographs showing co-expression of AgRP mRNA
and IL-1R mRNA in the hypothalamus. (A) Photomicrograph showing distribution of
IL-1R mRNA (white silver grain clusters) in relation to AgRP mRNA (red flourescent
cells) in the ARC of rats. (B) Double-label in situ hybridization revealed clusters of
silver grains overlying ARC AgRP mRNA-expressing neurons. Arrows point to AgRP
neurons that co-express IL-1R mRNA. Open arrowheads represent AgRP neurons that
do not co-express IL-1R mRNA. Arrowheads represent silver grain clusters not
overlying AgRP neurons. Scale bars = 100 um (A) and 25 um (B). 3V = third ventricle.
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Figure 3-7. IL-1B decreases the in vitro release of AgRP from murine hypothalamic
explants in a dose-dependent manner with a calculated ECso = 1.3 x 10" M. Values are
means + SEM (n = 4 for each dose).
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Figure 3-8. Acute and chronic ketorolac treatment does not attenuate IL-1p-mediated
decreases in in vitro release of AgRP from murine hypothalamic explants. Data are
expressed as mean + SEM (n = 6 for each dose), and were analyzed by one-way ANOVA
followed by a post hoc analysis using a Bonferroni multiple comparison test; *p<0.05 vs.
aCSF, **p<0.01 vs. aCSF.
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Abstract

Cardiac cachexia is a catabolic syndrome characterized by increased metabolism of lean
body mass (LBM) and fat mass that frequently develops in patients with chronic heart
failure (CHF). CHEF patients who develop cardiac cachexia have a poorer prognosis, as
this syndrome is an independent risk factor for increased morbidity and mortality.
Experimental evidence suggests a role for the production and signaling of
proinflammatory cytokines in the pathogenesis of cardiac cachexia, but the systems
involved in transducing these signals have yet to be fully characterized. Here we report
that genetic and pharmacologic blockade of the central melanocortin system, a key
neuronal circuit in the regulation of energy homeostasis, significantly increased the
accumulation of LBM and fat mass and decreased organ hypotrophy in two independent
rodent models of CHF. Collectively, our data support a role for the central melanocortin
system in the pathogenesis of cardiac cachexia and suggests that blockade of central
melanocortin singnaling represents a potential therapeutic target for the treatment of

cardiac cachexia.
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Introduction

The growing prevalence of chronic heart failure (CHF) is a major health problem in
developing countries. Cardiac cachexia, a syndrome of anorexia and wasting of fat and
lean body mass (LBM), is a debilitating complication that frequently develops in patients
with CHF(4, 326). The prognosis of patients with CHF who develop cardiac cachexia is
worse than that of CHF patients with similar degrees of left ventricular dysfunction who
do not develop cardiac cachexia(327, 328). In one study, the mortality at 18 months in
patients with CHF that had been diagnosed with cardiac cachexia was as high as 50%
compared to 17% in patients with CHF that did not develop cardiac cachexia(327).
There is evidence to suggest that immune and neurohumoral mechanisms may play a
critical role in the pathogenesis of cardiac cachexia. Increased circulating levels of the
proinflammatory cytokines TNF-q, interleukin-1p (IL-1p) and interleukin-6 (IL-6) have
been measured in CHF patients with cardiac cachexia (28, 329, 330). Administration of
these cytokines, either peripherally or centrally, induces anorexia, weight loss and
activation of the hypothalamic-pituitary-adrenal (HPA) axis (331, 332). The metabolic
and behavioral responses elicited by inflammatory cytokines are hypothesized to occur
via their interaction with circuits in the central nervous system (CNS) that regulate
metabolism and food intake (100, 333).

A candidate target for inflammatory cytokines in the brain is the central melanocortin
system. The central melanocortin system plays a critical role in the regulation of feeding

behavior, linear growth and metabolic rate (42, 275). This occurs principally via the
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action of a-melanocyte stimulating hormone (o-MSH), a peptide derived from the
proopiomelanocortin (POMC)-expressing neurons in the hypothalamus and brainstem(1).
The feeding and metabolic effects of o-MSH are mediated by the melanocortin-4
receptor (MC4-R), a G protein-coupled receptor expressed predominately in the brain(1).
Acute and chronic stimulation of MC4-R produces anorexia, weight loss and increased
metabolic rate(146, 334) whereas genetic deletion, or antagonism of MC4-R by agouti-
related protein (AgRP), an endogenous melanocortin receptor antagonist, promotes food
intake and weight gain(130, 206).

Data from a number of studies support a critical role for the central melanocortin
system in the pathogenesis of cachexia of chronic disease. The secretion of a-MSH is
potently increased from hypothalamic explants in response to IL-13(310). Mice with
impaired central melanocortin signaling due to targeted deletion of the MC4-R (MC4-
RKO) are resistant to the development of cachexia in models of LPS sepsis (208), cancer
(207, 208), and renal failure (252). Pharmacologic blockade of MC4-R signaling with
AgRP has been shown to attenuate cachexia in a murine model of cancer cachexia (335).
Ghrelin, a gut-derived peptide agonist for the growth hormone secretagogue receptor
(GHS-R), attenuates the development of cachexia in rat of models of CHF(195) and
cancer-cachexia(196). The anti-cachectic effect of ghrelin may in part be explained by
its ability to decrease central melanocortin signaling by increasing AgRP mRNA
expression(336) and hyperpolarizing POMC neurons in the hypothalamus(181).
Collectively, these data support blockade of central melanocortin signaling as a potential

therapy for cardiac cachexia.
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In the present paper, we investigated the effect of genetic and pharmacologic blockade
of central melanocortin signaling on the accumulation and retention of LBM and fat mass
in murine and rat models of CHF. To our knowledge, these are the first studies
demonstrating a potential role for the central melanocortin system in the pathogenesis of

cardiac cachexia.

Materials and Methods

Animals

Male wild-type (WT) C57BL/6J mice (6-8 months of age; Jackson Laboratory), MC4-
RKO mice (6-8 months of age; raised in C57BL/6J background), and male Wistar rats
(40-50g; Charles River Laboratories) were maintained on a normal 12:12 light/dark cycle
with ad libitum access to food (Purina rodent diet 5001; Purina Mills) and water. Prior to
surgeries, mice were divided into four groups: wild-type sham-operated (WT-Sham),
wild-type myocardial infarcted (WT-MI), MC4-RKO sham-operated (MC4-sham), and
MC4-RKO myocardial infarcted (MC4-MI). The rats were initially divided into two
groups after their first surgery: sham-operated (Sham) and aortic-banded (Band) and after
receiving a second surgery to implant lateral ventricle cannulas they were divided into
four groups: sham-operated, aCSF-treated (Sham-aCSF), sham-operated, AgRP treated
(Sham-AgRP), banded, aCSF treated (Band-aCSF) and banded, AgRP-treated (Band-

AgRP). Experiments were conducted in accordance with the NIH Guide for the Care and
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Use of Laboratory Animals and approved by the Animal Care and Use Committees of

Oregon Health and Science University.

Murine myocardial infarction surgeries

Permanent myocardial infarcts were produced in wild-type and MC4R-KO mice by
ligation of the anterior descending branch of the left coronary artery (CAL). Briefly,
mice were anesthetized with intraperitoneal pentobarbital sodium (4 mg/ml, 14 pl/g body
wt, Nembutal, Abbott Laboratories; North Chicago, IL), placed in a supine position, and
intubated. Mice were ventilated with a mixture of 100% oxygen and room air with a
mechanical rodent Mini-Vent ventilator (100 cycles/min, Harvard Apparatus;

Holliston, MA). Ventilator stroke volume was adjusted to fully inflate but not
overexpand the lungs. A lateral sternotomy was performed, exposing the anterior surface
of the heart. The anterior descending branch of the left main coronary artery (LAD) was
ligated at a position ~1mm from the tip of the normally positioned left auricle with a 7-

0 polypropylene monofilament suture (Prolene, Ethicon; Somerville, NJ). The ligature
was not removed after placement. Sham operations were created by passing the suture
under the coronary artery at the position used for ligation without ever constricting the
artery. After chest closure, mice were recovered in a sternal position, warmed, and
provided with 100% oxygen by nose cone. Analgesia was extended with subcutaneous
2.5 mg/kg buprenorphine HC1 (Buprenex, Reckitt and Colman Pharmaceuticals;
Richmond, VA). Mice must have survived 8 weeks after surgery to be included in the

study.
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Murine body composition

Body composition was determined before infarction surgeries and the end of the
experiment by dual energy x-ray absorptiometry (DEXA, PIXImus mouse densitometer,
MEC Lunar Corp., Minster, OH). The instrument was calibrated at the start of each
recording session with a murine calibration standard. All animals were fasted for 12 h
before DEXA analysis to minimize the effect of ingested food on the DEXA analysis.
Individual organ weights (including heart, liver, lung, and spleen) were measured at

necropsy at the end of the final DEXA scan.

Murine indirect calorimetry

Oxygen consumption (VO,) was determined by indirect calorimetry (Oxymax, Columbus
Instruments, Columbus, OH). Mice were housed in separate chambers at 24 + 1 C. Mice
were first acclimatized to the chambers for 2 d. Measurements were recorded for 4-8 h
during the middle of the light cycle (1100-1600 h). Samples were recorded every 3 min
with the room air reference taken every 30 min and the air flow to chambers 500 ml/min.
Basal oxygen consumption was determined for individual curves as the average of the
lowest plateau regions corresponding to resting periods. Total oxygen consumption was
the result of all samples recorded corresponding to periods of movement as well as

inactivity.

110



Rat aortic banding surgeries

Male Wistar rats were anesthetized by intraperitoneal injection of pentobarbital sodium
(60 mg/kg body wt). Rats were ventilated with a mixture of 100% oxygen and room air
by mechanical ventilation at a tidal volume of 320 uL and a frequency of 120 bpm
(MiniVent, Harvard Apparatus). The aortic stenosis was induced via a left thoracic
incision by banding the ascending aorta with titanium clips (Weck Atrauclip, 0.6-mm
internal diameter) as previously described (337). The Sham group consisted of sham-
operated rats prepared by a similar surgical treatment without placement of the clip.
After chest closure, rats were recovered in a sternal position, warmed, and provided with
100% oxygen by nose cone. Analgesia was extended with subcutaneous 2.5 mg/kg
buprenorphine HCI (Buprenex, Reckitt and Colman Pharmaceuticals; Richmond, VA).
The rats were group housed until the sham-operated rats reached an average weight of
200g at which time both sham-operated and banded rats were separated into individual

cages for food intake and body weight measurement studies.

Rat intracerebroventricular (i.c.v.) cannulation and injections

Cannulation implantation was performed when the average weight of the sham-operated
rats reached 300g. Sham and aortic-banded rats were anesthetized as described above

and placed in a stereotaxic apparatus (Cartesian Research, Inc.). A sterile guide cannula
with obdurator stylet was implanted 1mm lateral to bregma, 1.5mm posterior to bregma,

and 3.6mm below the surface of the skull. The cannula was then fixed in place with
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dental cement. After surgery, the rats remained individually housed and allowed 5 days
to recover before receiving their first DEXA scan and beginning the treatment period.
During recovery, the rats were handled daily and administered Sul i.c.v. injections of
commercial artificial cerebrospinal fluid (aCSF) (Harvard Apparatus) daily. During the
two-week treatment period, animals received 5 pl injections of either aCSF or 1nmol
AGRP (Phoenix Pharmaceuticals) dissolved in 5 pl aCSF once every 48 hours for a total

of eight injections.

Rat body composition

Body composition was determined before and after the two-week AGRP or aCSF
treatment period by DEXA (Hologic QDR Discovery A Densitometer) at the OHSU
General Clinical Research Center Body Composition core. All animals were fasted for
12 h before DEXA analysis to minimize the effect of ingested food on the DEXA
analysis. Individual organ weights were measured at necropsy at the end of the final
DEXA scan. The ratio of LBM to total body water was determined using quantitative
magnetic resonance (QMR, EchoMRI, Houston, TX) by the Cincinnati Mouse Metabolic

Phenotyping Center as previously described (338).

Tissue parameters.

A macroscopic necropsy was done for each animal at the time of sacrifice. The heart was

removed, the atria and great vessels were removed, and the combined weight of the

112



ventricles and septum was weighed. The liver and kidneys were also removed and
weighed. Rat brains were removed and hypothalamic blocks were dissected out and

stored in RNAlater (Ambion, Inc.) at —80°C.

RNA preparation and RT-PCR

Total RNA was extracted from mice and rat hypothalamic blocks and rat calf muscle
using Qiagen RNeasy kits (Qiagen, Inc., Valencia, CA). Hypothalamic blocks were
dissected by making coronal cuts at the rostral extent of the optic chiasm and caudal to
the mammillary bodies; sagital cuts were made along the optic tracks. Cortex was then
removed at the level of the corpus callosom. DNA was removed from total RNA using
RNase-Free DNase (Qiagen Inc., Valencia, CA). RT reactions were prepared using a
TagMan Reverse Transcription Kit (AppliedBiosystems, Inc., Foster City, CA). For each
reaction cDNA synthesis was prepared using 500ng of RNA in a reaction containing 41
10X RT Bufter, 9ul 25mM MgCl,, 8ul 10mM DNTPs, 1.5u1 50uM Random Hexamers,
1ul RNase Inhibitor, 1.5 MulitScribe Reverse Transcriptase, q.s. to 40l with nuclease-
free water. RT reactions were performed on an Eppendorf Mastercycler (Eppendorf AG,
Hamburg, Germany) programmed for 25°C for 10 min, 37°C for 1 hr, and 95°C for 5
min. Samples were diluted with 40ul nuclease-free water stored at 4°C until RT-PCR

was performed.

Real-Time RT-PCR was performed on an ABI 7300 Real Time PCR System using rat-

specific primer probe sets obtained from Applied Biosystems, Foster City, CA. Each RT-
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PCR reaction contained 10ul TagMan Universal PCR Master Mix, 11l Assays-on-
demand Gene Expression Assay Mix, 4l nuclease-free water, and 5ul cDNA. Samples
and Endogenous controls (Eukaryotic 18s rRNA) were run in duplicate to assure
repeatability. Auto Ct values were calculated using 7300 RQ Study Software v.1.3 and

verified.

Statistical Analysis

Data are expressed as mean + SEM for each group. Statistical analysis was performed
using SPSS (v. 14.0) and Prism (v. 5.0) software. Comparisons of data between the four
groups were made with one-way ANOVA followed by a post hoc analysis using a
Bonferroni multiple comparison test. Changes during treatment were analyzed with a
two-way ANOVA for repeated measures followed by a Bonferroni test. Comparisons
between 2 groups were made by unpaired Student’s ¢ test. For all analyses, significance

was assigned at the P < 0.05 level.

Results

Wild-type mice develop cardiac cachexia following myocardial infarction

Eight weeks after surgery, the heart weights of WT-MI mice were significantly increased
compared to WT-Sham mice (WT-Sham 0.16 + 0.01 g vs WT-MI10.32 +0.01 g, P<
0.001; Table 1). The hearts of WT-Sham mice had normal histological architecture,

whereas ligation of the LAD in WT-MI mice produced large infarctions and scarring of
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the ventricle wall that was visible when stained with Masson’s trichrome stain (Figure 1).
WT-Sham mice gained a significant amount of weight in the period after surgery (Table
1, P <0.001), but WT-MI mice failed to gain weight and at the end of the study their
weight had decreased compared to baseline (Table 1, P = ns). Significant accumulation
of LBM and fat mass after surgery occurred in WT-Sham mice, but not WT-MI mice
after surgery (Table 1). The percent increase in LBM per animal over the course of the
study was significantly higher for WT-Sham mice compared to WT-MI mice (WT-Sham
11.24% + 1.11% vs WT-MI 1.73% + 1.27%, P < 0.001; Figure 2). Kidney and liver
weights were higher in WT-Sham mice compared to WT-MI mice (Table 1) with the
difference in kidney weights being significant (WT-Sham 0.24 + 0.01 g vs WT-MI 0.20 +
0.01 g, P <0.01). Resting metabolic rate was significantly higher in WT-MI mice (2826

+ 78 mL/kg/hr) compared to WT-Sham mice (2371 + 59 mL/kg/hr; P <0.001; Figure 3).

MC4-RKO mice resist cardiac cachexia following myocardial infarction

To test the role of the MC4-R in the pathogenesis of cardiac cachexia, we performed
sham (MC4-Sham) and myocardial infarction (MC4-MI) surgeries in MC4-RKO mice.
Eight weeks after surgery, the heart weights of MC4-MI mice were significantly
increased compared to MC4-Sham mice (MC4-Sham 0.18 + 0.01 g vs MC4-MI1 0.32 +
0.01 g, P <0.001; Table 1) and these values not different compared to their respective
WT-Sham and WT-MI groups (P = ns; Table 1). Weight gain, LBM and fat mass
accumulation, kidney weights and liver weights were comparable between MC4-Sham
and MC4-MI mice (Table 1). There was no difference in the percent increase in LBM

per animal over the course of the study for MC4-Sham mice compared to MC4-MI mice
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(MC4-Sham 14.45% + 1.12% vs MC4-MI 14.26% + 1.47%, P = ns; Figure 2) and both
groups were significantly higher compared to WT-Sham mice (Figure 2). There was no
difference in the resting metabolic rate of WT-MI mice (2826 + 78 mL/kg/hr) compared

to WT-Sham mice (2371 + 59 mL/kg/hr; P <0.001; Figure 3).

AGRP administration reverses cardiac cachexia in rats with CHF

We next examined the effect of i.c.v. AgRP administration for two weeks to reverse
cardiac cachexia in a rat model of CHF induced by aortic banding. Prior to being divided
into aCSF and AgRP treatment groups, rats receiving sham operations (n = 14) were
significantly larger than their banded (n = 15) littermates (Sham 294.5 + 3.27 g vs Band
266.6 + 5.03 g; P < 0.001; Table 2) and had higher daily food intake (Sham 25.50 + 0.52
g vs Band 19.67 + 0.82 g; P <0.001; Table 2). Sham-aCSF, Sham-AgRP and Band-
AgRP rats gained significant amounts of body weight over the two-week treatment
period, but Band-aCSF rats failed to significantly gain weight (Table 2). Weight gain,
LBM and fat mass accumulation, kidney weights and liver weights were significantly
increased by AgRP treatment in banded rats (Band-aCSF vs Band-AgRP; Table 2). The
percent increase in LBM per animal over the course of the study was higher in Sham-
aCSF rats compared to Band-aCSF rats (Sham-aCSF 11.62% + 2.04% vs Band-aCSF
3.39% + 2.50%, P < 0.05; Figure 4). AgRP treatment significantly increased LBM per
animal in banded rats when expressed both as a percent of baseline (Band-aCSF 3.39% +
2.50% vs Band-AgRP 17.90% + 2.29%, P < 0.001; Figure 4) and when expressed as
absolute grams of tissue (Band-aCSF 7.12 + 5.57g vs Band-AgRP 52.34 + 5.96g; P <

0.0001). Band-aCSF rats had kidney and liver weights that were significantly decreased
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compared to Sham-aCSF rats (Table 2). AgRP treatment significantly reversed organ
hypotrophy in banded rats (Band-aCSF vs Band-AgRP; Table2) and the final kidney and
liver weights of Band-AgRP rats were not different compared to Sham-aCSF rats (Table
2). No significant differences in the hypothalamic mRNA expression of POMC, AgRP,
neuropeptide Y (NPY), IL-1p, IL-1R, prohormone convertase 1 (PC1) and prohormone

convertase 2 (PC2) was found between Sham and Banded rats (Table 3).

Discussion

Cardiac cachexia is a catabolic state characterized by anorexia and significant wasting of
fat and LBM (326, 327, 339). Increased proinflammatory cytokine activation and a lack
of metabolic compensation for decreased food intake that results in the catabolic/anabolic
imbalance observed in patients with cardiac cachexia (27, 28). Recent studies have
shown that the central melanocortin system is activated by proinflammatory
cytokines(310) and that blockade of melanocortin signaling can acutely correct the body
composition and abnormal metabolic responses seen in murine models of cachexia (207,
252). These observations suggested that the central melanocortin system might play a
key role in the pathogenesis of cardiac cachexia and that blockade of melanocortin
signaling may ameliorate the body composition and metabolic derangements observed in
this syndrome.

In our first series of experiments, we demonstrated that eight weeks after receiving
surgeries WT-MI mice became cachectic and experienced weight loss, reduced LBM and

fat mass accumulation, and organ hypotrophy compared to WT-Sham mice (Table 1).
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Mice with impaired melanocortin signaling (due to genetic deletion of the MC4-R) that
received MI surgeries did not become cachectic and experienced normal weight, LBM
and fat mass accumulation and comparable organ weights compared to MC4-Sham mice
(Table 1). Our observation that the ending heart weights for sham operated mice (WT-
Sham vs MC4-Sham) and MI mice (WT-MI vs MC4-MI) were not different from each
other argues against a difference in the sensitivity of the hearts of WT vs MC4-RKO mice
to the effects of the MI procedure contributing to our results (Table 1). These data
strongly suggest a specific role for the MC4-R in transducing the cachectic signals that
are produced during a state of CHF.

Activation of centrally expressed MC4-R is hypothesized to mediated the anorectic
and metabolic effects of melanocortin peptides (1). However, expression of MC4-R has
also been demonstrated in the musculoskeletal and cardiorespiratory systems, including
the heart(263) raising the possibility that peripheral mechanisms might contribute to the
prevention of cardiac cachexia with global blockade of MC4-R signaling. To test the
ability of specific blockade of central melanocortin signaling to attenuate cardiac
cachexia, we used a pharmacological approach by administering central injections of
AgRP to rats that had developed CHF after undergoing aortic banding surgeries. At the
beginning of the treatment period, banded rats were hypophagic, and had reduced body
weights, LBM and fat mass accumulation compared to sham-operated rats (Table 2).
Banded rats treated with aCSF over the two-week treatment period exhibited no
improvements in their body composition parameters (Table 2). AgRP treatment in
banded rats significantly increased food intake, weight gain, LBM and fat mass

accumulation (Table 2). NMR analysis revealed no significant differences in the ratio of
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LBM to body water between all four groups of rats suggesting that the observed
differences in LBM accumulation were no due to differences in body water content
between sham and banded rats due to heart failure (Figure 5). Organ weights of Band-
AgRP rats were significantly heavier than Band-aCSF rats indicating that AgRP
treatment had prevented/reversed organ hypotrophy over the treatment period (Table 2).
However, AgRP treatment did not affect heart size as the ending heart weights for sham
operated rats (Sham-aCSF vs Sham-AgRP) and banded rats (Band-aCSF vs Band-AgRP)
were not different from each other (Table 2) demonstrating that central AgRP treatment
neither promoted, nor inhibited cardiac hypertrophy. Band-AgRP rats experienced the
largest amount of LBM accumulation (Table 2) and the highest percent increase in LBM
per animal of all the groups (Figure 4). Although our current study was not designed to
measure the effect of AgRP treatment on morbidity in CHF rats, we observed that during
the treatment period that Band-AgRP rats were more active and better groomed compared
to Band-aCSF rats. Future studies will be designed to measure changes in these activity
patterns in response to AgRP in CHF rats. Collectively, these results suggest that
blockade of central melanocortin signaling with AgRP was successful in attenuating
cardiac cachexia in the aortic banded rat model of CHF.

A consistent observation in our studies was that the blockade of central melanocortin
signaling resulted in increased adiposity in both our sham-operated and CHF-model
animals. Hyperphagia and obesity are well-known characteristics of MC4-RKO mice
(143) and rats and mice that receive repeated injections of AgRP (340), however this is
the first study that shows that these results also occur in rodents with CHF. Although

increased adiposity is a risk factor for cardiovascular disease and the subsequent
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development of CHF (341, 342), data suggests that once CHF has developed that
overweight and obese patients paradoxically have better prognosis and lower mortality
risks than lean patients (328, 343). Band-AgRP rats had significantly more fat mass than
Sham-aCSF rats (Table 2), but unlike MC4-RKO mice where the increased adiposity has
the adverse outcome of pronounced liver steatosis(344), we did not observe liver steatosis
in the Band-AgRP rats. The ability of ghrelin to increase body weight and LBM in
patients with CHF(345) may in part be due to its ability to inhibit central melanocortin
signaling by increasing AgRP expression(336). However, ghrelin did not significantly
increase fat mass in this study, likely due to the anti-adiposity effects of ghrelin-induced
growth hormone secretion.

In summary, our data suggests that the central melanocortin system, a neural
integrator of hormone and cytokine signaling that regulates feeding behavior, linear
growth and metabolic rate, may play a key role in the pathogenesis of cardiac cachexia.
The ability of genetic and pharmacologic blockade of melanocortin signaling to increase
both LBM and fat mass in rodent models of CHF suggests that compounds that
selectively antagonize central melanocortin signaling may have important

pharmacotherapeutic benefit for cachectic CHF patients.
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TABLE 1. Characterization of Wild-Type vs MC4-RKO mice

WT-Sham WI-M MC4-Sham MC4-MI

Number 19 13 17 11
Body weight, g

Baselize 30.82+0.78 30.44+0592 4302+1.20% 4275+1.55%

After Treatment 39931+137 2077+1.02 S5168+100%° 5226+ 124%7
Heart Weight, g 0.16+001  032+001° 0.18+0.01 0.32+ 0.01°
Kidney, g 024+0.01 020+001" 0.25+0.01%* 0.23 +0.01%
Liver, g 1.35+006 108003 338+ 020* 392+0.19*
Lean Body Mass_ g

Baseline 22358+0726 22%6+039 2706 +046% 2695+0.78%

After Treatment 2514+ 045 2337+04% 3095 +0.52% 3070+ 057
FatMass, g

Baseline 827+058  735+056  1630+082* 1637+ 108"

After Treatment 14.56+099° 811+098 2076-068* 2181099

Data expressed as means = SEM; WT = wild-type mice, MC4 = MC4-RKO nice,
Sham = sham-operated, MI = myocardial mfarction *p<0.03 vs respective WT group;

ép*ﬁ(ﬁ.ﬁi vs respective Sham group; p<0.03 vs baseline.
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WT-Sham WT-MI

MC4-Sham MC4-MI

Scar—p .r’

Figure 4-1. Transverse sections from the hearts of wild-type (WT; top) and MC4-RKO
(MC4; bottom) mice stained with Masson’s trichrome stain. Scaring of the left
ventricular myocardium, as denoted by blue-green tissue staining, is evident in WT-MI

and MC4-MI hearts, but absent in WT-Sham and MC4-Sham hearts.
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Figure 4-2. MC4-RKO mice resist cardiac cachexia and increase LBM accumulation

after myocardial infarction. Data are mean + SEM. *** P <(0.001 vs WT-ML.
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Figure 4-3. MC4-RKO resist an increase in energy expenditure in response to CHF.
Basal oxygen consumption during the light phase (0900-1700) is increased in WT-MI
mice (n=15) compared to WT-Sham mice (n=19). Basal oxygen consumption is not
increased in MC4-MI mice (n=8) compared to MC4-Sham mice (n=10). Data are mean +

sem. ap<0.001 vs WT-MI, bp<0.05 vs WT-Sham.
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TABLE 2. Characterization of Sham vs. Banded Rats

Sham-aCSF Sham-AgRP Band-aCSF Band-AgRP
Number 6 8 7 8
Body weight. g
Baseline 295059 2941-38 2645 -8.7* 2688 ~58*
After Treatment 331.3+5.1° 367.5+12.0° 2728+10.2* 3433+59"
Food Intake, g
Baseline 26.12+0.53 2487-0.86 1885=132* 2061+0.89*
During Treatment 26734099 3325+261"" 2226-069 3464+166"
Heart Weight g 0.849 + 0.02 0873-003 1438+0.02* 1469+0.08*
Kidney, g 1.321+0.04 1.285+0.04 1.049+0.03* 1230-007
Liver. g 12.15+0.50 11.72+033 9.07+0.47* 12.48+0.78°
Lean Body Mass. g
Baseline 265.7+335 2610499  2432+712*% 248.0-5.08
After Treatment 298.6+491° 3004+967 251.2+880* 2989882
Fat Mass. g
Baseline 2552+1.18 2430+294 18.17-1.68 17.94+1.27
After Treatment 2691 +1.13 5895~ 7.7 18.46 =250 4404+361"

Data expressed as means — SEM: Sham = sham-operated, Band = aortic banded.
aCSF =1.c.v. aCSF treatment. AgRP =1.c v. AgRP treatment. *p<:0.03 vs respective
sham group: *p=0.05 vs respective aCSF group: "p=10.03 vs baseline.
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kk*k

Percent Increase in LBM

Figure 4-4. Effect of AgRP vs aCSF administration on the accumulation of LBM in
Sham-operated and aortic-banded rats. Data are mean + SEM. * P < 0.05 vs Band-aCSF;

** P <(.01 vs Band-aCSF; *** P <0.001 vs Band-aCSF.
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Table 3. Hypothalamic Gene Expression (RT-PCR)

Sham Band Student’s +-Test |
POMC 0.99+0.16 0.94+0.09 NS
AgRP 1.80+0.20 133+0.14 N$
NPY 1.26+0.20 1.08 +0.06 NS
IL-1B 137+0.72 329+26 NS
IL-1R 1.19-0.05 1.48+0.22 NS
PC1 1.12+0.07 1.01 +0.06 NS
PC2 1.20-0.10 1.09 +0.05 NS

Data expressed as means — SEM for avg. RQ. Sham = sham-operated. Band = aortic

banded.
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Figure 4-5. Comparison of the ratio of LBM to total body water between sham-operated

and aortic-banded rats. Data are mean + SEM.
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CHAPTER 5

SUMMARY AND CONCLUSIONS
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In this thesis work, our observations that IL-1 and LIF selectively activate ARC POMC
neurons, but not NTS POMC neurons (Chapter 2 and Appendix), suggest that the feeding
and metabolic effects of inflammatory cytokines are primarily mediated by the
hypothalamic melanocortin system. These findings are similar to those reported with
leptin. In the ARC, POMC mRNA expression and POMC-derived peptide synthesis is
decreased with fasting and normalized with leptin replacement. In the NTS, POMC
mRNA expression is also decreased with fasting. However, leptin replacement does not

normalize these fasting-induced changes POMC mRNA expression in the NTS (165).

However, it is important to disclose that our experiments do not allow us to exclude a
role for the brainstem melanocortin system in mediating the feeding metabolic effects of
cytokines. A possible explanation for our inability to see activation of NTS POMC
neurons in response to IL-13 and LIF is that these compounds were injected i.c.v. and
activation might require a systemic route of administration. The NTS is a primary site of
innervation by vagal afferents from the gut (346). NTS POMC neurons are directly
activated by vagal afferents and activation of NTS POMC neurons by CCK occurs
indirectly via activation of CCK-A expressing visceral afferents. Vagal sensory neurons
also express IL-1R and LIF-R and are activated by systemic injections of IL-1J (289,
347). Indeed, differential expression of c-fos mRNA is observed between the
hypothalamus and NTS in response to central and peripheral injections of IL-13. Both

routes of administration result in comparable induction of ¢c-fos mRNA in the ARC and
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PVN, whereas c-fos mRNA expression is 3-4 times greater in the NTS following a
systemic injection compared to a central injection (348). Arguing against the site of
injection explaining our lack of observed activation of NTS POMC neurons by cytokines
are two pieces of evidence. First, neurons in the brains of vagotomized animals retain
sensitivity to central injections of IL-1B (290), indicating that the absence of IL-1J-
mediated vagal signaling is an unlikely explanation for our observed lack of POMC
neuron activation in the NTS. Second, in an experiment conducted by a collaborating
investigator, IL-1B applied to horizontal brain-slice preparations from POMC-EGFP mice
that contained the solitary tract and NTS failed to activate NTS POMC-EGFP neurons
(personal communication with Dr. Suzanne Appleyard). These findings support the
hypothalamic melanocortin system as being the primary mediator of the feeding the
metabolic effects of cytokines, including leptin, and raise the question: why would
inflammatory cytokines and leptin specifically target the hypothalamic melanocortin

system, but not the brainstem melanocortin system?

The potential answer to this question might be due to a key anatomical difference
between the hypothalamic melanocortin system and the brainstem melanocortin system.
AgRP mRNA-expressing neurons are found in the hypothalamus and most regions of the
brain that contain AgRP-immunoreactive fibers also receive projections from o-MSH-
immunoreactive fibers from ARC POMC neurons. However, in the brainstem there are
few, if any AgRP mRNA-expressing neurons and the brainstem receives limited AgRP
immunoreactive fiber projections from the ARC (134). We have demonstrated AgRP

mRNA expression is increased in models of acute and chronic inflammation and that
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AgRP secretion is reduced in response to IL-18 (Chapter 3). These results suggest that
cytokine-mediated changes in AgRP signaling may be required to regulate the severity
and duration of anorexia and hypermetabolism that are produced due to cytokine-
mediated increases in 0-MSH release. In contrast, cytokine-mediated increases in
brainstem melanocortin signaling could be pathological in the absence of simultaneous

increases in cytokine-mediated AgRP signaling.

Although the studies in this thesis were limited to studying the effects of inflammatory
cytokines on the central melanocortin system, inflammatory processes result in the
production of a number of additional inflammatory signaling molecules including
chemokines, arachidonic acid metabolites, and nitric oxide that may also play important
roles in regulating the central melancortin response to inflammation (349, 350). Indeed,
our observation that ketorolac causes a small, but significant decrease in the induction of
c-Fos in ARC POMC neurons in response to IL-153 (Chapter 2) indicates that
prostaglandins can activate ARC POMC neurons, though the physiological relevance of
this activation remains unknown. Chemokines, a family of small (8-12 kDa) proteins
found in the brain and the periphery that act primarily as paracrine signaling molecules
that regulate inflammatory cell recruitment and intercellular communication (350), are
attractive targets for future studies. In the CNS, chemokines and their G protein-coupled
receptors are constitutively expressed by microglial cells, astrocytes and neurons, and
their expression is increased in response to inflammatory signals (351, 352). Expression
of chemokine receptors by neurons in the hypothalamus and brainstem has been reported,

though the phenotypes of the neurons that express these receptors is largely unknown
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(350, 352, 353). Central injections of chemokines induce anorexia (354, 355) in rodents
and mice deficient for the CCR2 chemokine receptor resist the development of obesity
and insulin resistance when fed high-fat diets (356). Future studies investigating the
potential interaction of these inflammatory signals with the central melanocortin system
may further advance our understanding of how central melanocortin signaling is

regulated during inflammatory events.

We have demonstrated that acute administration of cytokines can potently increase
central melanocortin signaling (Chapter 2) and that in rodent models of chronic
inflammation that AgRP mRINA expression is increased (208, 252, 254) (Chapter 3).
These results, combined with an increasing number of studies demonstrating that
blockade of melanocortin signaling attenuates cachexia in rodent models of chronic
disease (208, 252, 254) (Chapter 4) suggest that central melanocortin signaling is
increased during chronic disease. Altered secretion of a-MSH and AgRP in response to a
constant cytokine stimulus could potentially account for this hypothesized increase in
melanocortin signaling. However, this model would be overly simplistic and fail to
account for potential perturbations that are likely induced by chronic inflammatory tone
in either basal POMC or AgRP/NPY neuronal activity, or downstream signaling
pathways that are engaged in by melanocortin peptides. Indeed, recent studies have
demonstrated that both of these parameters are altered in response to chronic increases in
leptin signaling. In response to being fed high-fat diets, mice and rats become obese and
develop central leptin resistance (161, 357-359). Disruptions in signaling pathways

downstream of leptin receptor binding in POMC and AgRP/NPY neurons abolish the
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changes in neuropeptide expression and secretion that normally occur in response to
leptin (161). Cytokine receptors engage many of the downstream signaling pathways that
leptin receptors utilize (64, 360), although it remains unclear if resistance to constant
signaling by inflammatory cytokines develops in a manner similar to resistance to
constant leptin signaling. Although it is currently unknown if constant cytokine signaling
alters signaling pathways in POMC or AgRP/NPY neurons, in the periphery cytokines
have been shown to potentiate signaling pathways in sensory neurons (361, 362).
Compensatory hypersensitivity of the downstream melanocortin signaling pathway have
been described in leptin-induced leptin resistant rats (358) and mice with diet-induced
obesity (DIO) (161). Hypersensitivity in downstream melancortin signaling in DIO mice
may in part be explained by the observed increase in the expression of MC4-R mRNA in
the PVN (161). In our studies, we observed that IL-1§ and LIF consistently induced
dense c-fos immunoreactivity in hypothalamic and hindbrain nuclei where MC4-R
mRNA is expressed including the PVN, DMH, LHA, NTS and DMV. Although we
investigated the effect of individual cytokines and acute and chronic inflammation the
regulation of POMC mRNA and AgRP mRNA, we did not extend these studies to
investigating potential changes that these inflammatory paradigms might have had on
MC4-R mRNA expression. Future studies investigating the effect of chronic
inflammation on the basal activity of POMC and AgRP/NPY neurons, and the
downstream signaling pathways that are engaged in by melanocortin peptides will help to
further elucidate the response of the central melanocortin system to pathophysiological

conditions.
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Using double-label ISH, we have shown in this thesis work that POMC and AgRP
neurons in the ARC co-express IL-1R and LIF-R (Chapter 2,3 and Appendix) suggesting
that these neurons may be direct targets for the actions of IL-1B and LIF. However,
despite the demonstrated expression of these receptors in the NTS (87, 363), our inability
to reliably label NTS POMC neurons with a non-radioactive digoxigenin-labeled (DIG)
riboprobe meant that we were unable to conclusively determine if NTS POMC neurons
co-expressed either IL-1R, or LIF-R. In rare instances, we were able to successfully label
NTS POMC neurons with a DIG riboprobe, but this labeling was never consistent enough
to conduct a formal double-label ISH assay. The low sensitivity of non-radioactive
riboprobes remains a critical shortcoming of this powerful experimental technique and
continues to hinder our ability to characterize systems of interest. The continued
disagreement concerning the regulation of NTS POMC neurons by leptin is a particularly
relevant example. Ten years after the seminal paper by Cheung et. al. was published
demonstrating that ARC POMC neurons co-express leptin receptors (154) we still don’t
know if NTS POMC neurons also co-express leptin receptors due to the inability to detect
these neurons with non-radioactive probes. Activational studies in POMC-EGFP mice
have failed to add clarity to this issue as conflicting reports of activation (167), or
absence of activation (164) of NTS POMC neurons in response to leptin have been made.
In the absence of leptin receptor co-expression data the effect of leptin on these neurons
remains uncertain. Barring a significant advancement in the sensitivity of assays that rely
upon the use of non-radioactive labeled riboprobes to label neurons, our ability to fully
characterize neural systems, including the central melanocortin system, will require the

development of new techniques to detect, or label cells expressing low abundance mRNA
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transcripts. The increasing use and availability of transgenic animals that express
flourescent proteins under the control of a known target gene promoter may facilitate new
methods to perform co-expression assays. Microarray analysis of transcripts purified
from mostly pure pools of fluorescent cells using automated flow cytometry and cell
sorting (FACS) machines, or single-cell laser capture microdissection could identify co-
expressed transcripts in a more rapid and cost-effective manner than traditional double-
label ISH. Although these assays would have their own limitations including
contamination by non-targeted cells and a loss of spatial resolution for heterogeneous
populations of cells like ARC POMC and AgRP/NPY neurons, they nonetheless could

represent a long overdue advancement in our ability to perform co-expression assays.

Our studies demonstrated that genetic (MC4-RKO mice) and pharmacologic (i.c.v.
AgRP) blockade of central melanocortin signaling attenuated cardiac cachexia in rodent
models of CHF. These studies suggest that increased central melanocortin signaling
likely plays a role in the pathogenesis of cardiac cachexia and that compounds that inhibit
central melanocortin signaling may have important pharmacotherapeutic benefit for
cachectic CHF patients. Complications that may limit the use of compounds that
antagonize melanocortin signaling to treat cardiac cachexia are the potential for these
compounds to inhibit the normal anti-inflammatory role of melanocortins in the periphery

and the demonstrated ability of melanocortin receptor antagonists to increase adiposity.

RT-PCR and western blotting have demonstrated that peripheral macrophages express

MC3-R (364). Activation of MC3-R on macrophages by o-MSH inhibits macrophage
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migration and suppresses their synthesis and release of cytokine and chemokines (365).
Damage to the myocardium stimulates the infiltration of macrophages into the cardiac
tissue and these macrophages are thought to be the primary source of the high levels of
TNF-o measured in the myocardium of patients and animals with CHF (366, 367).
Inhibition of macrophages in the heart by melanocortin peptides may play a key role in
limiting myocardial damage as studies in mice and rats have demonstrated their ability to
significantly reduce both heart ischemia/reperfusion injury (264) and size of the ischemic
area induced by permanent coronary occlusion (368). The cardioprotective properties of
melancortin peptides are likely mediated by the MC3-R and not MC4-R as the protective
effects in mice are prevented by SHU9119, but not by the MC4-R selective anatagonist
HS204 (264). Combined with previous studies demonstrating that blockade of central
MC3-R signaling promotes increased anorexia and wasting in response to inflammation
(207), these results further support the use of MC4-R specific antagonists for the

treatment of cardiac cachexia.

Increased adiposity is recognized as an independent risk factor for cardiovascular disease
(341, 342). Therefore, therapeutics that lead to increases in the adiposity of CHF patients
could have the undesired effect of increasing the patients’ risk for suffering additional
cardiovascular events. Single injections of AgRP and specific MC4-R antagonists induce
hyperphagia in rodents whereas repeated injections of AgRP causes obesity (206, 340).
Our studies have shown that repeated AgRP injections also induce hyperphagia and
increased adiposity in rats with CHF (Chapter 4). In our experiments, we administered

1.0 nmol doses of AgRP every other day (Chapter 4). However, increased food intake in
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rats has been shown to persist for an entire week after a single third ventricular injection
of AgRP (302). The possibility exists that by using a lower dose of AgRP and/or by
giving fewer AgRP injections we might have been able to increase LBM without the
simultaneous increase in adiposity. Surprisingly though, the ability of AgRP and
potential therapeutic compounds with AgRP-like properties to increase both fat mass and
LBM accumulation may actually prove beneficial to cardiac cachexia patients. Recent
studies have shown that an inverse relationship exists between BMI and decreased
mortality in CHF patients (343, 369). This inverse relationship, or “obesity paradox”
extends beyond BMI as high levels of low-density lipoprotein and total cholesterol have
also been associated with a survival advantage in CHF patients (370). Mechanistically, it
is hypothesized that higher serum cholesterol and lipoprotein levels are beneficial to CHF
patients by decreasing inflammation. Lipoproteins serve as effective scavengers that bind
and neutralize bacterial endotoxins, including LPS, that are increased in the serum of
CHF patients due to elevated pressure from increased bowel wall edema that develops in
these patients (328, 370, 371). Although we have demonstrated that the central
melanocortin system is responsive to peripheral injections of LPS, it is currently
unknown if the increased circulating levels of LPS found in CHF patients are sufficient to
drive increased central melanocortin signaling. Cumulatively, the available data suggests
that blockade of central melanocortin signaling with therapeutics that specifically
antagonize MC4-R signaling may be effective for the treatment of human patients with

cardiac cachexia.
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In summary, experiments conducted during the course of this thesis work have
demonstrated that the central melanocortin system is a target for inflammatory cytokines.
We have shown that inflammatory cytokines can regulate signaling of the hypothalamic
melancortin system and that cytokine-mediated changes in melanocortin signaling likely
play a key role in the development of anorexia and metabolic dysregulation in response to
acute and chronic pathophysiological conditions (Figure 5-1). We have shown that
pharmacologic blockade of central melanocortin signaling may have important
therapeutic benefit for treatment of cachectic CHF patients. Collectively, these studies
have provided strong experimental data in support of the hypothesis that the central
melanocortin system plays a key role in both integrating and mediating the feeding and

metabolic effects of inflammatory cytokines.
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Figure 5-1. Theoretical model for the role of the central melanocortin system in illness-

induced anorexia and cachexia of chronic disease.
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Figure A-1. Representative darkfield photomicrograph showing the distribution of
LIF-R mRNA (white silver grain clusters) in the ARC of wild-type rats.
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Figure A-2. Co-expression of POMC mRNA and AgRP mRNA with LIF-R mRNA in
the ARC of wild-type rats. Double-label ISH was performed on rat hypothalamic
sections using digoxigenin-labed POMC (n = 6), or AgRP (n = 6) riboprobes and 33p.
labeled rat LIF-R (861 base-pairs) riboprobe. (A) Co-expression of ARC POMC
mRNA-expressing neurons (red precipitate) with LIF-R mRNA-expressing cells (clusters
of silver grains). Arrows point to POMC neurons that co-expresses LIF-R mRNA. (B)
Co-expression of AgRP mRNA-expressing neurons (red precipitate) with LIF-R mRNA-
expressing cells (clusters of silver grains). Arrows point to AgRP neurons that co-
expresses LIF-R mRNA. (C) Relative co-expression of LIF-R by POMC and AgRP
neurons with the threshold for co-expression set at a signal-to-background ratio of 2.5
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Figure A-3. LIF activates POMC-EGFP neurons in the hypothalamus. (A) LIF (10ng,
1.c.v., n=4) increases the expression of c-Fos in the ARC. Increased doses of LIF (100ng,
1.c.v., n=3) do not increase c-Fos expression vs. the lower dose (one-way ANOVA,
*¥*%p<0.0001 vs. aCSF). (B) ~31% of POMC neurons are activated by i.c.v. LIF (10ng
and 100ng, one-way ANOVA, ***¥p<(.0001 vs. aCSF).
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Figure A-4. LIF does not activate POMC-EGFP neurons in the NTS. (A,D) Expression
of EGFP in the NTS of POMC-EGFP mice. (B) Expression of c-Fos (red) in aCSF-
treated animals (i.c.v., n=4) is very low. (C) Few POMC neurons express c-Fos
following aCSF treatment. (E) Expression of c-Fos in LIF-treated animals (10ng, i.c.v.,
n=35) is increased. (F) LIF does not activate c-Fos in NTS POMC-EGFP neurons. (G)
LIF increases the expression of c-Fos in the NTS by ~7 fold (two-tailed Student’s t-test,
*#%p<0.0001 vs. aCSF). (H) LIF does not increase the number POMC neurons activated
in the NTS (two-tailed Student’s t-test, p = ns vs. aCSF). CC = central canal.
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