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ABSTRACT

The central melanocortin system has recently been demonstrated to play a key role in the
regulation of energy homeostasis in both humans and rodents. This process is mediated
by MC4-R, a melanocortin receptor with a wide distribution in the central nervous system
(CNS), including the hypothalamus. Melanocortin receptors, such as MC4-R, are unique
in that they are regulated by an endogenous antagonist, agouti-related protein (AGRP),
which blocks the action of melanocortin agonists (i.e. a-MSH or other POMC-derived
melanotropins) at these receptors. Recent studies have established that central
melanocortinergic neurons exert a tonic inhibition on feeding behavior and metabolism.
This tonic inhibition is relaxed as a result of AGRP antagonism at MC4-R and

downregulation of agonist expression, resulting in the stimulation of caloric intake and

energy storage.

The hypomorphic mahogany (mg) mutation was initially characterized as a
e
suppressor of the yellow pigmentation induced by ectopic agouti (4 ) expression . Since

Y : y . 8 .
A expression in the brain leads to the development of a severe murine obesity syndrome,
it became of great interest to determine whether the phenotype is reversed in the absence
of mahogany. The first physiological characterization of mahogany was also

accomplished in the process. It was thus determined that mahogany has multiple

y
physiological effects in the presence or absence of the 4 gene. Our analysis indicated

that the mg mutation not only suppressed agouti-induced ycllow pigmentation but also

the 4" obesity syndrome, suggesting that it blocked agouti action at both MC1 and MC4-

XVI



Rs. In addition, we determined that mahogany had independent effects on feeding
behavior and metabolism in the normal, lean mouse that did not express agouti in the
brain. Homozygous mg was thus shown to induce an increase in energy expenditure as
well as caloric intake; both metabolic rate and motor activity were increased in mg/mg

mice, presumably via activation of the sympathetic nervous system (SNS). Since

Y
endogenous AGRP mimics the function of agouti overexpression (4 ) in normal animals,
these findings strongly argue that the absence of mahogany suppresses AGRP binding to

MC4-R as well.

This conclusion prompted us to investigate the molecular mechanism that enables
mahogany to alter AGRP signaling. Mahogany was recently proposed to function as a
co-receptor for agouti binding to MCI1-R in melanocytes. This model, however, does not
adequately describe the interaction between mahogany and AGRP in the brain. We
found that not only did mg/mg animals have a normal response to exogenous AGRP
administration, but they could also adequately sense constitutive levels of endogenous
AGRP. It was thus determined that the absence of mahogany did not suppress the obesity
of AGRP transgenic mice, suggesting that the effect of AGRP overexpression was similar
in mg/mg and control animals. Taken together, these results indicate that if AGRP is able
to access the MC4-R, via diffusion as in the case of exogenous administration or
overproduction as in AGRP transgenic animals, the absence of mahogany does not
preclude it from binding to the receptor and being physiologically active. This led us to
pursue the hypothesis that endogenous AGRP is not properly accessing the MC4-R in

mg/mg animals. Immunoelectron microscopy studies of AGRP fiber distribution and

Xvil



their interaction with a-MSH projections confirmed the presence of major developmental
defects in mg/mg animals. These defects reflect an inadequate AGRP signal at MC4-R

target sites and may have an etiological role in the lean phenotype of the mg/mg mouse.
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CHAPTER ONE

INTRODUCTION



1. EXTENSION AND AGOUTI-A BRIEF HISTORY

Extension and agouti were first described several decades ago (Silvers, 1961; Silvers and
Russel, 1955) as the genetic loci that control the relative amount and distribution of
eumelanin (brown/black) and pheomelanin (red/yellow) pigments, respectively, in
mammalian fur. Phenotypically, the two genctic systems have opposite effects. The
mammalian coat color is thus the consequence of their competition to achieve different
pigmentary effects. Normal extension alleles promote the spread of a solid dark color
throughout the fur. Agouti alleles, on the other hand, restrict the dark pigmentation,
substituting it with a light coat color. The agouti-banded pattern is easily distinguishable
in individual hairs; wild-type mouse hair is black at the root and tip, with a yellow stripe
in between. Differences in agouti pigmentation are also visible throughout the coat, with
dorsal regions of the body darker than ventral areas. Mutations at both agousi and
extension loci affect this pattern. For instance, dominant (gain of function) mutations at

the extension locus, such as sombre, result in a dark black phenotype. By contrast,

dominant (gain of function) mutations at the agouti locus, such as the lethal yellow (4Y),

produce a yellow coat color. Recessive (loss of function) mutations at the extension locus

also result in a yellow color (dusty yellow), although not identical with the 4V phenotype
(bright yellow coat color). Likewise, recessive (loss of function) mutations at the agouti
locus produce a black coat color, although, again, not identical with the sombre
phenotype (pheomelanin is still visible in a/g mice around the pinnae, mammae, and

perineum areas whereas amimals carrying the sombre mutation have a solid black coat

color).



Chimera and grafting experiments indicated early on that the agouti gene product
did not operate within the melanocyte, the pigment-producing cell, but rather from the
surrounding follicular microenvironment (Jackson, 1993). Analysis of the phenotypes
produced by the various agouti alleles (i.e. dominant alleles produce a yellow coat color,
loss-of-function mutations result in black pigmentation, and wild-type alleles give an
intermediate phenotype, a banded pattern) suggested, many years ago, that pheomelanin
synthesis was the default pathway. Experiments carried out by Tacheuchi et al.
(Takeuchi et al., 1989) provided further clues into the nature of the agouti-extension
interaction. It was thus demonstrated that o-melanocyte-stimulating hormone (a-MSH)

and cholera toxin, as well as forskolin, induced eumelanin synthesis in explants from lethal

yellow mice (4¥/a) but did not stimulate eumelanogenesis in the hair follicles of recessive
yellow (e/e) animals (lakeuchi et al, 1989). These results suggested that the gene
product of the agouti locus, which probably functioned in follicle cells, interacted with o-
MSH at the «-MSH-R and that the extension locus controlled the activity of adenylyl
cyclase in melanocytes (Takeuchi et al., 1989; Jackson, 1993). It was thus proposed that
extension encoded a receptor for a-MSH; agouri, on the other hand, was predicted to
encode an antagonist that blocked a-MSH signaling, possibly by preventing its binding to
the receptor (Takeuchi et al., 1989; Jackson, 1993). This model was confirmed in the
early 90 s when the two genes were cloned; extension was found to encode the MSH-R
(melanocortin 1 receptor, MC1-R), whereas agouti turned out to be a high affinity

antagonist for the same receptor (Bultman et al., 1992; Lu et al., 1994; Miller et al., 1993;

Mountjoy et al., 1992).



Molecular analysis of the agouti and extension genes has allowed a better
understanding of the complex process of mammalian pigmentation. The two genetic
systems and the nature of their interaction have proved to be highly conserved in
mammals; it is not entirely clear, however, if this is true in humans as well. Several
extension alleles have been associated with specific human complexions and hair colors,
but the cause and effect relationship between the two has yet to be proven. Furthermore,
agouti does not appear to play any role in human pigmentation and its exact biological

function in humans remains thus far unknown.

Mountjoy and collaborators reported in 1992 that the extension locus encodes a
member of the melanocortin receptors (MC1-R), a family of Gs-coupled receptors, of
which five isoforms are presently known (Cone et al., 1993; Mountjoy et al., 1992).
MC1 and MC2-R are the classical melanocyte-stimulating hormone receptor (MSH-R)
and adrenocorticotrophic receptor (ACTH-R), respectively, whereas MC3, 4, and 5-R are
novel receptors with a multitude of physiological effects. Melanocortins such as a-MSH
and ACTH are the natural ligands for this family of receptors: a-MSH for MC1, 3, 4, and
5-R, and ACTH for MC2-R, respectively. They are secreted mainly by the pituitary
gland and by several other tissues, albeit in reduced quantities, following cleavage from a
common precursor, the pro-opiomelanocortin (POMC). The activity of melanocortin
receptors is unique in that it is regulated by endogenous antagonists, such as agouti, and
the recently discovered agouti homologue, agouti-related protein (AGRP). A detailed

description of the melanocortin system, including ligands (melanocortins, POMC),



endogenous antagonists (agouti, AGRP), and melanocortin receptors, is presented in the

next chapters.



2.  PRO-OPIOMELANOCORTIN (POMC)

2.1. POMC Processing

Melanocortins are a family of peptide hormones derived from pro-opiomelanocortin
(POMC), a prohormone that is synthesized mainly in the anterior and intermediate
pituitary of vertebrates. Other sites of POMC expression include the hypothalamus and
medulla (i.e. arcuate nucleus, nucleus tractus solitaris), as well as numerous peripheral
tissues, such as the skin, skeletal muscle, pancreas, gastrointestinal tract, thyroid, and
placenta (Smith and Funder, 1988). In both anterior and intermediate pituitary POMC is
post-translationally cleaved to yield three fragments: the amino-terminus (N-terminus),
the adrenocorticotrophic hormone (ACTH), and B-lipotropin (B-LPH). These
polypeptidic fragments are further processed in the intermediate lobe to yield five
additional hormones: « and y-melanocyte stimulating hormone (o/y-MSH), corticotropin-

like intermediate lobe peptide (CLIP), v-LPH, and B-endorphin (-END) (Figure 1).

The production of multiple peptides from a common precursor (POMC) 1s the
result of a series of post-translational events that include exo- and endopeptidase
cleavage, acetylation, ca-amidation, and phosphorylation. The extent of these
modifications varies widely, being tissue and species-specific. The amino acid sequence
of the precursor, POMC, is however, highly homologous among various species. It
consists of an N-terminal fragment (16 K peptide or pro-y-MSH), ACTH, and B-LPH at

the C-terminus. ACTH generates o-MSH and CLIP upon further cleavage, whereas B-



LPH is sequentially processed to y-LPH and different forms of B-endorphin (B-EP): -
EP, 31, B-EP\ 7, B-EP, .56, B-EPy.;7 (y-EP), and B-EPy ¢ (0-EP) (Figure 1). All peptides
within the POMC precursor, with the exception of o and y-EP, are flanked by pairs of
dibasic residues such as Lys/Arg, Arg/Lys, Arg/Arg, and Lys/Lys; this results in POMC

being preferentially cleaved at dibasic residues.

The post-translational process of POMC maturation starts in the endoplasmic
reticulum (ER) with the cleavage of the N-terminal signal peptide by a signal peptidase,
followed by the protein release into the ER lumen. Since the POMC precursor is
intended for transport to the Golgi apparatus, it must be first glycosylated in the ER
lumen. A preformed oligosaccharide core, consisting of 14 glucose, mannose, and N-
acetyl-glucosamine residues, is attached to the protein via an N-linked (asparagine-linked)
glycosylation event. The process of N-glycosylation is catalyzed by oligosaccharyl
transferases and occurs at the asparagine (Asn) residue of the Asn-X-Ser triplet that
borders the y-MSH sequence; the CLIP peptide is, also, N-glycosylated to some extent
(Eipper and Mains, 1980). The trimming of the oligosaccharide core is catalyzed by
glucosidases and mannosidases, it starts within the ER and continues after transfer to the
Golgi apparatus. The oligosaccharide chains are further processed in the Golgi by
glycosyl transferases, which add N-acetylglucosamine, galactose, and N-acetylneuraminic
acid residues to the mannose residues of the core. A second process of glycosylation, this
time O-linked, takes place in the Golgi apparatus. It consists in the addition of N-

acetylgalactosamine residues to the hydroxyl (OH) groups of serine (Ser), threonine



(Thr), or hydroxylysine (Lys-OH) residues, and is catalyzed by O-glycosyltransferases

(Seidah and Chretien, 1981).

There is now significant evidence of additional postranslational events
(phosphorylation and sulfation) that take place in the Golgi apparatus. For instance,
ACTH is phosphorylated at Ser’' within the anterior pituitary (Bennett et al., 1983).
The sugar residues of the larger POMC fragments may also be sulfated within the
intermediate pituitary (Bourbonnais and Crine, 1985; Hoshina et al, 1982). The

functional significance of these modifications remains thus far unknown.

Following maturation, the POMC precursor is transferred to secretory vesicles
where it undergoes further processing; as a result of this process, a variety of peptides
with a large spectrum of biological activities are generated. Posttranslational events that
occur in the secretory granule pathway include: proteolytic (endo- and exopeptidase)
cleavage, acetylation, and o-amidation. The current model of POMC processing in the
anterior and intermediate pituitary has been developed based on studies performed in
AtT-20 cells (anterior pituitary corticotrope tumor cell line) and Rin mSF insulinoma
cells, as well as high performance liquid chromatography (HPLC) analysis of pituitary

extracts from various species.

Endopeptidase Cleavage
POMC processing occurs preferentially at dibasic residues and is catalyzed by

prohormone convertases: PC1/PC3 and PC2. Both enzymes are endopeptidases with



trypsin-like activities that are evolutionarily conserved within vertebrates. They are
expressed primarily in neuroendocrine tissues but their distribution varies depending on
the tissue. For example, PC1/3 is highly expressed in the anterior pituitary where PC2
can be found at only low levels. By contrast, in the intermediate lobe both enzymes are
highly expressed, with PC2 being more abundant. The pattern of POMC processing as
well as the enzymes utilized in the process differ between the two pituitary lobes,
suggesting a highly specialized process.  Studies in AtT-20 (anterior pituitary
corticotrope tumor cell line) and Rin mSF insulinoma cells, which closely resemble the
pattern of POMC cleavage in intermediate pituitary, demonstrate that PC1/3 and PC2
process POMC in a sequential fashion (Benjannet et al., 1991; Thomas et al., 1991;
Thorne et al., 1991). PC1/3 is mainly responsible for POMC processing in the anterior
lobe and uses only Lys/Arg dibasic‘ residues as cleavage sites. By contrast, PC2 is the
primary enzyme for POMC processing in the intermediate lobe and employs all
combinations of dibasic (Lys, Arg) residues: Arg/Lys, Lys/Arg, Lys/Lys, and Arg/Arg;
this suggests that PC2 has a broader spectrum of activity than PC1. Thus, PC1/3 cleaves
POMC into ACTH and B-LPH, whereas POMC processing by PC2 yields p-EP, AJP,

and o-MSH (Benjannet et al., 1991; Thomas et al., 1991).

Together PC1/3 and PC2 process POMC in a concerted manner; as a result of
their action the prohormone is extensively cleaved in the intermediate pituitary, generating
a variety of small peptides, including y-MSHs, CLIP, o-MSH, B-MSH, and B-EP. The
two enzymes are responsible, therefore, for producing all the main POMC-derived

peptides, with the exception of o and y-EP. y-EP is generated as a result of a different



endopeptidase cleavage between two hydrophobic residues, leucine (Leu'’y and
phenylalanine (Phe'®). Cathepsin D and renin have been assigned as potential enzymes

for this process (Smith and Funder, 1988).

Exopeptidase Cleavage

Several exopeptidase activities have been described for POMC processing. First, POMC
cleavage at dibasic residues is followed by the removal of the basic carboxy-terminal (C-
terminal) residue by carboxypeptidase E (CPE) (Smith and Funder, 1988). A second
carboxypeptidase activity is responsible for the generation of B-EP,. from B-EP.»;
(Smith and Funder, 1988). A third carboxypeptidase cleaves ACTH by removing the

phenylalanine residue at position 39 and generates ACTH, ;3 and ACTH, 333 (CLIP)

(Smith and Funder, 1988).

o-Amidation

o-MSH and the acidic joining peptide (AJP), located in the POMC precursor between y-
MSH and ACTH, are the only end products a-amidated at the C-terminus (Eipper et al.,
1986; Seidah et al., 1981). The amidation process is thought to protect the peptides from
carboxypeptidase cleavage and may be critical for their function (Smith and Funder,
1988). The c-amidation process is catalyzed by peptidyl glycine o-amidating
monooxygenase (Murthy et al., 1986), an enzyme that requires a glycine (Gly) residue at
the C-terminus. It is not surprising, therefore, that the precursors of all a-amidated

peptides derived from POMC have Gly residues preceding dibasic residues (Smith and

Funder, 1988).
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Acetylation

The acetylation of «-MSH (both mono- and di-) and B-EP occurs mainly in the
neurointermediate lobe of the pituitary. a-MSH is both o-N-acetylated (monoacetylated)
and o-N-O-diacetylated at the N and O positions of the N-terminal Ser residue; B-EP, on
the other hand, is o-N-acetylated at the amino-terminal tyrosine (Tyr) residue. The same
acetyltransferase is responsible for the acetylation of desacetyl a-MSH, a-MSH, and B-
EP in the intermediate pituitary (Glembotski, 1982). Whether this holds true for other
sites of POMC processing, such as the hypothalamus, is still controversial (Barnea and
Cho, 1983; O’Donohue, 1983). The acetylation process is thought to play opposite roles
in the activation of the two peptides. The N-acetylation increases the biological activity
of a-MSH whereas the acetylated B-EP is virtually inactive (Guttmann, 1961; Smyth et

al., 1979).

Central and Peripheral Sites of POMC Processing

It is now well established that POMC synthesis occurs at central sites (pituitary, central
nervous system, CNS) and in a variety of peripheral tissues. The processing of the
precursor is tissue-specific, suggesting a broad spectrum of biological activities for

POMC-derived peptides.

Pituitary gland
The anterior and intermediate lobes of the pituitary gland are the predominant sites of
POMC production. In the pituitary gland 3% of the anterior lobe cells and more than

90% of the intermediate lobe cells synthesize POMC (Gee and Roberts, 1983). POMC

11



processing occurs within both anterior and intermediate pituitary lobes; the end products
that are generated as a result of this process vary, however, between the two
compartments. The roles of the POMC-derived peptides produced in the anterior and
intermediate pituitary differ, suggesting that the two lobes are functionally distinct.
POMC processing in the anterior pituitary results in the production of four main
fragments: the N-terminal 16 K fragment, ACTH, B-LPH, and B-EP (Eipper and Mains,
1981). B-EP,, is the major B-EP species present in the anterior pituitary, with the other
B-EP peptides (B-EP;.,7, B-EP|.26, v-EP, and «-EP) and N-acetylated forms (NacEP,,
NacEP, ,;, and NacEP, »4) being less abundant (Burbach and Wiegant, 1984; Zakarian and
Smyth, 1982). A small proportion of ACTH is further processed to a-MSH (mainly
desacetyl) and CLIP (Smith et al., 1982). By contrast, the main fragments produced in
the intermediate pituitary lobe are: the N-terminal fragment, -MSH, AJP, o-MSH,
CLIP, v-LPH, and B-EP (Bennett, 1984; Bohlen et al., 1981; Browne et al., 1981; Crine et
al., 1978; Crine et al., 1979; Mains and Eipper, 1979). The majority of a-MSH 1n the
intermediate lobe is diacetylated at the amino-terminal Ser residue. B-EP is present in the
intermediate lobe as mainly NacEP,_,; and NacEP; 54; NacEP,_;;, Naca-EP, and Nacy-EP
are also found in the intermediate pituitary but in smaller amounts (Al-Noaemi et al,
1982; Cheng et al., 1987; Smith and Funder, 1988). A combination of eight CLIP forms
are found in the intermediate lobe that are generated following glycosylation at position
29 (Asn), phosphorylation at position 31 (ACTH), and cleavage of the C-terminal

phenylalanine (Phe) residue (Bennett et al., 1982).
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Central Nervous System (CNS)

POMC is found in brain in relatively low amounts compared to the pituitary gland. For
instance, the total amount of POMC-derived peptides present in the hypothalamus
represents only 0.1% of that produced in the pituitary (Smith and Funder, 1988).
Immunohistochemical data indicate that the localization of neuronal cell bodies staining
positively for a-MSH, ACTH, and B-EP is limited to the arcuate nucleus of the
hypothalamus and the commissural part of the nucleus tractus solitaris (NTS) (Orwoll et
al., 1979; Palkovits et al., 1987). By contrast, there is a vast network of o-MSH, ACTH,
and B-EP-positive fibers that innervate numerous brain areas, including hypothalamic
nuclei, median eminence, preoptic and septal areas, thalamus, and brainstem. POMC
processing in the CNS resembles the cleavage pattern of the intermediate pituitary.
Therefore, the main fragments generated upon POMC cleavage in the brain are: o-MSH,
CLIP, y-LPH, and B-EP. In the hypothalamus, the majority of «-MSH is not acetylated;
outside the hypothalamus, however, mainly acetylated forms of o-MSH are found
(Chretien et al.,, 1984). For instance, both mono- and diacetyl-a-MSH are present in
nucleus accumbens, whereas des-acetyl a-MSH is found in amygdala (Chretien et al.,
1984). The main form of B-EP in the hypothalamus is B-EP,_y;; in amygdala and midbrain,
however, the shorter forms of B-EP predominate (Smith and Funder, 1988). In
hippocampus, brain stem, and nucleus accumbens B-EP undergoes extensive acetylation
and proteolytic cleavage, resulting in a variety of shorter, acetylated B-EP peptides (Smith

and Funder, 1988).
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Skin

POMC is synthesized in a variety of peripheral tissues, albeit in a much lower amount
than that found in the pituitary. Peripheral tissues that produce POMC include the
thyroid, pancreas, gastrointestinal tract, reproductive tract, immune system, skeletal
muscle, and skin (Smith and Funder, 1988). The small amount of prohormone found in
the peripheral tissues argues for an autocrine or paracrine, rather than endocrine, role for
POMC-derived peptides (Smith and Funder, 1988)  Recent in vitro studies, using
cultured human and murine skin-derived cells, demonstrate that POMC protein and its
derivatives, B-LPH and p-EP, are synthesized in cutaneous cells, such as keratinocytes. In
addition, normal skin and hair follicles have been shown to stain positively for POMC-
derived peptides, suggesting that POMC is synthesized and processed correctly in vivo
as well (Wintzen and Gilchrest, 1996). POMC transcription and processing are
reportedly upregulated following exposure to ultraviolet radiation (UVR), cytokines
(interleukin-1-a or IL-1-a), and mitogenic agents (phorbol 12-tetradecanoate 13-acetate or
TPA) (Wintzen and Gilchrest, 1996). Possible functions for POMC-derived peptides in
the epidermis include melanogenesis, cell cycle regulation, cell differentiation,

immunomodulation, and skin protection after sun exposure (Wintzen and Gilchrest,

1996).
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Figure 1. POMC processing in the anterior and intermediate pituitary.
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2.2. Melanocortin Functions

POMC-derived peptides have a large spectrum of physiological roles. The first biological
activity described for the melanocortin peptides was the ability of amphibian pituitary
extracts, containing o-MSH and ACTH, to enhance melanogenesis (Hogben and Winton,
1922). Consequently, the agonist activity of melanocortins has been determined based on

their ability to induce pigment dispersion in frog and lizard skin bioassays.

Melanocortin peptides, such as ACTH, «, B, and y-MSH, share a common His®-
Phe’-Arg® Trp’ (HFRW) pharmacophore that is indispensable for their function (Figure
2). This tetrapeptide core was deemed sufficient for the agonist activity of «-MSH and
its analogues, as tested in frog and lizard skin bioassays (Castrucci et al., 1989; Hruby et
al, 1987). A likely explanation for this phenomenon has recently been offered by
computer modeling studies. Thus, receptor-ligand docking analysis suggests that the

HFRW tetrapeptide binds directly to the melanocortin receptor and controls the agonist

activity of the ligand.

A variety of a-MSH-analogues have been chemically synthesized based on the
HEFRW scaffold and tested in vitro for their agonist activity. The stereochemistry of the
tetrapeptide core appears to be important, since replacing the L-Phe’ residue with its D-
isomer results in a more potent agonist. The combination of D-Phe’, which increases the
potency of the agonist, and norleucine (Nle) at position 4 (instead of Met) that increases

the stability of the compound by preventing its oxidation, generates the [Nle*, D-Phe’]-o-
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MSH or NDP-a-MSH compound. NDP-a-MSH turned out to be a super-potent, long-
lasting agonist of the melanocortin receptors (Sawyer et al., 1980). Furthermore, cyclic a-
MSH analogues proved to be even better agonists than the linear compounds. For
instance, a cyclic compound, cyclo[Cys®, Cys'’]-a-MSH, containing a disulfide bridge,
which stabilizes a B-turn critical for a-MSH conformation, exhibits a superagonist activity
(Sawyer et al., 1980). Likewise, the introduction of a lactam bridge (between positions 4
and 10) in the NDP-o-MSH structure resulted in a highly potent and very stable agonist,
Ac-Nle*-cyclo[Asp®, D-Phe’, Lys'’]-a-MSH (4-10)-NH,, melanotan II or MTII (Al-
Obeidi et al., 1989; Hruby et al., 1995). A similar design was used to generate a highly
potent, selective antagonist, Shu 9119 (Al-Obeidi et al., 1989; Hruby et al., 1995). All
three compounds: NDP-a-MSH, MTII, and Shu 9119 have proved to be essential tools

in delineating the specific functions of the various melanocortin receptors.

Melanocortins have a multitude of physiological effects, including the stimulation
of pigmentation, adrenal steroidogenesis, lipolysis, natriuresis, sexual activity, pheromone
release, sebum secretion, grooming behavior, learning and memory, nerve regeneration,
neurite outgrowth, and HPA axis activation (Table 1). In addition, antipyretic and anti-
inflammatory effects have been reported for melanocortin peptides together with their
ability to modulate heart rate and blood pressure (Table 1). In recent years, a-MSH and
its analogues, such as MTII, have generated a lot of interest because of their dramatic
effects on energy and glucose homeostasis. It is now well established that central
administration of melanocortin peptides suppresses feeding behavior and increases

metabolic rate (Cowley et al., 1999; Fan et al., 1997). Additional effects of melanocortins
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have been reported on the suppression of insulin secretion via activation of the
sympathetic nervous system (see chapter 4). The majority of the effects described in
Table 1 have a central origin, since they can be reproduced by intracerebroventricular
(i.c.v.) administration of melanocortin peptides. Exceptions include the stimulatory
effects on lipolysis, sebum secretion, natriuresis, adrenal steroidogenesis, and
pigmentation that originate in adipocytes, sebaceous and preputial glands, kidney, adrenal
gland cortex, and melanocytes, respectively. Finally, the ability of melanocortin peptides

to reduce inflammatory responses and stimulate nerve regeneration has a dual origin, both

central and peripheral.
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Figure 2. Amino acid sequence alignment of human melanocortin peptides.
The pharmacophore is highlighted in red. Conserved residues outside the pharmacophore

sequence are colored in blue.
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Table 1. Central and peripheral effects of melanocortin peptides.

20



N«U.EOPQONH
(K661 T8 12 8991519 A) FCIHLOV ey sosuodsar Jossaxda(g
(8661 PHIDV |
“Te 10 S991SI0A 9661 1819 TIT) | ‘HSIN-A-SAT ‘HSIN-% ‘HSIA- _ enuyg BIPIROAYOR [ /oSUOdSAI J0SSAI]
(9661 _,
“[819 1T ‘6861 B 10 JoqnIn) HSIN-* “O""HLOV ‘HSIN-P | G LN eIpIedApelg,uoisuajodAH
— §109}]J9 Jeipie )
(8661 “Té 10 opnenn ‘0661 B
“Te 30 TWOSISA ‘L661 “[8 19 ueq) PCTHEDV ‘HSIAD | nquyug I01ARY3(q SUIPId]
AjanadeodAy eixaaoue
(6661 “Te 10 Suenpy) HSIN-© Sje[nuanly Padnpul-uixojopuy
(8661 “T¢ |
19 SuenH G861 I8 12 UBWAP[OH |
{L661 “Te 10 Bueny ‘8161 [ (uonem3arowrdy 1)
12 UOSHIRGOY 1861 “TE 19 UAID) PCTHLOV ‘HSIN-© JjenUInS sisadkdnuy
(8861 T8 (AdojerutueyUI-IUY )
19 U0S1IRQOY /661 T8 12 uoidiy) | HSN-0 Jenung uon e[ POoOUNUIUI |
(6L61 “Te 32 JueBIAM) | FCTHLOV R S SIXE VdH 43 JO A1y
(S86T “Te
19 1aqnuID) 8661 “TE 10 IN ‘861
“*Te 19 IPACISUBWAT {661 1B HS-
19 UNUI[BA 6861 “[€ 12 19qnID) OYH OV ‘HLOV ‘HSIN-0 g SISaAnLNEN
(L861 “T® 12 11yoTy) OFTHIDV ‘HLOV ‘HSIN-0 Jpe[nung sisKjodig
(1861 “rere qrelng-rv | HSW-+-oid ‘HSIN- ‘HSIN+
‘0861 “Te 30 ‘UasIapay) | TCHIOV ‘HLOV ‘HSIN-P arernuinlg SISAUIZOPI09)S [BUAIPY
(8661 “T8 12 ApoyL 1861 “T¢
19 AQUIH (6861 I8 12 190N1)S8))) HSIN-© Aemung SISOUISOUBIIA]
AUAIY | apndod uniodourR | AJARIY [BI30[0Ig 19937 18AN30]0ISAY ] |

l



(9661 “Te 12 uepy) HSIN-© Are[nuIng IMOIZIN0 ALININ
(0661 “Te 10 UL oM
0661 18 19 JULIIOM ‘1661 VTHLOV (Teroydrrad;[enus)y)
“[B 19 pueng 1861 “Te 0 ews[lig) | VUTHIDV YTIHIOV ‘HSIN-O ape[nung UONEIIUIZAI JAIIN
(1861 “'Ie 10 uewWpUES H861 8 Jdue.I[0) pue “dduapuadap
19 SRI2NUO)) (/661 “T8 19 OIBATY) HLDOV ‘HSW-© QYU ‘eisagjeue pasnpui-derdQ
(€861 “Te 12 Unqoqoy ‘6861 “Te ILHLDV “THLDV
19 YIAOIY 1L661 "1 19 PAIM 9P) | YCTHIDV OIYHLIOV ‘HSIN-P dreumng Alouwdul pue Juruied’|
(1861 “Te 19 onyouo, O ‘€861 "¢
1o unqoqoY G/ 61 I8 12 uadsin
6661 “18 19 PAIM 9P ‘€661 v SYHLOV
19 POLM 9P ‘7861 “[B 12 PAIM 9p) | “CIHLDV CTHIOV ‘HSIN-© ajejawng 101Aeyaq Surmoosn
(SL61 “Te 30 Apoy]) HSIN-© DL TN UO0TJAIIIS WIS
(1861 “[8 19 Apoy[, ‘1861 ‘e (95E3[21 SUOWOISY )
12 ApOYL {6961 “T® 10 1I[01Iag) HLDV ‘HSIN-© dje[awng I0IABYI] [ENXIS




3. MELANOCORTIN RECEPTORS, A FAMILY OF Gs-

PROTEIN COUPLED RECEPTORS (GPCRs)

Once the importance of melanocortin peptides in the regulation of feeding behavior,
inflammation, immunity, and behavior was revealed, it became critical to determine their
site of action. The first indication came in the late 1980 s when receptor autoradiography
experiments were performed. lodinated ['*°I] NDP-o-MSH was used as a tracer in these
assays because of its potency and prolonged biological activity. The use of an iodinated
ligand served a dual purpose in these studies: it allowed both the localization and
characterization of the binding sites for melanotropins. Receptor distribution was thus
studied in vivo by monitoring the tracer uptake in the CNS and peripheral organs (Tatro,
1990; Tatro and Reichlin, 1987). The results of those studies indicated that melanocortin
receptors had a wide distribution, suggesting that they had effects on the functions of

multiple organs (Tatro and Reichlin, 1987) (Table 2).

Tatro and collaborators were thus able to assemble a neuroanatomic map of
specific o-MSH binding sites in the brain, which included various structures within the
medial preoptic area, caudate putamen, olfactory tubercle, bed nucleus of the stria
terminalis, ventral part of the lateral septal nucleus, hypothalamic periventricular and
paraventricular nuclei, dorsal anterior amygdaloid area, substantia innominata and thalamic
paraventricular nucleus, as well as the lower brainstem (Tatro, 1990; Tatro, 1993; Tatro
and Entwistle, 1994a; Tatro and Entwistle, 1994b). A number of peripheral organs were

also found to contain specific a-MSH binding sites; among them were the Harderian,
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lacrimal, preputial, submandibular, thyroid and adrenal glands, pancreas, duodenum,
bladder, spleen, skin, as well as brown and white adipose tissue (Tatro and Reichlin,
1987). Each brain structure showed a characteristic binding pattern, indicating the
existence of multiple receptors that were distinguishable from each other based on their
pharmacology. Thus, the pharmacological analysis of melanocortin binding sites in the
CNS revealed the presence of two receptor subtypes with different radioligand affinitics
(Tatro and Entwistle, 1994a). The same was true for peripheral organs. For instance, o-
MSH did not compete with iodinated ACTH for binding to adrenal tissue sites,
suggesting the presence of a melanocortin receptor subtype that was selective for ACTH

(Klemcke and Pond, 1991).

The ability of melanocortin peptides to stimulate adenylate cyclase activity in
cultured cells and brain slices suggested that the melanocortin receptors were part of the
G-protein-coupled (GPCR) family (Florijn et al., 1993; Mac Neil et al., 1981; Mackie et
al., 1972). The melanocortin receptor family (MC-R) was thus cloned based on their
homology with other members of the GPCR family (Mcuntjoy et-al, 1992). Mountjoy
and collaborators used a polymerase chain reaction (PCR) with degenerate primers
approach to amplify DNA sequences from a melanoma line, previously shown to contain
a high level of specific ['*'I] NDP-a-MSH binding sites (Mountjoy et al., 1992). Using
these sequences, they were soon able to obtain clones for the full length mouse and human
MSH-R (MC1-R) as well as human ACTH receptor (MC2-R). This discovery was
quickly followed by the identification of additional members of the melanocortin receptor

family based on a similar technique. The newly discovered receptor subtypes included
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the MC3, MC4, and MC5-R (Chhajlani et al., 1993; Gantz et al., 1993a; Gantz et al.,
1993b; Gantz et al., 1994; Labbe et al., 1994; Mountjoy and Wild, 1998; Roselli-Rehfuss
et al., 1993). There is now growing evidence suggesting the existence of a sixth
melanocortin receptor that mediates central effects of y-MSH, such as tachycardia and the

pressor response.

The availability of the cloned MC-Rs offers a unique opportunity to confirm
previous findings on melanocortin function and to assign physiological activities to
specific receptor subtypes. In addition, the feasibility of molecular approaches for
targeted inactivation of individual MCR subtypes in specific tissues should facilitate the

discovery of new physiological functions for melanocortins and their receptors.

3.1. Structural and Functional Characteristics of Melanocortin

Receptors

The five melanocortin receptors (Figure 4) are chatacterized by seven transmembrane
(TM) domains, an extracellular N-terminal region, three extracellular (EC) loops, three
intracellular (IC) loops, and a C-terminal domain. They are unique among the GPCRs by
virtue of their short N- and C-termini, second extracellular (EC;) and third intracellular
loops (IC5). All five receptor subtypes are associated with Gs and positively coupled to
adenylyl cyclase, thus inducing intracellular c¢AMP synthesis upon activation.
Melanocortin receptor subtypes share a significant degree of homology with each other.

For instance, within a species, the amino acid identity of the different MC-R subtypes is
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39-60%. The homology among various species for one receptor subtype is even higher.
For example, the identity among all cloned MC1-Rs is 70%, and that of MC5-Rs is 80%.
A large number of residues are conserved among all melanocortin receptor subtypes,
suggesting that they are likely to bind the HFRW pharmacophore of the melanocortin
peptides. In addition, a significant number of residues are conserved in each melanocortin
receptor subtype from various species; these particular residues confer specificity to the

ligand-receptor interaction.

Molecular and functional analysis of the five melanocortin receptors known to
date indicates that they have a wide distribution within the body, specific pharmacology,
and a multitude of biological activities (Table 2). In situ hybridization studies identify
MC3 and MC4-R as the main receptor subtypes present in the brain. In the
hypothalamus, MC4-R appears to be more prevalent than MC3-R, suggesting that it may
be the main regulator of energy homeostasis. MC5-R is distributed in a variety of
peripheral sites, although several reports indicate its presence in the brain as well
However, since the MC5-R mRNA levels reported are very low, the existence of this

receptor subtype in the CNS remains uncertain.

All melanocortin receptors, with the exception of MC2-R, recognize a common
group of ligands that includes various forms of MSH as well as ACTH; they do, however,
exhibit ligand specificity. The adrenal MC2-R is the most selective melanocortin receptor
subtype as it is activated only by ACTH. By contrast, MC3-R is the least selective

subtype as it recognizes and binds all melanocortins, including y-MSH.  The recent
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discovery of synthetic MC-R agonists and antagonists has helped elucidate specific in
vivo functions of the melanocortin system. The lack of selective ligands for various MC-
R subtypes is still a major setback in this effort. Nevertheless, ligand-receptor studies are
instrumental in determining whether selective pharmacological targeting of the MC-Rs

will ultimately have any therapeutic benefits.

The two receptor subtypes (i.e. MC1 and MC4-R), which are relevant to the

mechanism of mahogany action, are discussed in more detail in the next section.
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Table 2. Melanocortin  receptor  distribution, biclogical function, and

pharmacology.
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3.2. MCI-R

The extension locus encodes the first member of the melanocortin receptor family, MC1-
R. The identity of cloned MC1-Rs among various mammalian species is fairly high (70%,
Figure 3). Originally designated as MSH-R, this melanocortin receptor subtype is
expressed primarily in hair follicles and its main role is control of pigmentation
(Mountjoy et al., 1992; Robbins et al., 1993). The rate limiting enzyme of eumelanin
(black pigment) synthesis is the tyrosinase, which is regulated both transcriptionally and
postranslationally by ¢cAMP. o-MSH and other POMC-derived melanotropic peptides
bind to the Gs-coupled MCI-R and subsequently raise intracellular cAMP levels and
activate the tyrosinase enzyme. o-MSH is the preferred ligand for MC1-R activation in
most species; human MCI-R, however, binds a-MSH and ACTH equally well.  The
human receptor has, therefore, evolved to be super-sensitive to melanotropins
(Mountjoy, 1994). This could be due to the fact that, unlike most mammals, adult
humans lack the intermediate pituitary, the site of ACTH processing to a-MSH. As a

result, circulating o-MSH is not detected in human-scrum.

Melanotropins, produced by the pituitary, are known to stimulate eumelanin
synthesis in the skin; they are not necessary, however, for long term maintenance of
eumelanogenesis. Hypophysectomized C57BL/6J] mice, for instance, do not lose the
ability of synthesizing eumelanin (Geschwind et al., 1972). Local production of POMC-
derived melanocortin peptides has now been demonstrated to take place in hair follicles,

especially in keratinocytes (Schauer et al., 1994). Thus, it may be possible that hair
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follicle cells, rather than the pituitary, are the main sites of melanotropin synthesis and

regulators of the pigmentation process.

MC1-R was the first GPCR to be identified as containing naturally-occurring
mutations (Robbins et al., 1993). Functional variants of the MCI-R have now been
found in many species, including rodents, dog, cattle, fox, sheep, guinea pig, panther, as
well as humans (Figure 4). The pharmacology of MC1-R variants has been thoroughly
investigated; these studies confirm, for the first time, the existence of GPCRs that are
constitutively activated by naturally-occurring mutations (Table 3). In rodents, for
instance, two dominant extension alleles, E* and E*’*, have been described that encode
constitutively active MC1-Rs; both receptors are 30-50% activated in the absence of any
ligand and are associated phenotypicélly with an all-black coat color. The sombre
mutation is the result of a Glu®® to Lys change in TM2 whereas the sombre-3J mutation
is a Leu®® to Pro change in the same region (Robbins et al., 1993). By contrast, the
recessive yellow e allele encodes a non-functional, truncated receptor as a result of a
frameshift mutation at position 183, located between TM4 and TMS, (Robbins et al,
1993). In bovines, genetic studies have identified a dominant EP allele for black coat color
and a recessive e mutation for red pigmentation. As in the mouse, a Leu® to Pro change
(EP) results in a constitutively active MC1-R, whereas a frameshift mutation caused by a
deletion at position 104 is responsible for the e phenotype (Klungland et al., 1995).
Furthermore, a dominant extension allele (E™) has been described in Alaska Silver foxes
with dark pigmentation, which is the result of a Cys'*® to Arg mutation and generates a

constitutively activated MCI1-R as well (Vage et al., 1997). Genetic analysis of the
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extension locus in guinea pigs indicates that the tortoiseshell coat pattern is due to
homozygosity of a recessive e’ allele, which is associated with a large deletion i the
MC1-R (Cone, 2000). Finally, sequence analysis of the MC1-R cloned from a panthe;r
with a dominant black coat color revealed an Arg'® to Leu change that may result in a
constitutively active receptor; this prediction, however, has yet to be confirmed by in

vitro pharmacology studies.

A large number of MCI1-R mutations has been identified in humans (Table 3);
they are usually changes in TM2 and are associated with red hair and fair skin (Box et al.,
1997; Schioth et al., 1999). It is not entirely clear at this time whether these mutations
are responsible for a loss of MC1-R function in humans. Several of them appear to be
polymorphisms since the encoded MC1-Rs have a normal in vitro pharmacology (Table
3). Others proved to be less responsive to o-MSH, although they maintained fairly
normal ligand affinity (Table 3) (Schioth et al., 1999). These particular receptors were
unable to activate adenylyl cyclase in response to «-MSH stimulation as potently as the
wild-type receptor (Schioth et al., 1999). None.of the mutant receptors displayed a
complete loss of ligand binding; the Arg'**His and Asp**His variants, however, showed a
slight reduction in the affinity for e-MSH (Schioth et al., 1999). In addition, o-MSH was
shown to have no effect in melanocyte cultures from red hair/fair skin individuals (Hunt et
al., 1996), suggesting the existence of an MC1-R defective in either ligand binding or signal
transduction. However, comparison of MCI1-R genotypes in dizygotic twin pairs
discordant for red hair color indicates that the MC/-R gene cannot be solely responsible

for the red hair phenotype, since five of the thirteen pairs tested had both haplotypes
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identical (Box et al., 1997). This result suggests the existence of additional modifier genes
that contribute to the development of red hair and fair skin in humans. Mutations in

MCI1-R are therefore necessary, but not sufficient, for red hair production (Box et al.,

1997).
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Figure 3. Protein sequence alignment of mammalian melanocortin 1 receptors
(MC1-Rs).

The alignment includes the amino acid sequences of mouse, human, bovine, panther, fox,
and chicken MC1-Rs. Regions of high homology in the transmembrane (TM) and

extracellular loops are featured in blue and red, respectively.
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Figure 4. Naturally-occurring mutations in mammalian MC1-Rs.
A. Functional MC1-R variants are illustrated using the murine receptor as a model.
Identical and conserved residues among all melanocortin receptors are featured in red and
yellow, respectively. Blue residues indicate naturally-occurring mutations.

B-E. Mammalian extension and agouti phenotypes as illustrated in rodents (B), cattle

(C), foxes (D), and sheep (E).
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Table 3. Pharmacology of naturally-occurring MCI1-R variants.
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3.3. MC4-R

The highly conserved MC4-R is found in all regions of the CNS, including the cortex,
thalamus, hypothalamus, brainstem, as well as in the spinal cord (Cone, 2000; Mountjoy
et al., 1994). MC4-R is more widely expressed in the brain than MC3-R; MC4-R is
found, for instance, in both parvicellular and magnocellular divisions of the paraventricular
hypothalamic nucleus (PVH), which has been implicated recently in the central control of
energy homeostasis (Cowley et al., 1999). Targeted disruption of the murine MC4-R
results in an obesity and diabetes phenotype that closely resembles the agouti-induced
(A") syndrome (Huszar et al., 1997). In addition, intra-PVH administration of an MC3/4-
R agonist, MTII, reduces food intake and stimulates metabolic rate (Cowley et al., 1999).
Interestingly, MC4-R has also been implicated in endotoxin-induced anorexia (Huang et
al., 1999). These data provide evidence for the involvement of the melanocortin system,
and MC4-R in particular, in the regulation of feeding behavior and energy expenditure. A
number of MC4-R mutations have recently been demonstrated to co-segregate with a
dominantly-inherited form of human obesity; this phcnomenon and its implications are

discussed in more detail later in the chapter.

Numerous functions have been assigned to MC4-R, aside from its regulation of
energy homeostasis. For instance, MC4-R mediates the antipyretic role of central
melanocortins during endotoxin-induced fever (Huang et al., 1997; Huang et al., 1998).
Furthermore, endogenous melanocortins have now been implicated in the suppression of

both acute and chronic inflammation (experimental arthritis) (Ceriani et al., 1994a; Ceriani
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et al., 1994b). The anti-inflammatory effects of «-MSH are presumed to be centrally
mediated, possibly via MC4-R in the septum (Glyn-Ballinger et al., 1983). In addition,
MC4-R is at least partially responsible for the hypotensive and bradycardic effects
elicited by the release of endogenous melanocortins (e«-MSH) from arcuate neurons (Li et
al.,, 1996). The pressor response and tachycardic effects elicited by central y-MSH
administration are, however, mediated by an as yet unidentified melanocortin receptor (L1
et al., 1996). In addition, grooming behavior has now been demonstrated to be controlled
by the melanocortin system, possibly via activation of the MC4-R (Adan et al., 1999).
Finally, melanocortins have previously been shown to antagonize opiate-induced
analgesia, dependence, and tolerance (Alvaro et al.. 1997; Alvaro et al., 1996). Decreased
melanocortin function, via downregulation of MC4-R expression in brain regions that
mediate opiate addiction (i.e. striatum and periaqueductal gray) is presumed to account

for this phenomenon (Alvaro et al., 1996).
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4. AGOUTI-THE FIRST EXAMPLE OF A NATURALLY-

OCCURING ANTAGONIST OF GPCRs

4.1. Discovery of Agouti

The murine agouti gene was discovered in 1992 by positional cloning. The key to its
cloning was finding a radiation-induced chromosomal inversion that mapped near the
agouti locus on chromosome 2; this inversion created breakpoints in both agowtsi and a
closely linked locus, designated as the /imb deformity (Id) locus (Bultman et al., 1991;
Jackson, 1993). As the /d gene was already cloned at the time, it became fairly easy to
identify the agouti gene. It was thus discovered that the chromosomal mversion
interrupted the third intron of an 18 kb gene, which appeared to encode a small 131 amino

acid pretein (Bultman et al., 1991; Jackson, 1993).

Agouti turned out to be a paracrine-signaling factor, secreted by dermal papillae
cells, adjacent to melanocytes, which acted within the hair follicle microenvironment to
block melanocortin action at MC1-R (Bultman et al., 1992; Lu et al., 1994). Binding of «-
MSH to the receptor triggers an increase in cAMP levels, followed by tyrosinase
activation and eumelanin production. In the presence of agouti the opposite is true:
eumelanin synthesis is shut down and the default pathway, which has phaeomelanin as
the final product, is activated. There are now more than twenty dominant, recessive, and
pseudoagouti alleles that have been identified in rodents, foxes, and cattle, with interesting

functional variations from species to species. In rodents agouti is expressed only m skin
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and testis. In humans, however, it has a wider pattern of distribution being expressed in
adipose tissue, testis, ovary, heart and at lower levels in foreskin, kidney, and liver
(Kwon et al., 1994; Wilson et al., 1995). Thus far, no evidence has linked agouti to
human pigmentation; its biological function in humans remains to be investigated. Most
of our present knowledge of agouti structure and function comes from experiments

performed on rodents. A synopsis of these murine studies is presented in the next

sections.
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4.2. Regulation of Murine Agouti Gene Expression

Agouti gene expression is regulated in mice in a regional and temporal fashion to create a
differential distribution of yellow and black pigment in individual hair shafts and
throughout the body (Miller et al., 1993; Vrieling et al., 1994). Examples of murine agouti
alleles written in their order of potency are the lethal yellow (4"), white-bellied agouti
(A™), wild-type (4), black-and-tan (a'), and non-agouti (a) (Miller et al., 1993; Vrieling et
al., 1994). The agouti phenotype, which is the true coloration of wild-type mice and
characterizes animals with 4 and A" alleles, consists o% hairs with subapical yellow or tan
bands on an otherwise black background. Little difference is seen between dorsal and
ventral pigmentation in mice homozygous for the A4 allele. By contrast, the presence of
AW and af alleles creates regional differences in pigment distribution, with ventral surfaces
lighter due to increased deposition of phacomelanin (Miller et al., 1993; Vrieling et al..

1994).

A detailed genetic analysis of the different murine agouti alleles has led 1o the
discovery of multiple agouti transcripts. Alternative processing of agouti mRNA is due
to insertions in the intronic regions of A%, a, and «a alleles of retrovirus-like transposable
VL30 elements (Bultman et al., 1994; Vrieling et al., 1994). The newly inserted sequences
are of different sizes depending on allele type. The 11 kb insertion in the a allele includes
a complete VL30 element (5.5 kb) and an additional genomic fragment of 4.5 kb, flanked
by two 526 bp direct repeats. The 6 kb insertion in the o’ allele contains a VL30 element

(5.5 kb) and a single 526 bp direct repeat. Finally, the 0.6 kb insertion in the A" allele
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consists of only one VL30 LTR. Interestingly, all inserts integrate at the same position
and allow the agouti gene to retain its coding exons (Bultman et al., 1994; Vrieling et al.,
1994). Therefore, the multiple agouti transcripts vary in their 5 non-coding sequences
but they all encode the same protein. The first class of transcripts (transcript I) is
expressed in the dorsal and ventral skins of 4/4, A%/4, and AW/a animals (Bultman et al.,
1994; Vrieling et al., 1994). Gene expression of transcript I is restricted to the mid-phase
of the hair-growing cycle and is associated phenotypically with subapical-yellow banded
hairs throughout the body. The second class of transcripts (IT) is expressed in the ventral
skins of 4W/4, A%/a, and a'/a’ animals, is not temporally restricted, and is responsible
phenotypically for the lighter ventral pigmentation seen in AW and o’ animals (Bultman et
al., 1994; Vrieling et al., 1994). An interesting example of negative gene regulation is the
recessive non-agouti (a) allele. Mice homozygous for the a allele have an all-dark
phenotype with a few ventral phacomelanin hairs scattered around the pinnae, mammae,
and perineum (Silvers, 1979). The 11 kb insertion in the first intron of the a allele
downregulates the production of either form of agouti transcripts (Bultman et al., 1994;
Vrieling et al., 1994). Why is transcription differeiitially regulated, though, depending on
insert size? Neither transcript (I or II) is synthesized for the « allele, form II only is
allowed for a’, whereas A" retains both transcripts. The puzzle was easily solved once

the molecular characterization of agouti was completed.

The genomic organization of the murine agouti gene is rather complex. It consists
of three coding exons designated as 2, 3, and 4, as well as four non-coding exons: 1A, 1A ,

IB, and 1C, located upstream (Bultman et al., 1994; Vrieling et al., 1994) (Figure 5). This
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intricate pattern of gene regulation is achieved through the existence of alternatively
spliced agouti transcripts that differ in their 5 untranslated exons and are controlled by
two different sets of regulatory elements. Type I transcripts contain non-coding exons,
1B or 1C, and are regulated by temporal (hair-cycle-specific) elements (Vrieling et al.,
1994) (Figure 5). Gene expression of transcript | is restricted to the mid-phase of the
hair-growing cycle and is associated phenotypically with subapical-yellow banded hairs
throughout the body (Vrieling et al., 1994). In contrast, type II transcripts contain non-
coding exons, 1A and 1A, and are under the control of regional (ventral-specific)
promoter elements (Vrieling et al., 1994) (Figure 5). The second class of transcripts is
responsible phenotypically for the lighter ventral pigmentation seen in several agouti

strains (1.e. white-bellied agouti) (Vrieling et al., 1994).

Insertion of a large 11 kb sequence in the intron between exon 1C and the first
coding exon (i.e. exon 2) of the « allele results in dowa-regulation of transcription from
either promoter. Integration of a smaller 6 kb insert (« allele) allows ventral-specific
expression only. Finally, insertion of an even smaller 0.6 kb fragment at the same
position (4" allele) does not seem to interfere with either regulatory elements, as a result
A%/4 and A%/a animals produce both transcripts (I and 1l). Based on the molecular
analysis of the various agouti alleles, Bultman ef a/. suggest that 4" is in fact the true
wild-type allele whereas A4 is a loss-of function mutation, which fails to produce type Il
transcripts (Bultman et al., 1994). This conclusion is in agreement with the phenotype
displayed by the majority of wild-type agouti mice, which show a lighter ventral

pigmentation (Silvers, 1979). The molecular characterization of the different agouti alleles
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helps also to explain the high rate of spontaneous mutations that occur between ¢ and of
or a and A", respectively. Reversion of a to af or AW is proposed to take place through a
mechanism of homologous recombination that utilizes the 526 bp direct repeats (DTRs)
or the long terminal repeats (LTRs) of the VL30 transposable elements, respectively,
(Bultman et al.,, 1994) (Figure 6). The agouti locus is characterized, therefore, by great
genetic complexity. The existence of multiple control elements that regulate alternatively
spliced agouti transcripts makes possible an intricate pattern of gene regulation and

accounts for the variability of agowti pigmentation.
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Figure 5. Regulation of murine agouti gene expression.
Two sets of regulatory elements (hair-cycle and ventral-specific) control the alternative

use of untranslated 5° agouti exons (1B-C and 1A-A").
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Figure 6. Reversion of a to a’ or A" allele takes place through a mechanism of

homologous recombination.
The ability of the a allele to mutate to a’ or A" is the result of a homologous
recombination process that utilizes either the 526 bp direct repeats (DTRs) or the long

terminal repeats (LTRs) of the VL30 transposable elements, respectively.
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4.3. Structural Characteristics of Murine Agouti

Despite its genetic complexity, the agouti locus encodes a small protein of only 131-
amino acids that is fairly conserved among various species (Figure 7). Agouti displays
the structural characteristics of a secreted protein having a hydrophobic signal sequence
and lacking any transmembrane domains. The prominent structural features of the matureA
protein are an N-terminal signal peptide, a highly basic middle region, and a C-terminal
domain rich in cysteine (Cys) and proline (Pro) residues (Bultman et al, 1994).
Biochemical analysis of the agouti protein shows that it is highly glycosylated and very
stable to thermal denaturation (Willard et al., 1995). The spacing pattern of the 10 Cys
residues present in the C-terminus is reminiscent of cone snail (conotoxins) and spider
toxins (plectoxins), suggesting a conserved three-dimensional motif. Based on this
structural similarity it has been postulated that all Cys residues of the agouti protein are

engaged in disulfide bonds (Willard et al., 1995).
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Figure 7. Amino acid sequence alignment of mammalian agouti proteins.
The alignment includes amino acid sequences of the murine, human, and fox agouti

proteins. The three coding exons of agouti are shown in blue, green, and red, respectively.
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4.4. Functional Characterization of Murine Agouti

4.4.1. InVitro Effects of Agouti

In vitro studies using recombinant mouse agouti protein proved that agouti was a potent
melanocortin antagonist (nM range) at two different MC-R subtypes: 1 (K| app—2.6.% 0.8
nM) and 4 (K, = 54 + 18 nM), a relatively weak antagonist at MC3-R (K| ap= 190+
74 nM), and a very weak antagonist at MC5-R (K| 45, = 12,000 + 340 nM) (Kiefer et al.,
1998; Lu etal, 1994; Willard et al., 1995). Thus, the ability of the antagonist to compete
with o-MSH for binding to melanocortin receptors decreases as follows MC1-R > MC4-
R >>MC3-R >>>MC5-R (Kiefer et al., 1998). Pharmacological studies of murine agouti
conclude that its mechanism of action is a classical competitive antagonism of
melanocortin receptors (Kiefer et al., 1998; Lu et al., 1994; Willard et al., 1995). In
addition, a shorter version of agouti, residues 83 through 131, is shown to be as potent an
antagonist as the full-length protein (Willard et al., 1995). The Cys-rich C-terminus is
therefore deemed sufficient for cffective antagonism of mclanocortins action in vitro as
well as in vivo (Perry et al., 1996; Willard et al., 1995). The basic domain, on the other
hand, appears to play key roles in agouti biogenesis (ie. protein folding, post-
translational processing, sorting, and secretion) and/or in facilitating the interaction with

the receptor (Miltenberger et al., 1999).

The mechanism of agouti action shows interesting variations across species.

Functional analysis of recombinant agouti-signaling protein (ASIP), the human homologue
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of murine agouti, indicates a similar pharmacological profile: ASIP is a potent antagonist
at human MCI1 (K| zpp = 0.47 £ 0.06 nM) and MC4-R (K app = 0.14 + 0.02 nM), and a
relatively weak antagonist at MC3 (Kiapp = 6.4 + 1.1 nM) and MCS5-R (K app = 1.16 +
0.17 nM) (Yang et al., 1997). Competitive antagonism of ASIP is apparent, however,
only towards MC1-R (Yang et al., 1997). By contrast, genetic analysis of fox agouti and
extension variants suggests that agouti functions in this case as a negative antagonist
(inverse agonist) of MC1-R, rather than as a classical competitive antagonist (Vage et al,,
1997). In the mouse, extension is epistatic to agouti, meaning that constitutively active
receptors encoded by dominant extension alleles cannot be blocked by agouti action. In
the fox, however, the opposite is true: agouti is able to partially block eumelanin

synthesis 1n the presence of a dominant extension allele (Vage et al.. 1997).

4.4.2. In Vivo Effects of Agouti: the Lethal Yellow Syndrome

Once the agouti gene was cloned it became possible to address the molecular basis of A4', a
dominant allele at the agouti rlocus, and its pleiotropic effects. In doing o scientists were
able to reveal a much more complex picture of agouti functions than previously thought.
it soon became clear that agouti and its homologues are part of a general signaling system
that extends far beyond the hair follicle and the melanogenesis process. The lethal yellow
(A4") mutation was identified at the turn of the century as the first murine obesity
phenotype (Danforth, 1927). Animals heterozygous for the A" allele were not only
characterized by a yellow coat color but also by late-onset obesity associated with

hyperphagia, increased linear growth, and non-insulin dependent diabetes, as well as an
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increased propensity for developing tumors [for review see (Yen et al, 1994)]. In
addition, it was recognized early on that AY homozygosity is associated with embryonic

lethality, a phenomenon that has puzzled scientists for many decades.

Genetic analysis shows that A is in fact the result of a chromosomal
rearrangement in which the promoter and the first non-coding exon of a closely linked
gene, Raly, became spliced to exons of the wild-type agouti gene (Michaud et al., 1994;
Miller et al., 1993). Therefore, similar to of and A" alleles, 4" maintains the 3 end of the
normal gene and encodes the same gene product now under the regulatory control of the
Raly promoter. Unlike @’ and 4" alleles, which arise through incorporation of novel
DNA sequences, A is the result of a large deletion in the Raly gene that leaves only the
promoter and its first non-coding exon intact (Michaud et al., 1994; Miller et al., 1993).
Further analysis of the Raly gene indicates that this housekeeping gene is ubiquitously
expressed and encodes an RNA-binding protein essential for mRNA processing, which is
required for normal development (Michaud et al., 1994; Miller et al., 1993). Once this
information was revealed, the pieces of the puzzle started falling into place. First,
homozygosity for the 4 ¥ allele results in embryonic lethality due to the absence of the
RNA-binding Raly protein, which is necessary for blastocyst formation (Michaud et al,
1994: Miller et al., 1993). Secondly, the agouti gene, now under the control of the relaxed
Raly promoter and devoid of temporal and regional restrictions, becomes ecfopically
expressed. Overexpression of agouti in multiple tissues is therefore the cause of the A

phenotype.  This conclusion is further supported by the ability of agouti, under the
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control of a B-actin promoter, to recapitulate the A" phenotype in transgenic animals

(Klebig et al., 1995).

The pharmacological characterization of agouti makes it now easy to understand
why ectopic agouti expression per se is responsible for the A" phenotype. The primary
cause of the 4" syndrome is identified as disruption of melanocortin receptor signaling in
both skin and brain. Chronic antagonism by agouti of MC1-R in the skin results in
yellow fur, whereas agouti competition at the hypothalamic MC4-R produces obesity.
This conclusion is supported by most of the experimental data available to date. The
most compelling evidence is the recent finding that MC4-R KO have a phenotype similar
to the A" syndrome (Huszar et al., 1997); in addition, central administration of MC4-R

agonists and antagonists has been shown to stimulate and inhibit feeding behavior,

respectively (Fan et al., 1997).

Several studies, however, have proposed an alternative mechanism for agouti
action that does not involve melanocortin receptor antagonism [for review sce (Zemel,
1998)]. On the basis of structural similarities between agouti and invertebrate
neurotoxins, which are known to block calcium channels, it has been speculated that
agouti might in fact regulatc lipogenesis and insulin releasc via a calcium-mediated
mechanism (Zemel, 1998). In support of this model, both murine and human agouti
proteins were shown to cause dose-dependent increases in calcium influx in adipocytes
and pancreatic B-cells (Zemel, 1998). Therefore, it may scem that agouti, like invertebrate

toxins, is able to modulate intracellular calcium levels by directly regulating calcium
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channels. However, there are striking differences not only in their mechanism of action
but also in their potency and kinetics. Conotoxins, for example, are rapid and irreversible
calcium channels inactivators (Olivera et al., 1991) whereas agouti is a slow-acting,
transient activator (Zemel, 1998). Moreover, the increase in lipogenesis that is seen upon
transfection of agouti protein in adipocytes can be elicited in the absence of agouti
through activation of calcium channels (Zemel, 1998). This suggests that modulation of
intracellular calcium levels may simply be secondary to agouti action. According to the
calcium hypothesis , development of agouti-induced obesity is elicited by a combination
of factors that include agouti expression in adipose tissue and hyperinsulinemia (Zemel,
1998). This conclusion is, however, inconsistent with the finding that the MC4-R KO
phenotype is more profound than the 4* syndrome, suggesting that disruption of MC4-R
signaling is necessary and sufficient for triggering all aspects of agouti-induced obesity.
Furthermore, a recent study (Ollmann et al., 1998) indicates that agouti binds directly to
MC1-R and that a functional MC1-R is required for agouti signaling. In light of these
new findings, direct regulation of calcium channels by agouti seems less likely. It is still
possible, however, that agouti binding to MCI-R results in modulation of calcium

metabolism through an indirect mechanism.

There is now significant evidence that agouti has additional action targets on the
melanocyte aside from MCI1-R. This is suggested by the difference in coat color between
AY and e/e animals, two genetic models that are characterized by a disruption in MC1-R
signaling. Agouti overexpression in skin results in a bright yellow pigmentation (4")

whereas inactivation of the MC1-R (e) gives rise to a dusty yellow coat color. In

50



addition, agouti was shown to reduce basal melanogenesis in B16 F1 murine melanoma
cells in the absence of a-MSH (Hunt and Thody, 1995). Agouti was thus proposed to
function as an inverse agonist (negative antagonist) of the MCI-R by binding to the
receptor 1n the absence of ligand and inhibiting its basal signaling activity (Lefkowitz et
al.,, 1993; Samama et al., 1994). This hypothesis was confirmed by in vivo studies of
agouti. In the fox, unlike the mouse, extension is not epistatic to agouti, since areas of red
pigment can still be seen in animals carrying onc copy of a constitutively activated MC1-
R. This phenomenon can be easily explained by the recently proposed allosteric ternary
complex model.  According to this model, GPCRs are in equilibrium between
constrained , inactive (R) and relaxed, active (R*) conformations (Lefkowitz et al.,
1993). The active receptor conformation, which couples to G-proteins, is promoted by
either agonists or constitutively activating mutations in TM2/TM3 (Samama et al., 1994).
(Classical competitive antagonists (i.e. mouse agouti) bind equally well to either receptor
and block receptor activation by inhibiting ligand binding. Inverse agonists (i.e. fox
agouti) have properties opposite to those of agonists, in that they have a higher affinity
for the constrained form of the receptor (R) and thus shift the equilibrium towards the

inactive state (Samama et al., 1994).
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5. AGOUTI RELATED PROTEIN (AGRP)

5.1. Discovery of AGRP

The discovery a decade ago of the murine agouti gene was intended to bring scientists a
step closer to understanding the complexities of mammalian pigmentation. The first of
the obesity genes was also uncovered in the process. What followed was an explosion of
major discoveries with a dramatic impact on murine as well as human obesity and
diabetes. Looking back it seems as if we have found a key for unlocking the
neuroendocrine pathways that regulate energy and glucose homeostasis. Recently, a new
gene, the agouti related protein (AGRP), was discovered and found to share a striking
similarity in structure and function with agouti, although the two gene products have
different areas of distribution. Identification of a hypothalamic melanocortin receptor,
MC4-R, together with AGRP as central components of feeding behavior and metabelism,
has helped build a picture, albeit incomplete, of the neuronal pathways involved in energy

homeostasis.

Two lines of evidence suggested the existence in the brain of an agouti-like
protein that would block signaling at central melanocortin receptors, MC3/4-R. First, in
vitro pharmacology studies found that agouti is a highly specific MC4-R antagonist even
though agouti is not normally expressed in the brain (Blanchard et al., 1995; Lu et al.,
1994; Willard et al., 1995). Secondly, central administration of synthetic MC3/4-R

antagonists uncovered a functional role for melanocortin antagonists in vivo, namely
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stimulation of feeding behavior (Fan et al., 1997). It came then as no surprise when a new
gene, the agouti related protein (AGRP), was isolated in 1997 based on its homology to
agouti (Ollmann et al., 1997; Shutter et al., 1997). The pattern of Cys spacing from the
C-terminal agouti region was used to screen a sequence tag database; two genes, murine
and human, encoding a protein similar in size and structure to agouti, were thus identified

(Ollmann et al., 1997; Shutter et al., 1997).

5.2. Parallelism Between Agouti and AGRP

Like agouti, AGRP contains three coding exons; however, depending on the site of
expression (central versus peripheral) AGRP mRNA transcripts may or may not contain
an upstream non-coding exon (Shutter et al., 1997). The genomic organization of the

coding exons is similar between agouti and AGRP despite differences in intron/exon

junctions (Shutter et al., 1997).

Both agouti and AGRP are 131-aminoacid proteins with- putative signal peptide
sequences and Cys-rich C-terminal domains (Ollmann et al., 1997; Shutter et al., 1997)
(Figure 8). Unlike agouti, AGRP lacks the central basic sequence and the Pro-rich C-
terminal region (Ollmann et al., 1997; Shutter et al, 1997). The strongest homology
between the two proteins is within the polyCys domain of the C-terminus. Interestingly,
the pattern of Cys spacing that is shared by agouti and invertebrate toxins is also
conserved in AGRP (Ollmann et al., 1997; Shutter et al., 1997) (Figure 9). Both agouti

and AGRP contain 10 Cys residues, 9 of which are spatially conserved. Like agouti, all
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10 of the AGRP Cys residues form disulfide bridges (Bures et al.,, 1998; Ollmann et al.,
1997) that are essential for the protein s structural stability and biological function.
Biochemical studies also indicate that AGRP is very stable to thermal denaturation
(similar to agouti) as well as acid degradation (Rosenfeld et al., 1998). Furthermore,
biophysical characterization of agouti and AGRP shows that both proteins have similar
CD spectra, their secondary structure consisting of mainly random coils and B-sheets

(Rosenfeld et al., 1998; Willard et al., 1995).

Both agouti and AGRP are competitive antagonists of «-MSH action at
melanocortin receptors (Fong et al, 1997, Rossi et al, 1998; Yang et al., 1999b).
Likewise, the C-terminus of AGRP, residues 83 through 131, retains the biological
activity of the full-length protein in vitro (Yang et al.,, 1999b) as well as in vivo (Rossi et
al., 1998). Agouti and AGRP differ, though, in their biochemical specificity towards
individual receptor subtypes. In contrast to agouti, AGRP is equally potent in inhibiting
signaling at central melanocortin receptors, MC3 and MC4-R (binding affinity of human
AGRP close to | nM for both receptors), very little inhibition is detected at the MC5-R,
and virtually no activity at MCI1-R (Fong et al., 1997; Rossi et al., 1998; Yang et al.,

1999b). Therefore, AGRP is as potent an antagonist at MC4-R as agouti, and a much

stronger antagonist at MC3-R.

The tissue distribution of agouti and AGRP differ greatly. The expression of
agouti is normally confined to hair follicles whereas AGRP is expressed primarily in the

hypothalamus, adrenal medulla, and at low levels in testis, lung, and kidney (Ollmann et
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al., 1997; Shutter et al,, 1997). Unlike agouti, the localization pattern of human and
murine AGRP is strikingly alike (Shutter et al., 1997), indicating similar roles for AGRP
in both species. In situ hybridization studies show that brain expression of AGRP mRNA
is confined to neuronal cell bodies localized in the arcuate nucleus of the hypothalamus
(Figure 10) (Broberger et al., 1998; Haskell-Luevano et al., 1999; Shutter et al., 1997).
These neurons are shown to project to many of the same hypothalamic nuclei to which
the arcuate nucleus POMC neurons project (Broberger et al., 1998; Haskell-Luevano et
al., 1999) (Figure 10). Furthermore, these nuclei are known to express the two central
melanocortin receptors, MC3 and MC4-R (Cowley et al., 1999; Mountjoy et al., 1994;

Roselli-Rehfuss et al., 1993).

The potency of AGRP action at MC3/4-R together with their similar distribution
pattern suggest that AGRP and not agouti controls their function in vivo. Furthermore,
the presence of AGRP-immunoreactive fibers in a subset of hypothalamic nuclei (i.e.
arcuate, paraventricular, dorsomedial) strongly suggests a key role for AGRP and the
melanocortin system in the regulation of energy homeostasis. This conclusion is
supported by multiple findings. First, central administration of AGRP is shown to mimic
the effect of synthetic MC3/4-R antagonists and stimulate feeding (Rossi et al., 1998).
Furthermore, AGRP is able to specifically block the reduction in food intake elicited by
a-MSH administration (Rossi et al., 1998). Secondly, overexpression of AGRP in
transgenic animals results in an obesity phenotype strikingly similar to that of MC4-R
KO or 4" mice (Graham et al, 1997; Ollmann et al, 1997). In conclusion,

melanocortinergic neurons exert a tonic inhibition on feeding behavior and metabolism



while AGRP counteracts the effect. This tonic inhibition is relaxed as a result of AGRP

antagonism at MC4-R and results in the stimulation of caloric intake and energy storage.
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Figure 8. Amino acid sequence alignment of murine agouti and agouti-related
protein (AGRP).

Identical amino acid residues are shown in red. Of particular interest for agouti/AGRP
structure and function are the 10 Cys residues (marked by dots) and the conserved RFF
triplet (white letters) in the C-terminal domains. The putative signal peptide sequences

are colored in yellow and exon boundaries are indicated by arrows.
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Figure 9. Disulfide arrangement of murine agouti, AGRP, and conotoxin GVIA

(Conus glorimaris).

Cys residues are depicted in red. The Cys-spacing pattern and disulfide connectivity of

both agouti and AGRP strongly resemble conotoxins.
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Figure 10. POMC and AGRP distribution patterns in the central nervous
system (CNS).

Saggital section of the rodent brain schematically indicating the distribution of POMC-
immunoreactive (black lines) and AGRP-immunoreactive (red lines) neuronal fibers.
AGRP neurons originating in the arcuate nucleus are shown to project to many of the

same CNS sites to which the arcuate nucleus POMC neurons project.
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5.3. Regulation of AGRP Expression by Leptin and Nutritional

Status

Unlike agouti, AGRP is modulated by leptin and nutritional status. Multiple lines of
evidence indicate that leptin is in fact a negative regulator of AGRP expression. AGRP
mRNA is upregulated in the absence of leptin (i.e. 0b/ob) or when leptin levels are low
(i.e. fasting) (Mizuno and Mobbs, 1999; Ollmann et al, 1997; Shutter et al., 1997).
Central administration of leptin normalizes AGRP levels in leptin-deficient oh/0b mice but
has no effect in leptin-resistant db/db animals (Ebihara et al., 1999). In addition, fasting
further increases AGRP expression in db/db but not in ob/ob mice (Ebihara et al.,, 1999;
Wilson et al., 1999b). Finally, AGRP levels are downregulated in certain obesity models
characterized by chronic hyperleptinemia, such as 4%, although they are not affected in
others: rubby and far (Ollmann et al., 1997; Wilson et al., 1999b). It is possible, however,
that AGRP downregulation in 4" animals is in fact the result of agouti overexpression. If
ectopic agouti expression mimics the function of AGRP in the central control of energy
homeostasis then presence of the first might downregulate the latter via a negative
feedback mechanism. In conclusion, leptin action is signaled downstream by the
melanocortin system via changes in the ratio between antagonist (AGRP) and agonist (a-
MSH) concentration. AGRP is one of several orexigenic peptides that is tightly
controlled by leptin levels. In the fed state elevated leptin levels suppress AGRP
production and result in decreased food intake as well as increased metabolism.
Conversely, during fasting, low leptin levels relax the tight regulatory control that leptin

has upon AGRP production; as a result, AGRP becomes upregulated and
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stimulates feeding behavior. Interestingly, a recent study proposes that AGRP may
represent an important connection between feeding behavior and reproductive function,
since AGRP was found to stimulate both systems (Stanley et al,, 1999). This finding
could potentially explain why a long-term caloric restriction is associated in most species

with a decline in their reproduction.

Both AGRP and «-MSH levels are modulated by leptin and nutritional status.
AGRP is considered, however, to be more dynamically regulated by metabolic state than
POMC. It is AGRP expression that changes dramatically in leptin-deficient ob/od and
leptin-resistant db/db obesity models: AGRP mRNA is increased 5-10 fold (Ollmann et
al., 1997; Shutter et al., 1997) compared to a 60-80% reduction in hypothalamic POMC
level (Mizuno et al., 1998). Furthermore, AGRP message is upregulated in models of
dietary obesity whereas o-MSH concentration is virtually unchanged in these animals
(Harrold et al., 1999). A 24-48 h fasting period is associated with a much more robust
increase in hypothalamic AGRP mRNA (Ebihara et al., 1999; Mizuno et al., 1999;
Mizuno and Mobbs, 1999; Wilson et al., 1999a) than a teduction in POMC level (Mizuno
and Mobbs, 1999). These data suggest therefore that homeostatic regulation of the

melanocortin system is achieved through alterations in antagonist rather than agonist

bioavailability.

It is possible that AGRP controls the activity of central melanocortin receptors in
a manner similar to regulation of MC1-R signaling by agouti in the skin. Modulating the

melanocortin system via changes in antagonist, rather than agonist, levels has certain

61



advantages. First, the homeostatic system can be more tightly reguléted, as AGRP is
more restricted in tissue distribution than o-MSH and has a less wide sphere of action. In
addition, the functional specificity of AGRP makes it possible for the wvarious
melanocortin receptor subtypes to be selectively regulated. AGRP is therefore an
attractive target for therapeutic intervention; the development of small molecule
inhibitors, which would specifically suppress AGRP action, may lead to more efficient

obesity treatments.
5.4. Fine-tuning the Mechanism of Agouti and AGRP Action

Both agouti and AGRP are known to block melanocortin receptor signaling but their
mechanism of action is still under debate. The most accepted mechanism for
agouti/AGRP action is a classical competitive antagonism of melanocortin receptors.
However, several additional mechanisms have been proposed, including inverse agonism
(Vage et al,, 1997) and direct regulation of calciumn channels (Zemel, 1998). Recent
studics, however, were able to climinate some of the controversics-surrounding the cxact
biochemical mechanism of agouti/AGRP action. Ollmann and collaborators clearly
demonstrate that MC1-R is indeed an agouti receptor and that presence of a functional
MCI1-R is absolutely necessary for agouti function in vivo (Ollmann et al, 1998).
Furthermore, AGRP is shown to bind solely to melanocortin receptors in both
conventional binding and photoemulsion assays (Yang et al., 1999b). The two studies
indicate that agouti/AGRP and o-MSH bind to melanocortin receptors in a mutually

exclusive fashion (Ollmann et al., 1998; Yang et al., 1999b). Finally, direct binding of
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AGRP to the MC4-R has been recently demonstrated by protein cross-linking (Khong et
al., 1999). It is not clear, however, if the agonist and antagonist compete for the same
binding site on the receptor. At first glance, no amino acid sequence similarity between
agouti/AGRP and a-MSH seems obvious. Careful comparison of agouti and AGRP C-
terminal sequences reveals, however, the presence of a conserved RFF motif that
resembles the «-MSH pharmacophore HFRW (Tota et al., 1999). A loop of 8 residues
flanked by two Cys residues and including the RFF triplet (residues 110-117 in AGRP,
115-122 in agouti, respectively) is shown to be critical for both agouti and AGRP
antagonisin at melanocortin receptors (Tota et al., 1999). This octapeptide loop contains
therefore most of the structural determinants for melanocortin receptor binding and
antagonism.  Furthermore, alanine (Ala) scanning mutagenesis of this octapeptide
indicates that the RFF motif is the most critical in determining antagonist activity (ICsy =
0.5+ 0.1 nM for AGRP binding to MC4-R whereas [Cs; for the three Ala mutants are:
67 + 46 nM for RI11A, 61 + 35 nM for F112A, and 25 + 13 oM for F113A,
respectively) (Tota et al, 1999). The octapeptide loop of the antagonist is therefore
proposed to mimic the conformation of a-MSH wnd-interact with the receptor through a
similar mechanism (Tota et al., 1999). This model would thus imply that the agonist and
antagonist occupy the same binding site on the receptor An alternative model suggests
that the antagonist attaches itself to a different receptor site and blocks ligand binding
through an allosteric mechanism. In support of this model it was determined that
extracellular loops 2 and 3 of the MC4-R are critical sites for antagonist (AGRP) binding
but had little effect on agonist (-MSH) binding (Yang et al., 1999a). Future studies will

concentrate on finding definitive proof in support of either mechanism.
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Although agouti and AGRP have been shown to share structural and functional
similarities, an intriguing difference in their mechanism of action has been recently
reported (Ollmann and Barsh, 1999). This particular study tests the pharmacology of
agouti and AGRP in Xenopus melanophores, an assay system considered by some
accounts to be more sensitive than the 293 HEK or B16 cell lines. The C-terminus of
agouti and all AGRP forms examined follow the competitive antagonist profiles that have
been previously described. Full-length agouti, however, is characterized by a dual
mechanism at the Xenopus MCI1-R: competitive antagonisni of ligand binding by the C-
terminus and receptor down-regulation elicited by the N-terminal domain (Olimann and
Barsh, 1999). The reduction in melanocortin signaling is achieved either by receptor
internalization or post-translational modification (Ollmann and Barsh, 1999). The results
of this study are, however, in disagreement with previous reports, which showed identical
pharmacological profiles for both full-length and C-terminal agouti (Willard et al., 1995).
It is very likely that the conflicting results reflect in fact the properties of the different
cell culture systems used: Xenopus melanophores (Ollmann and Barsh, 1999) and
mammalian B16 melanoma cells (Willard et al., 1995). It may be that the pharmacological
properties described for the N-terminal agouti domain are in fact specific only to the
Xenopus MCI-R. Future studies employing endogenous cell types that express native

melanocortin receptors should give us a better understanding of agouti pharmacology.

It is beyond dispute that clear differences exist between the structure and function
of agouti and AGRP. Nevertheless, one cannot help but be amazed at the multitude of

similarities displayed by the two proteins. [t is uncertain whether agouti and AGRP are
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the result of convergent or divergent evolution, and whether additional homologues remain
to be discovered. The data available to date suggest remarkable functional similarities, in
that both agouti and AGRP appear to function as regulators that antagonize relatively
constitutive signaling pathways in the skin and brain, respectively. Further studies will

help provide more insight into the intriguing biology of agouti and AGRP.
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6. CONTRASTING AGOUTI AND LEPTIN DEFICIENT

OBESITY MODELS

6.1. Leptin and Leptin Receptors

The concept of the adipostat is based on the existence of an adipose tissue-brain
endocrine axis that regulates body weight (Kennedy, 1953). The mediator of this axis is
leptin, an adipocyte-secreted circulating hormone that informs the CNS of the energy
reserves available in the body (Zhang et al.,, 1994). Consequently, plasma leptin levels
reflect the size of the adipose depot. Caloric restriction and weight loss are associated in
both rodents and humans with decreased leptin levels. The brain senses the deviation
from the preset weight and activates the orexigenic pathways in the hypothalamus. This
results in the stimulation of caloric intake and a decrease in energy expenditure until the
animals return to their previous weight. Conversely, in animals fed ad /libitum, elevated
leptin levels trigger the activation of anorexigenic signals in the brain and result in a

reduced food intake and increased metabolism.

Animals that carry recessive mutations in the obese (0b) and diabetes (db) genes
display severe obesity syndromes, which bear strong resemblance to each other. It has
been proposed, therefore, that these genes encode the ligand and receptor, respectively,
for a physiologic pathway that regulates energy intake and expenditure. In support of
this proposal, o6 mRNA was found to be highly expressed in the adipose tissue of db/db

mice, suggesting that these mutant animals are resistant to the action of the ob gene

66



product (Maffei et al., 1995). Once the 0b and db genes were cloned and fully
characterized, it was revealed that they encode the leptin and leptin receptor, respectively

(Chen ct al., 1996; Tartagha et al., 1995; Zhang et al., 1994).

The leptin receptor (OB-R) is a single-transmembrane receptor that shows
sequence homology and functional similarity to members of the class I cytokine receptor
family (Tartaglia et al., 1995). Two alternatively spliced isoforms of the OB-R have been
described, they encode receptors that vary in the length of their cytoplasmic domain. The
long form of the OB-R is highly expressed in the mouse hypothalamus (arcuate,
ventromedial, dorsomedial, paraventricular, and ventral premammillary nuclei) and is
coupled to multiple signal transducers in the STAT pathway, including STAT-3, STAT-
5, and STAT-6 (Ghilardi et al., 1996, Hakansson et al., 1996; Huang et al., 1996; Mercer
et al., 1996a; Tartaglia et al,, 1995). The short OB-R form, on the other hand, is
expressed at high levels in the mouse choroid plexus and leptomeninges and is unable to
activate the STAT pathway (Ghilardi et al, 1996; Mercer et al., 1996a). The long
cytoplasmic domain of the OB-R is deemed responsible, therefore, for intracellular signal
transduction. It is presumed that leptin circulates from the adipose tissue to the choroid
plexus, binds to the short form of the OB-R, crosses the blood-brain barrier, and
subsequently reaches the hypothalamus where it binds to the long OB-R isoform. Several
lines of evidence suggest that the failure to produce the long OB-R form is responsible for
the generation of the db/db obesity syndrome. A G to T point mutation and a 106
nucleotide inscrtion were identified within the long OB-R isoform of db/db mice. The

point mutation creates a novel donor splicing site that changes the 106 nucleotide
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insertion into a new exon (Chen et al., 1996). The presence of this novel exon in the
genomic sequence of the long OB-R results in a receptor with a truncated cytoplasmic
domain; the mutant receptor is unable to transduce the leptin signal downstream to STAT
proteins (Chen et al., 1996). By contrast, no differences in the levels of the short OB-R

isoform levels were identified between db/db and control mice (Ghilardi et al., 1996).

Multiple lines of evidence indicate that both orexigenic and anorexigenic pathways
in the arcuate nucleus are regulated by leptin. /n situ hybridization studies, using probes
specific for the tong form of the OB-R and neuropeptide (NPY), showed extensive double
labeling in the ventromedial subdivision of the arcuate nucleus (Baskin et al., 1999b;
Hakansson et al., 1996; Mercer et al., 1996b). More recently, POMC-containing neurons
in the arcuate nucleus were also found to co-express the long OB-R isoform (Cheung et
al., 1997), suggesting that melanocortins may be key mediators of central leptin effects.
Therefore, both anabolic NPY- and catabolic POMC-containing neurons are direct targets
of leptin action. In support of this hypothesis, leptin administration to 0b/ob mice was
shown to increase the cellular levels of POMC mRNA in the arcuate-nucleus (Schwartz et
al., 1997; Thomton et al., 1997). By contrast, reduced leptin signaling in the brain, due to
genetic defects (0b, db) or fasting, decreased POMC mRNA levels in the arcuate nucleus
(Schwartz et al., 1997). Leptin signaling in the CNS is thus at least partially mediated by
the hypothalamic melanocortin system. Furthermore, during fasting, both OB-R mRNA
and leptin binding were found to be elevated in the arcuate nucleus, although leptin
signaling was overall decreased (Baskin et al., 1999a). The increase in leptin receptor

expression and function was seen primarily in NPY-containing neurons; this finding is
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consistent with the activation of the orexigenic (NPY) pathways by leptin during a period

of caloric restriction.

The wide distribution of leptin receptors in the hypothalamus together with the
severity of the 0ob syndrome suggest that leptin mediates numerous pathways that control
energy balance. A biologically active form of recombinant leptin was produced in vitro
and used to assess the multiple in vivo roles of leptin. Leptin was thus demonstrated to
inhibit food intake, reduce body fat stores, increase energy expenditure, and restore
normal reproductive function when administered to ob/ob animals (Campfield et al., 1995;
Chehab et al., 1996; Halaas et al., 1995; Pelleymounter et al., 1995). Leptin treatment had
no effect in db/db animals, consistent with their leptin resistance (Campfield et al., 1995;
Halaas et al., 1995). These studies indicate that leptin has multiple endocrine functions

and may be an important therapeutic target for human obesity.

6.2. Comparison between AY and ob (db) Obesity Models

Several features differentiate the leptin obesity disorders (0h, db) from the agouti-induced
or 4" syndrome. First, defects in leptin signaling result in an early-onset morbid obesity
syndrome that develops as early as 3 weeks of age; by contrast, the 4" syndrome, caused
by agouti overexpression, is characterized by a late-onset obesity, which does not become
prevalent until 3-4 months of age. Secondly, the 4" phenotype is less severe than either
one of the leptin syndromes (Figure 11). For instance, 0b/ob mice are characterized by

increased body weight (60-80 g), hyperphagia (6-8 g food per day), reduced energy

69



expenditure (-30% of normal), hyperglycemia, hyperinsulinemia (40-50 ng/ml), high levels
of corticosteroids, hypothyroidism, dyslipidaemia, and infertility due to
hypogonadotropic hypogonadisms. A" animals, on the other hand, gain 40-50 g in body
weight, consume 5-6 g of food per day, are less deficient in using their energy stores

(-10% of normal), have normal corticosteroid and thyroid hormone levels, and no defects
in reproductive function. In addition, the non-insulin dependent diabetes (NIDDM)
syndrome that is associated with the 4" obesity is less severe than the ob disorder. A"
mice are characterized by a mild hyperglycemia (males only) and are less
hyperinsulinemic than ob animals (3-5 ng/ml). The differences in the body lengths of
ob/ob and A" animals are also of particular interest. The leptin deficiency and the high
corticosteroid levels are responsible for the stunted growth of 0b/ob animals. 4" animals,
on the other hand, are characterized by increased linear growth; the mechanism triggering
this increase remains thus far unknown. All these features, suggest that the A", rather

than the ob syndrome, resembles much better the human obesity disorder.
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Figure 11.  Comparisen between the lethal yellow (A") and leptin-deficient (0b)

obesity models.

Featured from left to right are the C57 BL/6J black (a/a), lethal yellow (4'/a), wild-type

(4/a), and obese (ob/ob) mouse.

71






7. OF MICE AND MEN

7.1. Role of Leptin in Human Obesity

Epidemiological studies show that as much as 70% of body weight variation in humans 1s
due to genetic factors. Several murine obesity genes have been cloned and characterized
within the last decade. In rodents, altered leptin signaling, due either to absence of leptin
(0ob/ob) or leptin receptor (db/db), results in a morbid obesity syndrome that resembles
the hurman disorder. The discovery of the /leptin gene was received with a lot of
enthusiasm by the scientific community. [t was initially presumed that defective leptin
signaling played a major role in the development of human obesity. Scientists hoped that
the human disorder would be easily reversed by leptin treatment, as shown previously in
rodents (Campfield et al., 1995; Halaas et al., 1995). To everybody s surprise, however,
a low frequency of leptin and/or leptin-R mutations was found within the human
population. Furthermore, the majority of obese individuals exhibit leptin resistance,
which makes a potential leptin treatment extremely unlikely. Extensive genetic analysis
of patients with juvenile obesity, anorexia, and bulimia nervosa has shown no association
between these human disorders and mutations in the coding or upstream regions of the
leptin gene (Considine et al., 1996; Echwald et al., 1997: Hinney et al., 1997; Hinney et
al., 1998b; Maffei et al., 1996). Furthermore, numerous studies point to a lack of

association between mutations in the /eptin-R gene and human obesity (Gotoda et al.,

1997a; Matsuoka et al., 1997; Rolland et al., 1998).
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There are, however, several exceptions. Two children with early-onset obesity
have been identified in a highly consanguineous pedigree of Pakistani origin (Montague et
al., 1997). Both patients were shown to be homozygous for a frameshift mutation at
codon 133 of the leptin gene (Montague et al., 1997). Because of this mutation, the
normally secreted leptin protein is misfolded in the ER, accumulates intracellularly in an
aggregate form, and is finally degraded by the proteasome (Rau et al., 1999). As a result,
much like 0b/0ob mice, the subjects have undetectable plasma leptin levels despite their
increased body fat (Montague et al., 1997). Remarkably, the two children with congenital
leptin deficiency responded to leptin therapy. Peripherally administered leptin had a
dramatic effect in these patients and improved their endocrine condition within a short

amount of time (Farooqi et al., 1999).

A second group of leptin missense mutations associated with morbid obesity have
been described in a highly consanguineous Turkish family (Ozata et al., 1999; Strobel et
al., 1998). The affected individuals have multiple endocrine defects other than obesity,
including hypogonadism, decreased sympathetic tone, and immune system dysfunction.
Interestingly, leptin deficiency seems to be associated with an increased mortality rate
during childhood, since 7 out of the 11 obese children in this family succumbed to
infections very early in life (Ozata et al., 1999). Three other Turkish obese individuals
were identified as having the same mutation in the /eptin gene (Arg'” to Trp) (Pankov,
1999). The leptin mutation at codon 105 suppresses the ability of leptin to be secreted,
thus having a similar effect as the previously described mutation at codon 133 (Pankov,

1999; Rau et al., 1999). The same report describes homozygous mutations at the db
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locus in a family of Kabilian origin (Pankov, 1999); these mutations result in truncated
leptin receptors that lack both transmembrane and intracellular domains and are unable to
couple to STAT proteins. Both groups of patients exhibit obesity, diabetes, reduced
growth, and infertility. A similar mutation, described at the db locus, results in a
truncated, nonfunctional leptin receptor (Clement et al., 1998). The clinical symptoms
associated with this mutation include morbid obesity, hypogonadism, hypothyroidism,

and reduced growth hormone secretion (Clement et al., 1998).

These examples provide the first evidence that leptin plays a role, albeit small, in
the genetic inheritance of human obesity. It is now clear that leptin (leptin-R) gene defects
segregating with human obesity are extremely rare (Considine et al., 1996; Echwald et al,,
1997; Gotoda et al., 1997a; Hinney et al., 1997; Hinney et al., 1998b; Maffei et al., 1996;
Matsuoka et al., 1997; Rolland et al., 1998). Homozygosity at the ob (db) locus is
necessary for the development of obesity due to leptin (leptin-R) deficiency in both mice
and humans. A low frequency of human ob/+ (db/+) carriers may be responsible for the
reduced number of obesity cases due to leptin deficiency, which have been found so far in

the general population, and their predominant occurrence in highly consanguineous

pedigrees.
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7.2.  Role of Proopiomelanocortin (POMC) in Human Obesity

Once it became clear that the frequency of leptin mutations associated with human
obesity was extremely rare, additional targets, downstream of leptin signaling, were taken
into consideration. Among them are components of the melanocortin system, such as
MC4-R, POMC, and AGRP. The first indication of a connection between melanocortins
and human obesity came in 1998 when the first two examples of POMC-deficiency in
humans were uncovered (Krude et al., 1998). The pathophysiology of the human
condition is strikingly similar to that of the POMC KO mouse (Yaswen et al., 1999).
The two patients display early-onset obesity, hyperphagia, adrenal insufficiency, and red
hair pigmentation (Krude et al., 1998). The molecular cause of the human disorder is a
genetic defect within the POMC gene. Patient 1 was identified as a compound
heterozygous for two mutations in exon 3 that blocked POMC processing to «-MSH and
ACTH (Krude et al., 1998). The second patient was homozygous for a mutation in exon
2. which interfered with POMC translation (Krude et al, 1998). In both cases the
production of a-MSH and ACTH is virtually compromised. The clinical symptoms of
the two patients can be explained by the lack of ligands for the melanocortin receptors,
MCI-R, MC2-R , and MC4-R. For instance, the lack of ACTH secretion results in
adrenal insufficiency that is associated with hypocortisolism and hypoglycemia.
Furthermore, the absence of o-MSH at both MCI-R and MC4-R results in

pheomelanization (red hair pigmentation) and the development of a severe obesity

syndrome.
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Recently, the targeted disruption of the murine POMC gene was accomplished
and produced a phenotype very similar to the human condition (Krude et al., 1998).
Mice homozygous for the POMC null allele displayed severe obesity, adrenal
insufficiency, and altered skin pigmentation (Yaswen et al, 1999). Interestingly, the
POMC KO mouse was shown to respond to melanocortin agonists administered
peripherally. As a consequence of the melanocortin treatment, the murine phenotype
improved dramatically in a short amount of time. This ntriguing result makes POMC

and melanocortins excellent targets for the treatment of human obesity.

The important role that melanocortins play in the regulation of body weight is
also suggested by the severe obesity phenotype displayed by both rodents and humans
with mmpaired POMC processing (Jackson et al, 1997). A genetic defect in
carboxypeptidase E (CPE), identified as the for mutation, causes a severe obesity and
diabetes syndrome in mice (Naggert et al., 1995). Likewise, mutations in prohormone
convertase 1 (PCI) result in humans in an early-onset obesity associated with
Typerglycemia, hypogonadotrophic hypogonadism, and hypocortisolism (Jackson et al.,
1997). The patient is identified as being a compound heterozygous for two mutations in
PC1, one that prevents the processing of proPCI and the second that introduces a stop
codon within the catalytic domain (Jackson et al., 1997). PCI acts proximally to
carboxypeptidase E (CPE) in the processing pathways of several prohormones, including
POMC and proinsulin. As a result, POMC and proinsulin fevels are high whereas insulin
concentrations are low, which triggers the development of obesity and diabetes in both

mice and humans (Jackson et al., 1997; Naggert et al, 1995). In conclusion, genetic
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defects in POMC synthesis and/or processing result in morbid obesity in both humans
and rodents. This suggests that components of the melanocortin system may play a

critical role in the etiology of human obesity.

A genome-wide scan for human obesity genes was carried out within the last years
and culminated with the identification of two major susceptibility loci (Hager et al.,
1998). The first locus, on chromosome 2, was found to be tightly linked to serum leptin
levels and body fat stores in a large population of Mexican Americans affected by the
disease (Hager et al.,, 1998). The linkage was later confirmed in African American and
French populations as well (Rotimi et al., 1999). A second major locus associated with a
high risk for obesity is located on chromosome 10 (Hager et al., 1998). This candidate
region for human obesity was identified following a genome scan of affected siblings in a

collection of French families.

Several candidate genes for human obesity, including POMC, have been identified
within the quantitative trait locus (QTL) on chromosome 2 (Hager.et al., 1998). A recent
genetic study provides new evidence supporting the claim that POMC is indeed the
leptin QTL previously identified in Mexican American families.(Hixson et al., 1999).
However, extensive genetic analysis in a large cohort of Caucasians with early-onset
obesity has failed to reveal an association between mutations in the coding or promoter
region of the POMC gene and juvenile obesity (Echwald et al., 1999; Hinney et al.,
1998a). The same was true for patients suffering from anorexia nervosa (Hinney et al.,

1998a). It is possible that the frequency of POMC mutations affecting eating disorders is
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higher in certain ethnic groups, such as Mexican or African Americans, than in the general

population. This hypothesis requires, however, further investigation.

Obese patients are at high risk factor for developing type 2 diabetes (NIDDM).
The etiology of this disease is rather complex, with both genetic and environmental
factors playing major roles. Recent studies conducted in a group of Mexican Americans
indicate two major susceptibility loci for NIDDM on chromosomes 2 and 15,
respectively (Cox et al., 1999; Hanis et al., 1996). No candidate genes have been thus far
associated with a higher incidence of developing NIDDM. Identifying these genes
remains, however, a high priority; it is hoped that genetic screening will help prevent the

development of obesity as well as NIDDM.
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7.3.  First Cases of Altered MC4-R Signaling Identified in Human

Population

Recently, two frameshift mutations in MC4-R (a deletion at codon 211 and an insertion
at codon 245) were found to be associated with a dominantly-inherited form of human
obesity (Vaisse et al., 1998; Yeo et al., 1998). As a consequence of these mutations, the
MC4-R becomes truncated at either the fifth or sixth transmembrane domain and is
therefore non-functional. = The human subjects harboring these mutations are
heterozygous at the MC4-R locus, suggesting that, similar to rodents, one copy of a
defective MC4-R is sufficient for the development of morbid obesity (MC4-R
haploinsufficiency).  Extensive screenings of obese individuals resulted in the
identification of additional MC4-R mutations, including a nonsense and several missense
mutations (Table 4) (Gu et al., 1999; Hinney et al., 1999; Sina et al., 1999; Yeo et al.,
1999). The nonsense mutation occurs at position 35 of the MC4-R and produces a
truncated receptor that retains only the N-terminal extracellular domain (Hinney et al.,
1999). This defect in MC4-R is presumed to result in 4 lack of receptor expression on
the plasma membrane; the immature receptor is likely misfolded in the ER and degraded
by the proteasome. MC4-Rs that harbor missense mutations are also presumed to be
non-functional due to defects in synthesis, ligand binding, or coupling to signal
transducers. However, only a few of these mutations have been pharmacologically tested.
The Ile"*'Thr MC4-R variant, for instance, which was identified in an extremely obese

subject, displays reduced agonist affinity and functional activation when expressed in 293
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HEK cells (Gu et al.,, 1999). The functional significance of the other missense mutations

remains to be established.

These studies indicate that mutations in the coding region of the MC4-R are not
uncommon and suggest that the melanocortin system plays an essential role in regulating
weight homeostasis in humans. Hemizygosity of the MC4-R gene is considered today to
be responsible for as much as 5% of the pediatric obesity cases (Vaisse et al., 1998; Yeo
et al., 1998); this percentage is likely to increase in future years as more screening testing
will be conducted. Not all allelic variants of the human MC4-R, however, are associated
with morbid obesity. For example, Tle'” Val, Thr''*Met, and Ile*'Leu variants are
polymorphisms since they have been detected with similar frequencies in both obese and
lean human subjects (Gotoda et al., 1997b; Gu et al., 1999; Hinney et al.,, 1999). This
prediction is supported by the observation that both Ile'” Val and Thr''*Met variants

display normal in vitro pharmacology (Gu et al., 1999; Hinney et al., 1999).

An intriguing recent study (Cody et al., 1999) challenges previous conclusions
(Hinney et al., 1999; Vaisse et al., 1998; Yeo et al., 1998) suggesting that dominantly-
inherited obesity, which segregates with human MC4-R mutations, is due to
haploinsufficiency of this gene (Cody et al., 1999). The authors have been investigating
the phenotype of individuals that harbor large deletions of chromosome 18q (Cody et al.,
1999). Since the MC4-R locus is mapped to 18921.3, one third of the subjects included in
the study were found to be hemizygous for this gene (Cody et al, 1999). If

hemizygosity of the MC4-R gene is indeed associated with haploinsufficiency, then these
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individuals would be expected to exhibit obesity. No differences were found, however,
between them and individuals with deletions of 18q that did not include the MC4-R gene
(Cody et al., 1999). The results of this study seem to indicate haplosufficiency rather
than haploinsufficiency of the MC4-R gene. Furthermore, the authors attribute the
obesity induced by human MC4-R mutations to a dominant negative effect (Cody et al.,
1999). This implies that in human subjects, heterozygous for MC4-R mutations, the
second receptor copy might be expressed at lower levels and be less functional than
normal. The exact mechanism is, however, unclear at this time. The controversy is likely

to generate more debate in the years to come.
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Table 4. Natural MC4-R variants associated with human obesity.
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8. MAHOGANY AND MAHOGANOID: SPECIFIC

ACTIVATORS OF AGOUTI AND AGRP

8.1. Discovery of Mahogany and Mahoganoid

Two autosomal mutations, mahogany and mahoganoid were identified several decades
ago as natural suppressors of A'-induced yellow pigmentation. Both mutations were thus
capable of shifting melanogenesis from phacomelanin to eumelanin synthesis (Lane and
Green, 1960). Although they generate the same phenotype, the two genes are located on
different chromosomes (2 and 16, respectively). This tends to suggest that mahogany and
mahoganoid are part of the same pathway, although they might have different functions.
Several mutations have been described at the mahogany locus; they include a loss-of-
function mutation, mg®, that originated in the C3HeB/Fel background, and two
hypomorphic alleles, mg and mg", identified in the LDJ/Le and C3H/He backgrounds,
respectively (Gunn et al, 1999; Miller et al., 1997; Nagle et al., 1999). Only one
mutation (md) has been described at the mahoganoid locus and it was identified in the
C3H/HeJ background (Miller et al, 1997). More recently, the mg mutation was
recovered from its original LDJ/Le background and backcrossed into the CS57BL/6J

(Dinulescu et al., 1998). This allowed a much better analysis of the mg effects on the A"

phenotype in a uniform genetic background.
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8.2. Distribution and Structural Characteristics of Mahogany

The mahogany gene was identified by positional cloning last year, four decades
after its discovery (Gunn et al., 1999; Nagle et al., 1999). As it turns out, the mahogany
locus encodes a transmembrane form of attractin (Atrn), a human protein that was
previously identified as an immunomodulatory molecule. At is found on the cell
surface of different cell types of the immune system. It is thought, however, that it
accumulates rapidly on the plasma membrane of activated T cells, following their
exposure to antigen (Duke-Cohan et al., 1998; Jackson, 1999). Atrn is then secreted in
the serum where it mediates the spreading of monocytes, which can subsequently act as

foci for T cells clustering (Duke-Cohan et al., 1998).

By contrast, the transmembrane form of Atrn, mahogany, is predominantly
expressed in the brain, with lower levels in the adipose tissue, kidney, heart, spleen, liver,
lung, skin, spinal cord, and skeletal muscle (Gunn et al., 1999; Nagle et al., 1999). Within
the CNS, the mahogany gene has a wide but discrete distribution in specific populations
of neurons (Lu et al,, 1999). Interestingly, mahogany mRNA is present in neurons but
not glial cells (Lu et al., 1999). Major sites of mahogany expression in the brain are the
hippocampus, hypothalamus, and primary olfactory cortices (Lu et al., 1999). In the
hypothalamus, mahogany is found in several nuclei, including arcuate, ventromedial, and
paraventricular nuclei, that have been previously shown to be involved in energy
homeostasis (Lu et al., 1999). Mahogany is also highly expressed in areas of the nervous

system responsible for motor and balance control, including the cerebellum, inferior
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olivary nucleus, and ventral horn of the spinal horn (Lu et al., 1999). Sensory areas, such
as the nucleus of the solitary tract and parabrachial nucleus, contain a high density of Ann
mRNA as well (Lu et al,, 1999). Finally, mahogany mRNA was detected in the thoracic
and lumbar spinal cord, especially in the intermediolateral nucleus that controls

cardiovascular activity and brown tissue thermogenesis (Lu et al., 1999).

Sequence (i.e. coding region and adjoining introns) comparison of normal and
mutant mahogany mRNA transcripts allowed the identification of several defects. The
mg>’ mutation, for instance, is a null allele at the mahogany locus, with no mRNA
expression detected in mg*/mg®’ mice. Furthermore, a 5 bp deletion was found in the
coding sequence of the mg* transcript, which introduces a stop codon at position 937
and results in a severely truncated protein (Nagle et al., 1999). Two hypomorphic alleles,
mg and mg", have also been identified. Both of them are incorrectly spliced variants of
mahogany, each containing a 5 kb insertion in adjacent introns of the normal gene. As a
result, the two alleles are characterized by transcripts of abnormal sizes: 9.5 kb for the mg
allele and 10 kb for mg", respectively; both of them, however, still maintain the normal 9
kb transcript, albeit at reduced levels (Gunn et al., 1999; Nagle et al., 1999). This aberrant
pattern of RNA expression explains the hypomorphic nature of the two mutations (Gunn
et al., 1999; Nagle et al., 1999). Of the three mutations, mg“ is expected to have the
strongest effect because of its total loss of mMRNA expression. It has already been shown

that mg® has a more dramatic effect on agouti pigmentation than the other mutations

(Gunn et al., 1999).
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The murine mahogany gene is predicted to encode a 1,336 amino-acid protein,
with a relative molecular mass of 150 kDa (Gunn et al., 1999; Nagle et al., 1999). The
primary structure of mahogany shows homology with several domains of the C. elegans
perlecan-like F33C8.1 protein, (Figure 12) (Gunn et al, 1999; Nagle et al, 1999),
suggesting that it may be evolutionarily conserved. Mahogany is a single-transmembrane
domain protein with a large extracellular region and a short cytoplasmic tail that shows no
obvious signaling motifs, suggesting that its action may be entirely at the cell surface
(Gunn et al., 1999; Nagle et al., 1999). The mahogany tail contains, however, a conserved
eight amino-acid sequence that is present in human, mouse, and C. elegans proteins.
Further investigations are required in order to establish whether this short amino acid

sequence is in fact a signaling motif that has been conserved during evolution.

The structure of the extracellular domain reveals several distinct structural motifs,
which might provide insight into the biological functions of mahogany (Figure 12) (Gunn
etal, 1999; Nagle et al., 1999). The extracellular domain consists of three EGF domains
(Nakayaria et al, 1998), two laminin-like EGE .repeats, a. CUB domain .(Bork and
Beckmann, 1993), two plexin-like repeats (Maestrini et al., 1996), a C-type lectin motif
(Drickamer, 1995; Weis and Drickamer, 1996), and seven Kelch repeats (Bork and
Doolittle, 1994) (Figure 12). EGF and laminin-like EGF domains arc characteristic of
transmembrane proteins involved in cell adhesion and protein-protein interactions (i.e.
ligand-receptor) (Nakayama et al, 1998). Mahogany is predicted to be highly
glycosylated as it contains C-type lectin motifs, which are known to bind carbohydrate

residues (Bork and Beckmann, 1993; Drickamer, 1995; Weis and Drickamer, 1996).
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Lectins are thought to be important for cell surface sugar recognition. CUB domains, on
the other hand, are considered signature motifs for developmentally-regulated proteins.
They have been described so far in twenty-three functionally distinct proteins, most of
them involved in development (i.e. dorso-ventral patterning, axonal pathfinding during
embryogenesis) and cell migration and differentiation (Bork and Beckmann, 1993).
Interestingly, CUB domains were identified in neuropilins, transmembrane proteins that
mediate axonal guidance during neurodevelopment through a chemorepulsion mechanism.
Furthermore, the CUB motifs were found to be critical for the specificity of the
chemorepulsive response triggered by neuropilins. Another class of transmembrane
proteins, plexins, were also shown to be involved in axonal pathfinding. The structural
characteristics of the mahogany protein (CUB domains, plexin-like repeats) suggest that it
may play an important role in the assembly and maintenance of neuronal connectivity
during development. Thus, mahogany/attractin, in its either secreted and/or

transmembrane forny, could serve as a molecular cue for neurite pathfinding, outgrowth,

and/or synapse formation.
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Figure 12.  Structural features of mahogany/attractin.

Alignment of the murine mahogany sequence with its homologues, human attractin and
the C. elegans perlecan-like F33C8.1 protein. Featured are the large extracellular region,
single transmembrane domain (TM), and short cytoplasmic tail. The high degree of
homology between the extracellular region of mahogany and human attractin (93%)
indicates that mahogany is in fact a transmembrane form of human attractin (Gunn et al.,

1999). Prominent structural features of the extracellular sequence include several EGF

repeats, a CUB domain, and a C-type lectin motif.
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8.3.  Physiological Characterization of Mahogany

Major steps have been taken lately towards the molecular and functional characterization
of the two mg and md mutations that result in suppression of agouti function. Genetic
studies have positioned the mg mutation at the same level or upstream of the
melanocortin receptors based on the fact that it cannot suppress the phenotype of either
MCI-R or MC4-R KO [our results and others (Miller et al., 1997; Nagle et al., 1999)]
(Figure 13). Detailed physiological analysis of animals carrying 4" and mg mutations
indicates that absence of mahogany suppresses not only phacomelanin synthesis but also
the agouti-induced obesity syndrome (Dinulescu et al.,, 1998). This topic is described in
more detail in chapter three of the thesis. Recent evidence (Dinulescu et al., 1998; Miller
et al., 1997) suggests that mahogany is involved in mediating the interaction between
agouti and MC1/MC4-R. Furthermore, mahogany is shown to have physiological effects
in the absence of A" (Dinulescu et al, 1998), which strongly argues for the role of
mahogany in facilitating AGRP binding to MC4-R as well. However, a direct interaction
between mahogany and AGRP has not yet been-proven. It ‘would be interesting to
determine whether homozygous mg mutants are able to respond to exogenous and/or
endogenous AGRP. Comparing the feeding patterns of mg/mg and control animals
following central administration of AGRP, as well as examining the phenotype of the

mg/AGRP transgenic cross would be instrumental in answering these questions.

Loss of mahogany suppresses agouti antagonism of the melanocortin receptor

agonist, a-MSH. Thus, absence of mahogany is presumed to elicit increased signaling at
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melanocortin receptors (MC1/4-R). Recent studies indicate that central administration of
melanocortin agonists results in an increased energy expenditure (Cowley et al., 1999). A
chronic increase in MC4-R signaling in mg/mg mice could thus explain the

hypermetabolism of these animals (Dinulescu et al., 1998).
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Figure 13.  Absence of mahogany does not suppress the phenotype of the MC4-R

knockout (MC4-R KO) mouse.

Weight analysis of MC4-R KO mice indicates no difference between animals
homozygous at the mahogany locus and wild-type. Mahogany has thus no effect on

energy homeostasis in the absence of the MC4-R, suggesting that it acts at or upstream of

the melanocortin receptor.
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8.4. Insights into the Molecular Mechanism of Mahogany Action

Several potential models have been proposed to illustrate the interaction between
mahogany and the melanocortin system (Figure 14). A first model suggests that
mahogany is in fact a low-affinity co-receptor of MC1/4-R, with the main function of
increasing the concentration of antagonist (agouti/AGRP) in the immediate vicinity of
melanocortin receptors (Figure 14) (Gunn et al.. 1999; Miller et al., 1997; Nagle et al.,
1999). Mahogany action would thus facilitate the antagonist-receptor interaction in two
possible ways: 1) mahogany binds the antagonist and presents it to the receptor, or, 2) it
removes the agonist from the immediate vicinity of the receptor, thereby allowing more

access of the antagonist to the receptor.

There is significant doubt, however, as to whether the co-receptor model is a
likely model of interaction for both agouti and AGRP. First, the N-terminus of the
antagonist is proposed to interact with mahogany while the C-terminal domain is
visualized as binding to the receptor (Gunn ct al., 199Y).. Based on the -absence of any
structural similarities between agouti and AGRP it is difficult to imagine that this is
indeed the case. In addition, the mg and md mutations appear to have the same
phenotype. If mahogany is indeed a co-receptor, then what role does mahoganoid play?
An alternative model of mahogany action focuses on the interaction of mahogany with the
receptor rather than the agonist/antagonist. This model suggests that mahogany is
involved in the process of receptor desensitization via post-translational modifications or

cellular internalization (Figure 14) (Gunn et al., 1999; Miller et al., 1997).
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I would like to propose a third model of mahogany action that takes into account
the structural similarities between mahogany and membrane proteins involved in cell
adhesion. This model suggests that mahogany plays a key role in mediating the proper
formation of neuronal architecture and allowing the axonal delivery of antagonist-
containing secretory vesicles to melanocortin receptors (Figure 14). Immunoelectron
microscopy studies focused on comparing the distribution of AGRP/a-MSH contacts on
MC4-R-containing neurons in mg mutant and control amimals may help test this model.
The discovery of potential differences in the structural organization or in the overall
distribution of a-MSH/AGRP termini at the MC4-R would constitute a big step forward

in the molecular characterization of mahogany action.
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Figure 14.  Potential models of mahogany-agouti/AGRP interaction.

A. The co-receptor model.

MC4-R and mahogany form a receptor complex. Mahogany increases the local
concentration of agouti/AGRP by binding to the N-terminal portion of the antagonist and
presenting it to the MC4-R.

B. The receptor desensitization model.

MC4-R downregulation is achieved as a result of mahogany action via two possible
pathways: cellular internalization (1) and post-translational modification (2).

C. Cell adhesion model.

Mahogany is a cell adhesion molecule, which mediates the necessary cell-cell interactions
that allow the axonal delivery of antagonist (agouti/AGRP)-containing secretory vesicles

to MC4-R. Mahoganoid, which appears to have similar effects to mahogany, may be a

target for mahogany action.
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9. SPECIFIC AIMS AND OUTLINE OF THE THESIS

The main focus of my thesis has been the characterization of the mg mutation, a specific
agouti and AGRP suppressor. Three years ago, when this project was initiated, only
limited data regarding mahogany was available. Thus, a report, dated 1960, indicated that
the hypomorphic mg mutation was a natural suppressor of A'-induced yellow
pigmentation The sequence of the mahogany genc was published only a year ago,
therefore, no information on the distribution or function of mahogany was available at the
time. [t became then critical to physiologically characterize the mg/mg animals, which
lack normal mahogany expression. In addition, the effects of mahogany on energy and
glucose homeostasis were investigated in two models of murine obesity: lethal-yellow

(A" and leptin-deficient (0b).

The goals of this research have been to determine:
) Does absence of mahogany suppress the A'-induced obesity syndrome? The
results of this investigation are presented n chapter three.
2) Does loss of mahogany have any effects on energy homeostasis, aside from A"
| suppression?  Since agouti is not normally expressed in the brain and the role of
ectopically expressed agouti is mimicked by endogenous AGRP, this finding would
strongly argue for mg suppressing AGRP action as well. The results of this study are
described in chapter three.
3) Does the melanocortin system and/or mahogany play any role in the regulation of

glucose homeostasis? The absence of mahogany protcin in mg/mg animals is presumed to
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elicit increased signaling at both central and peripheral melanocortin receptors. The
mg/mg mutant thus represents the first in vivo model of chronic melanocortin signaling.
By contrast, i.c.v. administration of MTIL, an MC3/4-R agonist, results in acute
stimulation of central melanocortinergic pathways. The existence of the two models
(acute and chronic) of increased melanocortin signaling offered an unique opportunity to
investigate whether the melanocortin system played any role in the regulation of insulin
release and glucose metabolism. The effects of M T1l administration on insulin release and
insulin sensitivity are described in chapter four. The role of mahogany in the control of
glucose homeostasis is outlined i chapter five.

4) Finally. what is the molecular mechanism of mahogany action in the brain? Our

model of the interaction between mahogany and AGRP is presented in chapter six.

A second goal of my thesis was to decipher the relationship between canine agouti and
MC1-R in order to determine whether it represents a novel type of interaction. Classical
genetic studies suggested the existence of a dominant canine agouti that functions as an
“agonist, rather than aniagonist, ofthe MC1-R. A second prediction of these.studies (i.e.

canine yellow coat color is due to a nonfunctional MC1-R) was also under investigation.

The results of this study are outlined in chapter two.
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CHAPTER TWO

GENETIC INTERACTION BETWEEN CANINE

EXTENSION AND AGOUTI

Daniela M. Dinulescu!-2 and Roger D. Conel-?

IWollum Institute, 2Department of Cell and Developmental Biology, Oregon Health

Sciences University, Portland, OR 97201
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ABSTRACT

Classic genetic studies (Little, 1957) have proposed that in dogs, unlike mice, black coat
color is caused by a novel dominant agouti allele, A%, which functions as an agonist of the
melanocyte-stimulating hormone receptor (MSH-R). In addition, a recessive e allele at
the extension locus was proposed to account for the canine yellow coat color (Little,
1957). A more recent genetic study (Carver, 1984), which uses statistics to analyze the
inheritance of coat color in German Shepherd dogs, calls into question the cxistence of the
putative 4% allele; it does, however, find statistical proof for the presence of the e allele.
We have tried to resolve this controversy by analyzing the molecular structure and
expression pattern of agouti in black-colored dogs. No evidence was found to support
Little s proposal of the 45 allele. We thus conclude that the black coat color is likely
caused by a recessive non-functional agouti allele much like in rodents. In addition, we
provide evidence indicating that the canine e allele encodes a non-functional MCI1-R,
which is unable to either bind ligand or transduce the hormonal signal downstream to
adenylyl cyclase. Our data suggest that the truncated MC1-R fails to reach the plasma
membrane and is rapidly degraded intracellularly. Taken together, these results indicate
that the relationship between agouti and extension loci in Canis familiaris closely

resembles those described in other mammalian species.
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INTRODUCTION

Agouti is a paracrine-signaling factor, secreted by dermal papillac cells, that acts within
the hair follicle microenvironment to block melanocortin action at the MCI-R on
melanocytes (Lu et al, 1994). Agouti has thus been demonstrated to be a specific
competitive antagonist of MC1-R in all mammalian species studied so far. Classical
genetic studies (Little, 1957) have proposed that in dogs the agoutl series consists of
dominant black, 4%, tan-sable a*, gray-sable, a*, and black-and-tan, a'. With the exception
of the dominant 45 allele, all the other canine agousi alleles are associated with
conventional agouti phenotypes. Little s study, however, points out that dominant
inheritance of black coat color in dogs co-segregates with the A5 allele. The 45 allele thus
promotes, ‘rather than restricts, the expansion of eumelanin throughout the coat,
suggesting that it might function as a MC1-R agonist. This proposal has sparked a lot of
controversies in the literature. A more recent genetic analysis has used statistics to check
the accuracy of the data reported by classical breeders (Carver, 1984). Carver s study
finds no evidence for the existence of A5 in several breeds under investigation (i.e. German
shepherd). According to this study, the black coat color of German shepherd dogs is

caused instead by a recessive agouti (a) allele, similar to other species.

Little also conducted studies of the canine extension (E) locus and found evidence
for two alleles: £ for normal extension of black pigment, and recessive e, which is
associated with total loss of eumelanin (Little, 1957). The £ allele is thus likely to encode

a wild-type MCI1-R whereas e is predicted to encode a non-functional receptor. The
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genetics of the canine extension locus does not appear to differ greatly from those of other
mammals. [t is interesting, however, that, unlike other species (i.e. fox, mouse, bovine,
sheep), there is no genetic evidence supporting the existence of a dominant £ allele in dogs
that co-segregates with black coat color. Furthermore, statistical analysis of the £ series
in German shepherd dogs found evidence only for the two E alleles proposed by Little

(Carver, 1984).

The present report tries to clarify some of the existing confusion in the field. We
have cloned the canine agouti and MCI1-R genes and have analyzed the different alleles at
the two loci, focusing mainly on the 4% and e alleles. This study describes the molecular

and pharmacological characterization of the two extension alleles, as well as the structure

and distribution of the A% allele.

MATERIALS AND METHODS

Cloning of canine agouti. A canine genomic library was assembled using DNA from a
black coat-colored dog and the Zap Express™ A phage (Stratagene) as a vector. 100 ng of
genomic DNA were ligated to 1 ug of the BamHI digested Zap Express™ vector at 12°C
overnight. The Zap Express'™ Gigapack 1I Gold Cloning kit (Stratagene) was used to
package the ligation products into the Rec A™ E. coli XL1-Blue MRF host strain. One
million pfu of phages were screened at low stringency with two *?P-labeled DNA
fragments encompassing the murine agouti exons 2, 3, and exon 4, respectively. Positive

clones were selected by two additional rounds of hybridization with the same probes.

100



The cloned inserts contained within the A vector were isolated using a standard excision
protocol (Stratagene). Three different cloned were identified by restriction mapping,
subsequently subcloned and sequenced. A homology search of the Genbank database

using the cloned DNA fragments led to the identification of the complete canine agouti

sequence.

PCR amplification and sequencing of canine MC1-R. The canine MC1-R was cloned
by PCR amplification using degenerate primers based on the sequence of known MCl1-
Rs. DNA sequencing of MC1-Rs from a large family of Labrador Retrievers allowed the
identification of a nonsense mutation (Arg** to Stop) that co-segregates with yellow coat

color.

Binding and adenylyl cyclase assays. MCI-Rs from black (£) and yellow (e) Labrador
Retrievers were stably transfected into a human HEK 293 cell line following standard
protocols (lipofectin transfection). Competition binding experiments were performed on

HEK 293 stable cells expressing the wild-type (£) or truncated MC1-R (e). Cells were

incubated for 1 h at 37°C with 1 nM '*I-NDP-a-MSH and varying concentrations of
cold NDP-a-MSH, washed with cold PBS, lysed, and counted in a y-counter. Non-
specific binding was determined by the number of counts remaining in the presence of 1
uM cold NDP-a-MSH. Binding data was analyzed using Prizm (Graphpad Software).
Curves were fitted and ICs, values determined by nonlinear regression (one site

competition). Data indicate the mean and standard deviation of duplicate counts.
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The ability of the two MC1-Rs (wild-type and MCIR-306ter) to couple to adenylyl
cyclase and stimulate intracellular cAMP production was measured by using a B-gal
assay. This is a rapid colorimetric assay using a B-gal (lacZ) gene fused to five copies of
the ¢cAMP response element (CRE) that detects intracellular CRE binding protein
(CREB) activation caused by increased cAMP. 293 stable cells expressing canine MC 1 -
Rs were transiently transfected with a pCRE-B-gal construct and stimulated with varying
concentrations of cold NDP-a-MSH 48-72 h later. Following stimulation, cells were
lysed and assayed for -gal activity as previously described (Chen et al., 1995). Curves
were fitted and ECs, values determined by nonlinear regression using Prizm (Graphpad

Software). Data indicate the mean and standard deviation of triplicate counts.

Northern and Western analysis of MCi-R. Wild-type MC1-R and MCI1R-R306ter,
tagged at the N-terminus (Flag), were transiently transfected into HEK 293 cells. The
transfection efficiency was determined by using a green fluorescent protein (GFP)
construct. mRNA levels were examined by Northern analysis. Protein levels were

determined by Western analysis on whole-cell or membrane extracts using the anti-Flag

M2 antibody (Kodak and Sigma).

RESULTS

Our study was based on the assumption that the 4% allele, if real, must encode a protein
with a novel mechanism of action. The goal of this analysis was to identify potential

mutations in the 4% gene product that would convert it into an agonist of the MC1-R. We
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have thus cloned and sequenced the complete coding region of the agouti gene from dogs
with or without the proposed A5 allele. The genomic organization of the canine agouti
gene proved to be rather complex, as it spanned over 12 kb; it was, however, equivalent to
the agouti structures of other mammals. We have determined that, similar to other
species, canine agouti consists of three exons and a putative first non-coding exon (Figure
1 A). Sequencing of the agouti gene uncovered a protein with a high degree of homology
to mouse (85%) and fox (98%) agouti (Figure 1 B). The canine gene product has all the
structural features characteristic of other agouti proteins, including an N-terminal signal
peptide, a highly basic middle region, and a C-terminal domain rich in Cys and Pro
residues (Figure 1 B). The high degree of homology between the canine and fox agouti

proteins confirms that the two species are closely related.

In order to prove or disapprove the theory regarding the existence of the A% allele
we have amplified and sequenced the complete ¢cDNA of all canine agouti alleles. No
differences in the coding region or intron-exon junctions were detected between A5 and the
other alleles of the agouti series. Furthermore, we have analyzed the tissue distribution of
the 4% allele to determine whether it matched the localization pattern of dominant agouti
alleles described in other species. Thus, in the mouse, wild-type agouti (4) is found only
in skin and testis, with the recessive agouti (a) allele following a similar expression
pattern but at much lower levels; by contrast, the dominant 4" allele is characterized by
constitutive, ectopic expression due to a promoter rearrangement. Northern analysis of

various tissues from dogs carrying the 49 allele failed to detect agouti expression outside

103



the skin and testis (Figure 2). In addition, we detected reduced levels of agouti expression

in these tissues, which is consistent with 45 being a recessive allele.

The second goal of our investigation was to establish whether the recessive
extension allele (e) encodes in fact a non-functional MCI-R. We and others (Newton et
al., 2000) have cloned and analyzed the complete sequence of the canine MC1-R (Figure
3). Again, the highest degree of homology was seen with the fox protein (98%).
Interestingly, in fox, a constitutively activating C125R mutation in the MC1-R (E") was
demonstrated to co-segregate with dark pigmentation. Our analysis of the canine
extension locus has not identified this mutation in black-colored dogs, lending credence to
Little and Carvers initial predictions that black coat color is not caused by a

constitutively activated MCI-R.

We have characterized the extension locus in a large family of Labrador Retrievers
and found a complete linkage between yellow coat color and homozygosity of the e allele.
Sequence analysis of the MC1-R isolated from black Labrador dogs fails to reveal any
constitutively activating mutations, suggesting that it is a wild-type receptor. By
contrast, examination of the MC1-R sequence from yellow Labradors showed a nonsense
mutation at Arg®” that caused premature termination of the aminoacid chain. As a result,
the truncated receptor (MCIR-R306ter) lacked the C-terminal cytoplasmic domain,
which might play an important role in receptor trafficking from ER to the plasma
membrane. Once the sequence analysis was complete, we proceeded to investigate

whether the receptor encoded by the recessive e allele was indeed non-functional. Both
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receptors (wild-type and truncated) were stably expressed in the 293 HEK cell system
for pharmacological analysis. The results of this study are illustrated in Figure 4. The
ICs (5.4 x 10'% and ECs (5 x 10%) values determined for the black Labrador MCI1-R
were comparable to those reported for the wild-type mouse MCI1-R, further suggesting
that the canine E allele encodes a wild-type receptor. By contrast, the truncated MCIR-
306ter can neither bind the NDP-o-MSH ligand (Figure 4 A) or increase intracellular

cAMP production by coupling to adenylyl cyclase (Figure 4 B).

This prompted us to investigate the possible molecular causes for the loss of
MC1-R function in e/e dogs. The main defect does not appear to be at the transcriptional
fevel, since no differences were detected between the mRNA levels of full-length and
truncated MC1-R (Figure 5). Our study rather points to evidence of decreased protein
stability for MC1R-R306ter, as indicated by Western analysis of total cellular extracts
transiently transfected with either full-length or truncated receptor (Figure 6).
Furthermore, Western analysis of membrane preparations from the same cells revealed a
total loss of cell surface expression for the truncated (MC1R-R306ter) receptor (Figure

6), thus explaining its inability to bind ligand.

DISCUSSION

Two main conclusions can be drawn from our study. First, we have found no evidence in
support of a dominant agouti allele showing linkage with black coat color in dogs. Our

conclusion is supported by several observations. No coding differences were detected
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between 45 and the other canine agouti variants. Furthermore, the 4% localization pattern
does not resemble the distribution of dominant agouti alleles found in other species (1.e.
A"). Secondly, our study confirms Little and Carver s predictions regarding the existence
in dogs of a recessive e allele that causes the inheritance of yellow coat color. In addition,
we have provided evidence that e encodes a truncated (MC1R-R306ter), non-functional
receptor. This suggestion is supported by the pharmacological characterization (binding
and adenyly! cyclase assays) of MCIR-R306ter. Our molecular analysis of the truncated
receptor suggests that MCIR-R306ter is non-functional because it fails to reach the
plasma membrane. The decreased stability of this receptor further indicates that it is
rapidly degraded intracellularly, possibly as a result of incorrect folding in the ER. In
summary, these data demonstrate that the genetic interaction between canine extension
and agouti is more analogous to those found in other species than previously predicted.
We have found no indication for either a dominant agouti or extension allele causing
eumelanization. Based on this anaiysis we conclude that black coat color is due to a
recessive a allele, as previously shown in rodents, or to an as yet unidentified third locus.
In addition, our study demonstrates that the cytoplasmic domain of the MCIL-R is

required for the functional receptor to achieve its mature conformation and be translocated

to the cell surface.
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Figure 1. Genomic structure and amino acid sequence of the canine agouti.

A. Structure of the agouti gene.
B. Amino acid sequence alignment of canine and other mammalian agouti proteins.
The alignment includes amino acid sequences of dog, mouse, human, and fox agouti

proteins. The three coding exons of agouti are shown in blue, green, and red, respectively.
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M-agouti
H-agouti
F-agouti

D-agouti

M-agouti
H-agouti
F-agouti

D-agouti

M-agouti
H-agouti
F-agouti

D-agouti

M-agouti
H-agouti
F-agouti

D-agouti

Exon 2
IMDVTRLLLATLVSFLCFFTVHSHLALEETLGDDRSLRSNSSMNS
IMDVTRLLLATLLVFLCFFTANSHLPPEEKLRDDRSLRSNSSVNL
IMNIFRLLLATLLVSLCFLTAYSHLA-EEKPKDDRSLRSNSSVNI,

IMNIFRLLLATLLVSLCFLTAYSHLA-EEKPKDDRSLRSNSSVNL

Exon 3
45LDFSSVSIVALNKKSKKT SRKEAEKRKRSSKKKASMKKVA--RP
45LDVPSVSIVALNKKSKQIGRKAAEK -KRSSKKEASMKKVV--RP
45LDFPSVSIVALNKKSKKI SRKEAEK - KRSSKKKASMKNKARPRP

45LDFPSVSIVALNKKSKKISRKEAEK-KRSSKKKASMKNVARPRP

Exon 4
87PPPS~--PCVATRDSCKPPAPACCDPCASCQCRFFGSACTCRVLN
87RTPLSAPCVATRNSCKPPAPACCDPCASCQCRFFRSACSCRVLS
87PPPN-PCVATRNSCKSPAPACCDPCASCQCRFFRSACTCR-—--

87PPPT-~PCVATRNSCKSPAPACCDPCASCQCRFFRSACTCRVLS

129PNC
129LNC
128

129PRC



Figure 2. Expression pattern of the A4S agouti allele.

Lane 1: canine kidney (A4°), lane 2: canine spleen (4%), lane 3: canine liver (4*), lanes 4-7:
canine skin (4%), lane 15: canine testis (4%), lanes 8-14: murine tissues (4" kidney, liver,
spleen, brain, skin).

A. Northern analysis of canine agouti mRNA transcripts.

B. 28 Sand 18 S mRNA.
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Figure 3. Amino acid sequence of the canine MC1-R.
The alignment includes the amino acid sequences of dog, mouse, human, bovine, panther,
fox, and chicken MC1-Rs. Regions of high homology in the transmembrane (TM) and

extracellular loops are featured in blue and red, respectively.
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Figure 4. The canine e allele encodes a non-functional MC1-R.
A. Binding assay.

B. Adenylyl cyclase assay (B-gal).
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Figure 5. No difference in mRNA levels between full-length (£) and truncated
MCI1R-R306ter (e).

A. Northern analysis of HEK 293 cells transiently transfected with either full-length
(E) or truncated MCI-R (e). Ten pg of total RNA was loaded in each lane. The
membrane-bound RNA was probed with a fragment of canine cDNA.

B. 28 Sand 18 S mRNA.
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Figure 6. MC1R-R306ter is non-functional because of decreased protein
stability and loss of cell surface expression.

Full-length (E) and truncated MC1-R () were tagged at the N-terminus and transiently
transfected in HEK 293 cells. Protein levels were determined by Western analysis using
the anti-flag M2 antibody.

A. Western analysis of whole-cell extracts.

B. Western analysis of total membrane preparations.
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ABSTRACT

The mahogany (mg) mutation was originally identified as a recessive suppressor of
agouti, a locus encoding a skin peptide that modifies coat color by antagonizing the
melanocyte-stimulating hormone (MSH) receptor or MC1-R. Certain dominant alleles of
agouti cause an obesity syndrome when ectopic expression of the peptide aberrantly
antagonizes the MC4-R, a related MSH receptor expressed in hypothalamic circuitry and
involved in the regulation of feeding behavior and metabolism. Recent work has
demonstrated that mg, when homozygous, blocks not only the ability of agouti (A" to
induce a yellow coat color when expressed in the skin of the lethal yellow mouse, but also
the obesity resulting from ectopic expression of agouti in the brain. Detailed analysis of
mg/mg A'a animals, presented here, demonstrates that mg/mg blocks the obesity,
hyperinsulinemia, and increased linear growth induced by ectopic agouti expression.
Remarkably, however, the mg mutation did not reduce hyperphagia in the A"/ mouse.
Furthermore, homozygous mg induced hyperphagia and an increase in basal metabolic
rate in the C57BL/6] mouse in the absence of A", Consequently, although mahogany is

broadly required for agouti protein action, it also appears to be involved in the control of

metabolic rate and feeding behavior independent of its effects on agouti signaling.



INTRODUCTION

The 131-amino acid agouti peptide is synthesized in the follicular cells of the dermal
papilla and acts in a paracrine fashion on melanocytes where it antagonizes the binding of
a-MSH to MCI1-R (Lu et al., 1994; Yang et al,, 1997). The transcription of the wild-
type mouse agouti is temporally and spatially regulated, the gene being expressed solely
in the skin during part of the hair-growth cycle where it gives rise to a subapical yellow
pigment band in the growing hair shaft (Bultman et al., 1992). Several dominant alleles at
the mouse agouti locus (e.g. lethal yellow, A, and viable yellow, A'"), however, have an
ectopic pattern of expression due to a promoter gene rearrangement (Michaud et al.,
1994), and are associated phenotypically with yellow fur, late-onset obesity,
hyperphagia, increased lincar growth, and non-insulin dependent diabetes (Bultman et al,,

1992; Michaud et al., 1994).

Recent studies have provided an explanation for the development of the /lethal
yellow obesity syndrome. In vitro experiments using recombinant protein in HEK 293
cell-system have identified agouti not only as a MCI-R antagonist but also as a high
affinity, competitive antagonist of a melanocortin receptor subtype, MC4-R (Lu et al.,
1994), widely expressed in regions of the hypothalamus known to be involved in the
regulation of feeding behavior and metabolism (Gantz et al., 1993b; Mountjoy et al,
1994). Genetic and pharmacological studies have concluded that disruption of MC4-R
signaling is the primary cause of the A'-induced obesity syndrome (Fan et al., 1997;

Huszar et al., 1997). The MC4-R knockout (MC4-R KO) mouse recapitulates all



phenotypic aspects of the agouti obesity syndrome (Huszar et al., 1997). Moreover,
intracerebroventricular administration of a melanocortin analogue, MTII, a potent agonist
of the MC3-R and MC4-R, suppresses feeding behavior in rodents whereas injection of
SHU9119, an antagonist of the same receptors, has the opposite effect (Fan et al., 1997).
The pharmacological and genetic evidence point out two major conclusions: first, neurons
expressing MC4-R exert a tonic inhibition upon feeding behavior and second,
development of the agouti obesity syndrome is due to chronic antagonism of MC4-R

signaling by agoutl.

The recent discovery in the hypothalamus of another antagonist of MC3-R and
MC4-R, the agouti-related protein (AGRP) (Ollmann et al., 1997), or agouti-related
transcript (ART) (Shutter et al., 1997), raises the intriguing possibility that ectopic
expression of agouti mimics the function of endogenous AGRP in the central control of
energy homeostasis. Overexpression of AGRP in the mouse animal model results in an
obesity and diabetes phenotype very much like that of AY and MC4-R KO mice (Graham
et al, 1997; Ollmann et al., 1997), further demonstrating that MC4-R, activated by o-
MSH or o-MSH analogues and endogenously antagonized by AGRP, is an important
modulator of metabolic state. Future studies will be required to determine if the MC3-R

is also involved in the control of energy homeostasis.

The murine mahogany (mg) and mahoganoid (md) mutations were identified in
the 60 s as recessive suppressors of A"-induced pigmentation, which were able to shift

melanogenesis from the phaeomelanin (red/yellow pigment) pathway towards eumelanin



(black/brown pigment) production (Lane and Green, 1960). Early genetic studies mapped
mahogany and mahoganoid loci to chromosomes 2 and 16, respectively (Green, 1989).

The murine mahogany locus is characterized by two mutations, mg, which originated in

the LDJ/Le background, and mg3J in the C3HeB/FeJ background (Miller et al., 1997).
The md coat color mutation originated in the C3H/HeJ genetic background (Miller et al.,
1997). Recently, both mg and md were found to suppress not only the yellow coat color
but alsov the A-induced increase in body weight (Miller et al., 1997), suggesting that the
normal gene products are required for agouti action both in skin and brain. These studies
also indicate that md and mg are partially semidominant, since both mutations show some
ability to suppress phacomelanin synthesis as well as obesity in the A" mouse (md only)
when heterozygous (Miller et al., 1997). Two possible mechanisms proposed for
mahogany action by the recent studies include interference with agéuti protein processing

or secretion, or disruption of its interaction with melanocortin receptors (Miller et al.,

99T,

Although the loss-of-function mg mutation has been shown to decrease weight
gain in the A"/~ mouse, no detailed analysis of the physiological effects of mg in the
presence or absence of the A" gene has been published. Analysis of weight, body
composition, linear growth, serum insulin, leptin, glucose, and corticosterone, feeding
behavior, circadian rhythms, and basal metabolic rate in mg/mg A'/a and normal mg/mg

a/a mice is presented here. Data on the effect of the md mutation on feeding behavior is

also presented.



MATERIALS AND METHODS

Mice. In order to study the action of mg, A”, and ob genes in a uniform genetic
background we recovered the mg mutation from the LDJ/Le background. All our studies
were performed on mice homozygous for the mg mutation backcrossed by one of us
(MLL) for 6-8 generations to the CS7BL/6J background. The A" and ob alleles were also
derived from congenic C57BL/6J mice (Jackson Laboratories, Bar Harbor, ME). Animals
homozygous for the md mutation and their controls originated in the C3H/Hel

background (Jackson Laboratories, Bar Harbor, ME). Mice were housed as siblings,

maintained at 23° + 1°C on a 12l/12h light/dark cycle (7:00-19:00 h), and allowed free
access to water and food (Purina, St. Louis, MO). All studies were conducted under

guidelines provided by the Animal Care and Use Committee of Oregon Health Sciences

University.

Body and Organ Weight. In order to study the effect of mg/mg on A'-induced weight
gain, C57BL/6J mice of four different genotypes (+/+ a/a, +/+ A7a, mg/mg a/a, and
mg/mg A'/a), were regularly weighed as littermates. For organ weight measurements
different white fat pads (epididymal, visceral, and dorsal), brown fat, heart, and liver were

dissected and weighed. Weight growth curves were also determined for +/+ a/a, +/+

obl/ob, mg/mg a/a, and mg/mg ob/ob mice.



Body Length Measurements. Animals were lightly anesthetized with 2% avertin and
extended to their maximal length to determine the nose-to-anus distance, a measure of

their linear growth.

Food Intake. For measurement of food consumption, animals of four genotypes (+/+
a/a, +/+ AYa, mg/mg a/a, and mg/mg A'/a) were housed individually for at least two
weeks prior to beginning of the experiment. Pre-weighed standard chow pellets (4.5%
fat) were provided to mice ad libitum in Petri dishes and measurements of the remaining
food were taken each 24 h for a 7-day period. In order to minimize food spillage mice
were housed in cages with no bedding and they were given only 2-3 food pellets at one
time. The effect of md/md on food intake was analyzed by measuring weekly food
consumption (9% fat diet) for md/md A/A and +/+ A/A controls. Data from both

experiments are presented as g/mouse/day for comparative purposes.

Blood analysis. Animals were sacrificed by cervical dislocation between 16:00 and 18:00
h and trunk blood was collected. Serum insulin and leptin concentrations were determined
in duplicate using radioimmunoassay (RIA) kits with rat insulin and recombinant leptin,
respectively, as standards (Linco Research, Inc.). For serum corticosterone measurements
blood was collected from the tail vein within 1 min of handling and corticosterone levels
were measured in the serum using a RIA kit (ICN Biomedicals, Inc., Costa Mesa, CA).

Blood glucose concentrations were measured using One-Touch Profile glucose meter

(Lifescan, Milpitas, CA).



Motor Activity. Animals were housed individually in metabolic cages equipped with a
running wheel (Mini-Mitter Co., Sunriver, OR). The metabolic cages allowed telemetric
monitoring of circadian rhythms as assessed via two physiological parameters:
temperature and number of wheel turns. The wheel revolutions were quantified by
recording the magnetic switch closures of a magnet placed on the revolving wheel. For
temperature recordings mice were implanted with a radiotransmitter in the peritoneal
cavity and allowed to recover for one week. Temperature was monitored by sampling

series of digital pulses from the implanted transmitter.

Basal Metabolic Rate. Oxygen consumption was simultaneously determined for
multiple animals by indirect calorimetry using an Oxymax System (Columbus
Instruments, Columbus, OH). For this purpose animals were housed in separate
chambers maintained at 24" + 1°C. Before beginning of the experiment animals were
acclimatized to the chambers and then measurements were taken for 4-5 h during the
middle of the light cycle (11:00-16:00 h). Samples were recorded every 3 min with the
room air reference taken every 30 min and the air flow to-chambers 500 ml/mm. Basal
oxygen consumption was determined for individual curves as the average at the lowest
plateau regions that corresponded to resting periods. Total oxygen consumption was the

result of all samples recorded corresponding to periods of movement as well as inactivity.

Statistical Analysis. All data are presented as mean = SEM. Growth curves were

analyzed by ANOVA with multiple measurements. All other statistical comparisons
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between different strains were performed by Student s two-tailed t test with p < 0.05

considered significant.

RESULTS

mg Suppresses the A'-induced Obesity

The main focus of our physiological characterization was to compare and contrast the
phenotypes of mg/mg A"/a and +/+ 4"/a mice, the first step being to determine which of
the A"-mediated obesity parameters were suppressed by mg. We determined growth
curves for +/+ A'a, mg/mg AY/a, mg/mg a/a, and +/+ a/a female mice housed as siblings
and maintained on a low-fat rodent chow (Figure | A). The weight gain of the animals
was monitored regularly between 4 and 24 weeks of age. All weight curves, with the
exception of mg/mg a/a versus +/+ a/a wild-type controls, were significantly different as
analyzed by ANOVA with multiple measurements (p < 0.0001). As previously reported
{(Dickerson and Gowen, 1947; Fenton and Chase, 1951), +/+ A%a animals are
characterized by a progressive increase in their body weight starting at approximately 2
months for female mice as compared to wild-type controls. By 6 months of age there is
an approximate 24% increase in the body weights of +/+ A"/a animals versus mg/mg A'/a
(p < 0.01), indicating that mg is able to suppress the A'-induced weight gain. Similar data
on the suppression of A'-induced weight increase by mg/mg were found in
LDJ/Le//C57BL/6] hybrids and in non-littermates in the C57BL/6J background (Miller et
al., 1997). In contrast, homozygosity of mg was not found to suppress the weight gain in

the ob/ob mouse during the 20-week period studied (Figure 1 B). The apparent decrease
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in body weight of mg/mg ob/ob versus +/+ ob/ob seen at 16 weeks of age was due to
incomplete sampling of weights during this time period (n = 1-3), and was not significant,
as c.an be seen by examination of the mean weights at 19 or 20 weeks (n = 6). In order to
investigate whether the AY-induced gain in body weight is due to an increase in body fat
mass, various fat pads, heart, and liver from 23-week old animals were dissected and
measured. The results presented in Table 1 further show the absence of obesity in mg/mg
AY/a mice. The weights of the different tissues we examined, with the exception of heart,
were significantly decreased in mg/mg A%/a mice, presumably due to less triglyceride

accumulation, and were equivalent to those found in wild-type controls (data not shown).

mg Suppresses the A"-induced Increase in Linear Growth

Body length (nosé—to—anus distance) was determined for 23-week old +/+ AYa, mg/mg
AYa, and mg/mg a/a males, respectively. Our results indicate that +/+ A%a are
approximately 6.1% (p < 0.001) longer than mg/mg A'/a animals and 5.9% (p < 0.001)

longer than mg/mg a/a age-matched controls (Figure 2).

mg Blocks the Endocrine Effects of A'-induced Obesity: Serum Insulin,
Leptin, Glucose, and Corticosterone Measurements

Blood was collected from 22-week old +/+ AYa, mg/mg A'/a, mg/mg a/a, and +/+ a/a
male animals and assayed for insulin and leptin concentrations. Our analysis indicates
that +/+ A%/a mice exhibit elevated insulin (Figure 3 A) and leptin (Figure 3 B) levels, a
5.6-fold (p < 0.01) and a 2.5-fold (p < 0.01) increase, respectively, over their mg/mg AVa,

or +/+ a/a counterparts. No significant differences were detected among the other
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groups. The high serum leptin and insulin concentrations found in +/+ A'/a animals are
correlated with their progressive increase in body fat and lipid deposition.  The
A"—inducedhyperglycemia was also found to be suppressed by mg as 26-week old

mg/mg A'/a male animals (n = 6) had blood glucose concentrations (114 + 2.0 mg/dl)

significantly lower (p = 0.0001) than +/+ 4¥/a (131 + 3.0 mg/dl, n=7). No differences in
basal corticosterone levels were found between genotypes (3-month old males, n = 5,

data not shown).

mg/mg A'7a Mice Remain Hyperphagic, and Both mg and md

Independently Induce Hyperphagia

The progressive weight gain and increase in adipose tissue that characterize +/+ AVa
animals result from both increased caloric intake and decreased energy expenditure. We
decided therefore to look at both aspects of energy balance. The food consumption of 28-
week old females, representing the four genotypes: mg/mg A'/a, mg/mg a/a, +/+ A%/, and
+/+ a/a, was monitored over a 7-day period. In agreement with previous reports
(Dickerson and Gowen, 1947), +/+ A Y/a mice are hyperphagic, their average daily food
intake in this assay being significantly higher (5.9 + 0.1 g/24 h, p < 0.0001) than
C57BL/6J controls (4.6 + 0.2 g/24 h). Surprisingly, mg/mg did not appear to reduce A
induced hyperphagia as we found no significant difference between +/+ A%/a and mg/mg
A%a caloric intake (Figure 4 A), despite a 24% difference in their body weight.
Furthermore, mg/mg alone induced hyperphagia, the presence of homozygous mg in the
absence of A" resulting in an approximate 22% increase in food intake (5.7 + 0.2 g/24 h

versus 4.6 + 0.2 g/24 h, p < 0.0001) over C57BL/6J controls of equal weight. As it was
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previously shown that the mahoganoid locus encoded a phenocopy of mahogany (Lane
and Green, 1960; Miller et al., 1997), we examined the effect of md/md on food intake as

well. Homozygosity for md also resulted in hyperphagia (Figure 4 B).

mg Increases Motor Activity and Basal Metabolic Rate

In light of the finding that mg/mg mice were hyperphagic, it became essential to determine
how these animals remained lean while consuming 22% more calories. Therefore, the two
major components of daily energy expenditure, basal metabolic rate (BMR) and energy
expenditure due to physical activity, were determined as a function of genotype.
Activity on an exercise wheel was measured in mg/mg AYa and +/+ AVa, as well as in

me/me a/a versus +/+ a/a mice. mg/m AY/a animals showed increased nighttime activit
g/mg g /mg g y

and a corresponding 0.5°C gain in body temperature correlating with the increased exercise
(Figure 5 A, B, representative 48 h traces). During nighttime, mg/mg A'/a exhibited an
approximate 2-fold increase (p < 0.0001) in the number of wheel turns over +/+ A%a
animals (Figure 5 C), whereas mg /mg a/a showed a 30% increase in their motor activity
(p < 0.0001) when compared to wild-type mice (Figure 5 D). We conciuded that the
absence of mahogany augments physical activity during nighttime. We further analyzed
basal metabolic rate in 20- to 28-week old animals. At the time of our experiment +/+
AY/a mice were significantly heavier than their age-matched mg/mg A'a complements
(39.7 + 2.3 gversus 29.1 + 1.6 g, p < 0.01). On a per animal basis, no significant
difference in oxygen consumption could be detected when comparing the +/+ A'a and
mg/mg A'/a mice (Fig. 5 E). Surprisingly, mg/mg a/a animals (27.4 + 0.9 g) showed an

approximate 21% gain (p < 0.0001) in their basal metabolic rate over weight-matched
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wild-type controls (26.2 + 0.4 g, Figure 5 F). Our results indicate therefore that mg/mg

significantly elevates BMR in the normal C57BL/6J animal.

DISCUSSION

Data presented here demonstrate that, with one very important exception (hyperphagia),
the mg mutation suppresses the phenotypes of the lethal yellow obesity syndrome: adult-
onset obesity, hyperinsulinemia, hyperleptinemia, hyperglycemia, and increased linear
growth The results show that mg/mg A"/a mice have a normal body size and adiposity,
and their insulin and leptin levels are comparable to wild-type values. The ability of
mg/mg to suppress the centrally-mediated effects of agouti on feeding and endocrine
parameters, as well as the peripherally-mediated inhibition of eumelanin synthesis by
agouti in the melanocyte, suggests that mahogany is expressed and functions in both brain
and skin. In the 4" mouse, in which the skin agouti peptide is ubiquitously expressed,
mahogany is clearly required for agouti function in the hypothalamus. In the C57BL/6]
animal, a potential target for mahogany action in the brain; where agouti is not normally
expressed, could be the recently discovered hypothalamic agouti-related protein (AGRP).
Furthermore, it is noteworthy that according to results presented here the effects of
mahogany and mahoganoid arc not limited to agouti and/or AGRP since inhibition of the
function of either of these proteins (i.e. agouti, AGRP) would not be expected to lead to
hyperphagia, but precisely the opposite. Thus, the ability of homozygous mg to induce
hyperphagia implies the existence of novel pathways for mahogany that are independent

of agouti and AGRP signaling. Since hyperphagia in the mg/mg A'/a mice could be mg or
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AY-driven, it cannot be determined from the data presented here whether mg actually
suppresses A'-induced hyperphagia and concurrently induces hyperphagia via a different
pathway. Interestingly, the inability of mg/mg to suppress obesity in the ob/ob mouse
indicates that the effectors dependent upon mahogany do not include all peptide
regulators of energy homeostasis, since if this gene was required for neuropeptide Y
(NPY) action (Erickson et al,, 1996) it might be expected to ameliorate the obesity
resulting from leptin deficiency. Furthermore, immunohistochemistry studies indicate
that NPY expression in the hypothalamus (PVH) of mg and mg A" animals is comparable
to the wild-type (Figure 6). This finding indicates that the hyperphagia of mg/mg animals

is not the result of increased hypothalamic NPY expression.

The. analysis of the mg phenotype demonstrates that in the a/a animal
homozygous mg increases basal metabolic rate (BMR) as well as physical activity. In the
AY/a mouse, mg/mg also elevates physical activity, however an increase in BMR is not
detected on a per-animal basis. BMR 1s the major component of daily energy
expenditure, accounting for up to 70% of the caloric utilization. The factors that regulate
BMR include hormonal stimuli (i.e. thyroid hormone) and the sympathetic nervous
system. These modulators remain to be investigated in the mg animal. The phenotype of
hyperphagia present in the mg/mg mouse could potentially be secondary to clevation of
its metabolic rate in an attempt to overcome a negative energy balance and maintain body
weight homeostasis. This suggestion is supported by the preliminary observation that
myg animals lose significantly more body weight than their counterparts following a 24 h

fast (mg/mg a/a: 4.62 + 0.29 g versus +/+ a/a 338+ 018 g, p <0.0l,n=4-5). Itis
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interesting that mice homozygous for the md mutation in the C3H/Hel background
display the same hyperphagia phenotype seen by us in C57BL/6J-mg/mg  animals,
demonstrating that both agouti suppressors can alter feeding behavior independent of

background strain.

Based upon the analysis of energy intake and expenditure in mg/mg animals we
conclude that the pathways in which mahogany functions are largely overlapping with
POMC-agouti-AGRP melanocortinergic neurocircuits, but also appear to include

independent pathways regulating metabolic rate and feeding behavior.

We thank Ximena Opitz-Araya and Dee Horne for technical support. This work was
funded by grants to RDC (National Institute of Health NIDDK 51730, National Institute

of Diabetes and Digestive and Kidney Diseases 51730) and M.L.L. (National Institute of

Health EY-10223).
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Figure 1.

(A). mg suppresses the AY-induced obesity syndrome.

Data were collected from female animals (n = 4-5 for each genotype).

(B). mg has no effect on ob-induced weight gain.

Weight growth curves were determined for female mg/mg ob/ob (n = 6), mg/mg a/a (n =

8), +/+ ob/ob (n =3), and +/+ a/a control mice (n = 8). All data are presented as mean +

SEM.
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Figure 2. mg suppresses the AY-induced increase in linear growth.
Body length (naso-anal) measurements were taken from 24- to 28-week old male +/+ AYa
(n =4), mg/mg A%/a (n = 3), and mg/mg a/a animals (n = 3). Data are presented as mean

+ SEM. *** P <0.001.
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Figure 3. mg suppresses the endocrine effects of the A" obesity syndrome.
(A). Serum insulin.

(B). Serum leptin.

Males (22-week old, n = 5 for each genotype) were used for serum insulin and leptin

measurements. All data are presented as mean + SEM. **, P <0.01.
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Figure 4. mg and md independently induce hyperphagia.

(A). Food intake was measured daily over a 7-day period for 28-week old females (n =
4-5 for each group). Data are reported as mean of 7 measurements + SEM.

(B). Food consumption of md/md A/4 males and +/+ A/A controls (n = 4 for each
genotype) was monitored weekly between 6 and 16 weeks of age. Data are presented as

average of 11 measurements + SEM. *** P < (.0001.
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Figure 5. mg increases both motor activity and basal metabolic rate.

(A). Circadian rhythm of wheel activity.

(B). Circadian rhythm of body temperature.

Measurements were taken every 1 min during a 48 h time-period for 24- to 28-week old
mg/mg AYa and +/+ A%z animals (representative traces from 48 h of recording, 2
mice/genotype). The regions of increased activity or temperature correspond to nighttime
whereas no or low activity is seen during daytime.

(C) and (D). Quantitative comparison of average physical activity (wheel turns) as
measured during nighttime in 20- to 28-week old mg/mg A%a (n=7) and +/+ A"/a animals
(n = 9) (C), and in 26- to 34-week old mg/mg a/a (n = 5) versus +/+ a/a wild-type
animals (n = 5) (D).

(E). Oxygen consumption of 20- to 28-week old animals mg/mg A%q and +/+ A"/a mice
(n = 8 for each group) as measured by indirect calorimetry.

(F). Oxygen consumption of 20- to 28-week old mg/mg a/a versus +/+ a/a wild-type
animals as determined by indirect calorimetry (n = 11 for each genotype). Both male and
female animals were included in Figure 5 measurements. Data in (C), (D), (E), and (F) are

reported as mean + SEM. *** P <0.0001.
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Table 1. mg suppresses the A'-induced increase in adiposity. White fat pads:
epididymal (EPI), visceral = mesenteric + retroperitoneal (VF), dorsal (DF), brown fat
(BAT), heart (H), and liver (L) from 23-week old male +/+ AYa (n = 6) and mg/mg A'/a

animals (n = 3) were dissected and weighed. All data are reported as mean -+ SEM.
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Table 1. Body and organ weight measurements.

Genotype Body Weight VF EP1 DF

++AY/a 3526 £ 1.72 0.87 +0.15 149+0.14 0.85 + 0.09
mg/mgAY/a 2699 +087 033+0.06 027+0.03 0.57 + 0.05
P value p < 0.05 p < 0.05 p < 0.001 p < 0.05

Genotype BAT L H

#+AY/a 016+002 155+0.1 0.18 + 0.01
mg/mgAY/a 008+001 1.16+0.1 0.23+0.02
P value p < 0.05 p <0.05 p > 0.05




othalamic NPY expression is not affected by mahogany.

Figure 6. Hyp
Y levels in the hypothalamus (PVH

) of

Jmmunofluorescence studies indicate normal NP

mg and mg AY animals.
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ABSTRACT

The central melanocortin system has been demonstrated to play a pivotal role in energy
homeostasis. Genetic disruption of this system causes obesity in both humans and mice.
Previous experiments have shown that centrally-administered melanocortin agonists
inhibit food intake and stimulate oxygen consumption. Here we report that centrally-
administered melanocortin agonists also inhibit basal insulin release, and reduce the rate of
glucose disposal. Furthermore, insulin resistance occurs in the young MC4-R knockout
(MC4-R KO) mouse prior to the onset of detectable hyperphagia or obesity. These data
indicate that the central melanocortin system regulates not only energy intake and
expenditure, but also processes related to energy partitioning, as indi¢ated by effects on
insulin release and peripheral insulin responsiveness. Previous studies demonstrate a role
of excess adipose mass in the development of tissue insulin resistance, leading to type II
diabetes. The data presented here show that defects in the central control of glucose

homeostasis may be an additional cause of obesity-associated type 11 diabetes.

136



INTRODUCTION

Obesity is highly associated with hypersecretion of insulin (hyperinsulinemia) and insulin
resistance (reduced insulin sensitivity), and is the most significant risk factor for type 2
diabetes. Despite extensive analysis, the mechanistic relationship between obesity and
insulin resistance, hyperinsulinemia, and diabetes is not entirely clear. The central
melanocortin system has been demonstrated to play a pivotal role in energy homeostasis.
Central pharmacological administration of agonists of the melanocortin-4 receptor (MC4-
R) can inhibit energy intake, increase energy expenditure (Cowley et al., 1999; Fan et al.,
1997) and reduce body weight (Patterson, 1999; Stair, 1999). Antagonists stimulate
feeding (Fan et al., 1997; Kask et al., 1998), decrease oxygen consumption (Cornelius,
1999) and increase body weight (Kask et al, 1999), implying that endogenous
melanocortin agonists, released by arcuate nucleus POMC neurons, act to tonically inhibit
energy intake and increase energy expenditure. Genetic alterations affecting the central
melanocortin system disrupt energy homeostasis and cause obesity in four independent
mouse nodels, mice ectopically expressing agouti, an antagonist of MC4-R (Bultman et
al., 1992; Miller et al., 1993), or overexpressing the hypothalamic AGRP (Graham et al.,
1997; Ollmann et al., 1997), and mice lacking MC4-R or POMC-derived peptide (Huszar
et al, 1997, Yaswen et al, 1999). Furthermore, an obesity syndrome has been
characterized in two human families with rare deleterious mutations in POMC gene
(Krude et al., 1998), and heterozygous mutations in the MC4-R have also been reported
to be associated with pediatric obesity in perhaps as many as 5% of cases (Vaisse et al.,

1998; Yeo et al., 1999).
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Hyperinsulinemia is one of the common features among all the animal models of
obesity and human obesity, and also one of the earliest metabolic alterations observed in
melanocortin obesity models. A pancreatic p-cell hyperplasia has been found before any
observed obesity in the 4”7 strain as one of the earliest changes, for example (Warbritton
et al., 1994), and a late-onset development of hyperglycemia has also been reported in
male 4" and MC4-R knockout (MC4-R KO) mice which seems to be quite similar to the
pathophysiological process of type 2 diabetes (Huszar et al., 1997). These data suggest
that the central melanocortin system may be independently involved in the regulation of
glucose homeostasis in addition to its regulation of energy intake and energy expenditure
(Cowley et al., 1999; Fan et al., 1997). However, existing data do not rigorously address
whether the hyperinsulinemia in the agouti obesity syndrome is primary to MC4-R
blockade, a developmental consequence of MC4-R blockade, or secondary to the
hyperphagia and obesity that develops in this model. To test the potential role of central
melanocortin signaling in glucose homeostasis, we have examined the effects of central
melanocortin administration on basal serum insulin levels and glucose tolerance, and

studied the development of tissue insulin resistance in the MC4-R KO mouse.

MATERIALS AND METHODS

Animals and surgical procedures. C57Bl/6J mice (25-33 g, Jackson Labs), female
ob/ob mice (60-70 g, Jackson Labs) and their lean controls (+/+ & ob/+ littermates from
ob/+ crosses, 22-27 g) were housed on a 12:12 light/dark cycle with food (Purina mouse

chow) and tap water ad libitum. MC4-RKO x SW129 mice (Huszar et al., 1997) were
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backcrossed three times into the CS7BI/6J background, and maintained as described
above. All studies were conducted according to the NIH Guide for the Care and Use of
Laboratory Animal and approved by the Animal Care and Use Committee of the Oregon

Health Sciences University.

The animals were anesthetized with halothane and placed in a stereotaxic
apparatus (CARTESIAN Research, Inc.). A sterile guide cannula with obdurator stylet
was stereotaxically implanted into one side of the PVH (0.67-0.77 mm relative to Bregma,
0.38-0.48 mm lateral to midline, and 4.69-4.75 mm below the surface of the skull; for
i.c.v. injection in the mouse, the cannula was implanted with the coordinates of 0.5 mm
posterior to the bregma, 1-1.6 mm lateral to the midline and 2 mm below the bregma. The
cannula was then fixed in place using dental cement. The animals were housed separately
after surgery at least one week for recovery before experiments. The positions of the
cannulae were verified at the end of experiments by histological analysis; in some animals
the position of the cannulac were tested by dye administration prior to sacrifice.
Positioning of the cannulae in the more dorsal aspect of the PVH was found to insure the

integrity of the third ventricle and prevent dye from entering the cerebrospinal fluid.

RIA assay for serum or plasma insulin. ACSF, MTII (0.1-3 nmol) or leptin (1 pg)
were infused in a total volume of 2 ul over 30 seconds in lateral ventricle-cannulated mice.
In these experiments, the i.c.v. dose-response to MTII or the i.c.v. response to leptin, or
i.p. response to phentolamine were completed using the same i.c.v.-cannulated mice.

These animals were allowed a washout period of at least on¢ week between treatments
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and were rerandomized between experiments. These experiments were carried out at the
beginning of the dark cycle (18:00 h) with the food withdrawn and water available ad
Jibitum. 0.5-1 h following the ic.v. injection of the drugs, the blood samples were
collected by cutting the tail or by decapitating the animals. Radioimmunoassay of serum
insulin was performed as described (Linco Research, Inc.). In animals that reccived a
mixed treatment, the i.c.v. MTII or saline injections were administered immediately after
i.p. administration of phentolamine or saline, then the blood samples were collected for
insulin RIA at the 0.5-1 h after the i.c.v. injecﬁon. For the experiments of MTII effect on
insulin in lean animals, the food was withdrawn for 3-4 h before experiment. Blood was
drawn 45-60 min after i.c.v. injection from the retro-orbital sinus using a heparinized
microcapillary tube. Plasma insulin was measured using a rat sensitive insulin kit (Linco
Research, Inc.). Plasma insulin of MC4-RKO and wild type littermates were measured
using rat sensitive insulin kit (Linco Research, Inc.) or Mercodia Rat Insulin ELISA,

ALPCO from the retro-orbital sinus or tail blood samples.

Blood glucose and glucose tolerance tests. Lean female control mice implanted with
cannula in the lateral ventricle or PVH were fasted from 13:00-17:00 h. The blood glicose
level was measured with a Blood glucose meter and test strips (Glucometer Elite, Bayer
Corporation, Elkhart, IN) from the tail blood of the animals. Glucose (1 mg/g body
weight) was administered intraperitoneally at 30 min after i.c.v. or PVH injection of MTII
or ACSF, and then the blood glucose level was measured at the time points indicated in

the text (15, 30, 45, 60, 90, 120 min) following the i.p. glucose challenge.
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Insulin Sensitivity Assay. Insulin sensitivity assay was performed by measuring blood
glucose levels following a single subcutaneous injection of human insulin (Humulin, Eli

Lilly) with food withdrawn for 3-4 h before experiment.

RESULTS

Melanocortin Administration Lowers Insulin Levels in the ob/ob Mouse
Intracercbroventricular (i.c.v.) injection of MTII dose-dependently (0.3, 1, 3 nmol)
decreased serum insulin concentration in hyperinsulinemic Lep®/Lep”” mice (Figure 1 a),
measured 30-60 min after administration of the compound. 1 nmol MTII reduced serum
insulin levels by 72.8% (n = 10, P <0.001) compared with the ACSF control group. The
effect of i.c.v. administration of leptin (1 ug) is shown for comparison. In a separate
experiment, the blood glucose, at 60 min after 1 nmol of i.c.v. MTII administration,
increased to 351.8 + 44.8 mg/dl from 201.4 + 18.8 mg/dl (P < 0.05, n = 7), which
paralleled the decreased blood insulin level, indicating that the inhibitory effect of central

MTII on insulin release is not secondary to the lowering of the blood glucose (Figure 1 b).

Effect of the Sympathetic System on MTII-induced Lowering of Serum
Insulin in the ob/0b Mouse

To test the hypothesis that the melanocortin agonist lowers serum insulin by stimulating
the sympathetic drive to the pancreas known to inhibit insulin release, the effect of
phentolamine, a nonspecific a-adrenoceptor antagonist, on the MTIl-mediated reduction

of serum insulin was examined. Animals were first injected with phentolamine (0.1-0.5

141



mg/kg in 0.2 ml saline i.p.) or saline (0.2 ml), then centrally treated with either MTII (1
nmol /2 ul, icv), leptin (I pg2 ul, ic.v.) or ACSF (2 ul, icv.). As expected,
administration of phentolamine alone (0.1-0.5 mg/kg, 1.p.) significantly elevated the basal
insulin level from 53.49 + 4.5 to 83.94 + 13.6 ng/ml, (Figure 2, P <0.01), due to its ability
to block the inhibitory effect of sympathetic tone on insulin release (Kuhn et al., 1987).
Preadministration of phentolamine completely blocked the ability of centrally
administered MTII to lower serum insulin in leptin-deficient animals (Figure 2, P < 0.001
n = 12). Phentolamine also blocked the majority of acute insulin-lowering effect by leptin

on the ob/ob mouse.

Effect of the MTII Agonist on Basal Blood Insulin and Glucose

Tolerance in the Lean C57Bl/6J Mouse

We next examined the acute effect of centrally administered MTII on serum insulin and
glucose tolerance in lean control littermates and C57BL/6J mice. Centrally-administered
MTII produced a dose-dependent inhibitory effect on basal plasma insulin levels (Figure
3 a), with 0.37 = 0.04 ng/ml resulting from 3 nmol MTII treatment versus 0.50 + 0.04
ng/ml in the ACSF treated group, (P < 0.05). Significantly elevated fasting blood glucose
levels were seen at 60 min after treatment with 3 nmol MTII (Figure 3 b, P <0.05, n=
8). While i.c.v. injection of 1 nmol of MTII did not produce a significant effect on serum
insulin, the rate of glucose disposal in responsc to an intraperitoneal glucose challenge

(1 mg/g) was significantly reduced (data not shown) when compared with ACSF-treated
control animals. PVH microinjection of MTII (0.45 nmol/0.3 pl) also resulted in the

similar effect on the glucose disposal after glucose challenge (Figure 3 ¢, P <0.01).
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Decreased Peripheral Insulin Sensitivity in the Young Lean MC4-R

Knockout Mouse

To explore the pathophysiological role of the melanocortin system in the development of
obesity and diabetes, we examined the insulin sensitivity and glucose tolerance in 6-9
week-old MC4-R KO mice and their wild type littermates. At 6-7 weeks of age, there 1s
no difference in the body weights between the MC4-R KO mice and wild type controls
(Figure 4 a, p > 0.05), however, reduced insulin sensitivity was observed in both female
and male MC4-R KO mice compared to the wild types (Figure 4 b, ¢). A higher fasting
insulin level was seen in males tested at 4 weeks in comparison to controls (Figure 4 d, p
< 0.05). Elevated non-esterified fatty acids (NEFA) induce insulin resistance (Boden,
1997). To determine if the MC4-R KO mouse has a defect in triglyceride metabolism,
serum NEFAs were measured, but no difference in blood free fatty acid levels were

observed between MC4-R KO mice and their controls tested at the 6-7 weeks (data not

shown).

Interestingly, at 8-9 weeks of age, an overt insulin resistance developed in the male
MC4-R KO mice (Figure 4 e, p < 0.01) with higher blood insulin level than the controls
(data not shown). The body weight of male MC4-R KO mice appeared a little heavier
than the controls at this time point but is still not significantly so (Figure 4 f). No

significant change in glucose tolerance was observed in male or female MC4-R KO mice

compared to the controls (Figure 5 a, b).

Glucose homeostasis is the result of the equilibrium between blood glucose

appearance and utilization, which is tightly controlled by insulin secretion from the
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pancreas, and the peripheral tissue sensitivity to insulin. A role for the melanocortin
system in sympathetic outflow in general has already been clearly shown. Lc.v.
administration of the MC4-R agonist MTII produced a dose-dependent
sympathoexcitation affecting sympathetic nerve activity of brown adipose tissue (BAT)
and renal and lumbar beds in rat, while the antagonist SHU9119 completely blocked the
sympathoexcitation effects of MTII, as well as renal sympathoexcitation to leptin
(Haynes et al., 1999). Central administration of SHU9119 also completely inhibited the
leptin-induced increase in UCP-1 mRNA expression in the BAT of rat, which is mediated
through the activation of a-adrenoceptor (Satoh et al., 1998); MC4-R/MC3-R mRNAs
have been found in many structures of the nervous system, which have been implicated in
the central control of glucose homeostasis (Frohman and Bemardis, 1971; Goto et al.,
1980; Yoshida et al., 1983; Yoshimatsu et al., 1984). For example, in the hypothalamus,
MC4-R mRNA was found expressed in the lateral hypothalamic area (LHA),

ventromedial hypothalamus (VMH), and paraventricular nucleus (PVH) (Mountjoy et al.,

1994).
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DISCUSSION

Results presented here demonstrate that central administration of MTII, a MC4-R/MC3-
R agonist, inhibits insulin release and alters the response to a glucose challenge. Since the
inhibitory effect of MTII on insulin release could be completely blocked by
phentolamine, a non-specific a-adrenoceptor antagonist, the data support the hypothesis
that central melanocortin peptides may act on melanocortin receptors in one or multiple
subnuclei in the hypothalamus to increase the sympathetic drive to pancreas (or alter the
relative effectiveness of sympathetic versus parasympathetic outflow to favor
sympathetic activity) to reduce insulin release. In the young lean MC4-R KO mouse, in
which melanocortin signaling is chronically blocked, an increased blood insulin and
decreased tissue insulin sensitivity was observed prior to the onset of hyperphagia or
obesity in this strain. These data support the hypothesis that the central melanocortin
system regulates both insulin release and the tissuc sensitivity to insulin. Several
controversial proposals exist nowadays about the cause and effect relationship between
obesity and diabetes. One is that insulin resistance and hyperinsulinemia are primary
causes for the development of obesity and diabetes, and the other is that an increase in
body adiposity induces insulin resistance (DeFronzo et al., 1992; Porte et al, 1998). Our
results in the MC4-R KO mice model presented here support the notion that insulin
resistance is not secondary to the development of obesity in the MC4-R KO, and may
even play a causative role in this model. This data raises the possibility of central defects

being the primary cause of certain cases of obesity-associated diabetes in humans.
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Figure 1. Effect of melanocortin agonist administration on serum insulin in

the hyperinsulinemic ob/0b mouse.

I.c.v. administration of MTII dose-dependently inhibits serum insulin (**, P < 0/0], =%,
P < 0.001 ACSF vs. drug). The effect of 1 ug of leptin is shown for comparison (a). ILc.v.

administration of 1 nmol of MTII elevated blood glucose, (P < 0.05) (b).

146



Serum insulin (ng/ml)

Blood glucose (mg/dl)

[ ACSF (n=8)

601
I 1 MTI10.3 nmol (n=10)
gl =31 MTI11.0 nmol (n=10)
404 e El MTI3.0nmol (n=8)
Leptin 1 n=5
30- '|' . ptin 1 ug (n=5)
* k%
20 s
1 St
*kk R
10
0
|0.3nmol 1nmol  3nmol |
ACSF MTII Leptin
500+
*
400 PR TPy
icv injection -=0- ACSF
300 l —& MTIl 1 nmol
2004 20 W@ o_-----mmT7T n=7
100+
0 T T T ]
-0.5 0.0 0.5 1.0 1.5

Time (hr)



Figure 2. Role of the sympathetic nervous system in the reduction of serum
insulin by MTII administration.

[.p. injection of phentolamine (0.1-0.5 mg/kg) elevates fasting serum insulin levels, and
blocks the MTII and leptin-induced reduction in serum insulin (**, P < 0.01, ***, P <
0.001 treatment vs. S-A; ###, P < 0.001, P-M vs. S-A; +++, P < 0.001, P-L vs. S-L).
First letter indicates drug injected i.p., second letter indicates drug by i.c.v. administration.

(S = saline, A = ACSF, P = phentolamine, M = MTIL L = leptin).
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Figure 3. Effect of MTII on insulin release and glucose tolerance in the lean
CS57Bl/6J mouse.

[.c.v. injection of 3 nmol of MTII decreased blood insulin (a) and elevated blood glucose
levels (b). PVH injection of MTII (0.45 nmol/0.3 ul one side) significantly enhanced the
glucose response to an i.p. glucose challenge (1 mg/g wt) compared to that of ACSF

controls (¢). (*, P <0.05).
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Figure 4. Decreased peripheral insulin sensitivity in the young MC4-R
knockout (MC4-R KO) mouse.

There 1s no difference of the body weights between the MC4-R KO mice and wild type
controls at 6-7 weeks of age (a). Reduced insulin sensitivity was observed in both female
(b, P <0.01) and male (c, P < 0.01) MC4-R KO mice at 6-7 weeks of age. A higher blood
insulin level was seen at 4 weeks of male MC4-R KO mouse (d, P < 0.05). An overt
insulin resistance developed in the male MC4-R KO mice at the 8-9 week of age (e), and
the body weight of 8-9 week old MC4-R KO mice appears a little higher than the

controls but the difference is not statistically different (f).
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Figure 5. No significant change in giucose tolerance in the 6-7 week-old

female (a), or 9-10 week-old male (b) MC4-R KO mice.
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ABSTRACT

The present report shows that mahogany plays a critical role in the control of glucose
homeostasis. The glucose clearance rate was found to be increased in both lean mg/mg
and obese mg/mg ob/ob mice when compared to control animals. We have determined
that this is a direct effect of increased insulin secretion following a glucose challenge. In
addition, our report indicates that mahogany does not appear to play a major role in the
regulation of peripheral insulin sensitivity. The effects of mahogany on glucose
homeostasis appear to be both melanocortin-dependent, MC4-R-mediated, as well as
melanocortin-independent. Unlike melanocortins, mahogany is expressed in the pancreas;

this suggests a potential direct role for mahogany in the peripheral control of insulin

release.
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INTRODUCTION

Type II or non-insulin dependent diabetes (NIDDM) is the most common form of
diabetes, accounting for more than 90% of the diagnosed cases. It is mostly prevalent in
Western countries where it affects approximately 5% of the population (Taylor, 1999).
Environmental factors, such as diet and physical activity, as well as genetic causes are
responsible for the development of NIDDM. Obesity is now considered to be a high risk
tactor for developing NIDDM in humans and accounts for the majority of type 1l diabetic
patients. Obesity animal models, such as 0b/0b, db/db, fa/fa, and A”, also display an overt
diabetes phenotype characterized by hyperinsulinemia, hyperglycemia, and insulin

resistance.

Recent studies have uncovered new information regarding the pathophysiology of
NIDDM. It is now known that NIDDM is a multistep disorder, which progresses from
impaired glucose tolerance to the development of overt diabetes. As a result, both
humans and animal models of diabetes, such as the insulin receptor (Kulkami et al., 1999)
or glucose transporter 4 (Glut 4) KO mice (Stenbit et al., 1997), develop the disease
towards their midlife. Two major causes are known to facilitate the development of
NIDDM: a defect in insulin secretion coupled with resistance to insulin-mediated glucose
disposal in skeletal, cardiac muscle, and adipose tissue. It has been suggested that the
decrease in insulin sensitivity may be the primary event in the development of type II
diabetes. This is followed by a gradual dysfunction of pancreatic B-cells, which initially

succeed in compensating for the loss of insulin sensitivity by increasing their insulin
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secretion, but fail to do so indefinitely. The consequence of the two synergistic effects is

the alteration of whole-body glucose homeostasis.

The central melanocortin system has recently been shown to play a key role in the
control of glucose homeostasis (Fan et al., 2000). Thus, centrally-administered MC4-R
agonists have been found to inhibit basal insulin release and reduce the rate of glucose
disposal. In addition, MC4-R KO mice are characterized by a decreased response to
insulin administration. In conclusion, acute stimulation of central melanocortin receptors
has important effects on both insulin release and peripheral insulin sensitivity.
Mahogany has been implicated in the regulation of agouti and AGRP signaling (Dinulescu
et al., 1998). The absence of mahogany (i.c. mg/mg animals) is presumed to result in a
chronic increased melanocortinergic signaling at both central (MC4-R) and peripheral
(MCI-R) melanocortin receptors. Consequently, we decided to investigate whether

mahogany had any effects on whole-body glucose homeostasis.

MATERIALS AND METHODS

Animals. The experiments were performed on mg/mg animals backcrossed either 6-8

(Figures 2-6) or 12 generations into the C57BL/6J background (Figure 1).

Blood glucose and glucose tolerance tests. Glucose levels were measured with a Blood
glucose meter and test strips (Glucometer Elite, Bayer Corporation, Elkhart, IN) from

peripheral (tail) blood. Animals were fasted for 3-4 h prior to the experiment. Basal
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glucose levels were determined at time 0, followed by intraperitoneal (i.p.) administration
of a single dose of glucose (2 mg/g body weight). Blood glucose levels were measured at

different time points (15, 30, 45, 60, 90, 120 min) following the glucose challenge.

Insulin sensitivity assay. Blood glucose levels were measured following a single i.p.
injection of human insulin (1 mg/g body weight, Humulin, Eli Lilly), with food withdrawn

for 3-4 h before experiment.

Insulin release. Glucose was administered i.p. (3 mg/g body weight) to animals fasted
overnight; retro-orbital blood was drawn quickly (30 s) at various time points in order to

prevent insulin degradation. Glucose-stimulated insulin levels were determined by RIA.

RT-PCR. Total RNA isolated from the pancreas of two mg/mg and two control animals
was used to amplify by RT-PCR a 600 bp fragment corresponding to the cytoplasmic tail

of mahogany.

Statistical analysis. All data are presented as mean + SEM. Statistical comparisons
between different strains were performed by Student s two-tailed t test (Figure 4) and 2-

way ANOVA (Figure 1, 2, 3, and 6) with p < 0.05 considered significant.
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RESULTS AND DISCUSSION

In order to determine whether mahogany had any effects on whole-body glucose
homeostasis we first compared the response of mg/mg (12th generation backcrossed into
the C57 BL/6J background) and control mice to a glucose tolerance test (2 mg/g body
weight administered i.p.). The results of this test indicate that the absence of mahogany
results in significantly lower glucose levels at all time points (P < 0.0001) (Figure 1).

Similar effects were seen in mg/mg animals backcrossed 6 to 8 generations into the C57

BL/6J background.

Having established that mahogany plays a role in increasing the glucose clearance
rate in lean mg/mg a/a animals, we decided to test the importance of this pathway in the
most severe genetic model of obesity (0b/0b). The ob/ob mice are characterized by a
progressive development of glucose intolerance and severe insulin resistance, which
culminates to overt diabetes by 4-6 months of life. We have thus investigated whether
absence of mahogany protects them from developing either insulin resistance and/or
diabetes. It is important to mention that no differences were detected in the body weights
of mgob and ob animals. Our analysis indicates a dramatic improvement in the glucose
tolerance of mg/mg ob/ob mice at all ages (3, 5, and 7 months) (Figure 2 A-C). These
results indicate that mahogany has important effects on glucose homeostasis in ob/ob
animals; mg/mg ob/ob males, although, grossly obese (60-80 g) have fairly normal glucose
clearance rates. Similar effects were seen in females; the difference between the glucose

tolerance of mg/mg ob/ob and ob/ob female amimals was, though, somewhat smaller.
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Two mechanisms are potentially responsible for the increased glucose tolerance of
mg/mg mice: increased pancreatic insulin release or peripheral insulin sensitivity. Both
causes were investigated. It does not appear that mahogany has a major influence on
peripheral insulin sensitivity in 0b/0b animals. Thus, insulin tolerance tests reveal a slight
improvement, although statistically significant, in the insulin sensitivity of mg/mg ob/ob
versus ob/ob animals (Figure 3 A). The mg/mg ob/ob mice remain, however, insulin
resistant, suggesting that the absence of mahogany results in a significant but incomplete
protection from the insulin resistance associated with the ob/ob phenotype. The small
differences in peripheral insulin sensitivity detected between mg/mg ob/ob and ob/ob mice
are unlikely to account for the major differences in their glucose clearance rates. This
prediction is further confirmed by the results of insulin tolerance tests in mg/mg and

control animals. Our analysis failed to detect any significant difference between the two

groups in response to insulin (Figure 3 B).

We further analyzed the insulin release in mg/mg animals following a glucose
challenge. Significant increases in glucose-stimulated insulin release in mg/mg animals
were found at 5, 10, and 30 min (Figure 4). These results suggest that both first-phase (2-
5 min) and late-phase insulin secretory responses (15-30 min) to glucose are activated in
the absence of mahogany. Thus, the increase in pancreatic insulin secretion detected n

mg/mg mice is likely to account for the increased glucose clearance rate found in these

animals.
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Mahogany has a wide area of distribution in the body, being predominantly
expressed in brain and adipose tissue. It is possible that mahogany exerts both a central
and peripheral control on glucose homeostasis and insulin release. Our analysis indicates
that some of mahogany s effects on glucose homeostasis are mediated by MC4-R. Thus,
mg fails to increase the rate of glucose clearance in MC4-R KO animals (Figure 4). It is
conceivable that mahogany has effects on glucose homeostasis that are melanocortin-
independent and they may be mediated peripherally. This hypothesis is further
supported by the identification by RT-PCR of a specific mahogany transcript in the
pancreas (Figure 6). Further experiments are needed to determine whether mahogany is

present in pancreatic B-cells and thus directly involved in the peripheral coordination of

insulin secretion.
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Figure 1. Glucose clearance rate is increased in mg/mg animals.

Glucose tolerance test in mg/mg and control mice. (males, n = 6). (P <0.0001)
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Figure 2. Absence of mahogany protects ob/ob animals from developing non-

insulin dependent diabetes (NIDDM).

A. Glucose tolerance test in 3-month old mg/mg ob/ob and +/+ ob/ob mice. (males, n

=3-7). (P <0.0001)

B. Glucose tolerance test in 5-month old mg/mg ob/ob and +/+ ob/ob mice. (males, n

=3-7). (P <0.0001)

(@d Glucose tolerance test in 7-month old mg/mg ob/ob and +/+ ob/ob mice. (males, n

=3-5). (P <0.0001)
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Figure 3. Effect of mahogany on peripheral insulin sensitivity.

A. Insulin tolerance test in 4-month old mg/mg ob/ob and +/+ ob/ob mice. (males, n =

3.7). (P < 0.05)

B. Insulin tolerance test in 5-month old mg/mg and contro/ mice. (males, n = 8-10).

There was no statistical difference between the two groups.
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Figure 4. Increased insulin release in response to a glucose challenge in
mg/mg mice.

Insulin release was measured at various times (0, 5, 15, 30, 45, and 60 min) following a
glucose challenge (3 mg/g body weight administered i.p.). A significant increase in the
glucose-stimulated insulin release between mg/mg and control animals was determined at
5, 10, and 30 min. Values are means + SEM.

***% P <0.001, ** P <0.01, n = 8-10 (males).
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Figure S. Mahogany has no effects on glucose homeostasis in the absence of a

functional MC4-R.

A. Glucose tolerance test in mg/mg KO/KO and mg/mg a/a mice (males, n = 7). (P >

0.05).
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Figure 6. Specific mahogany expression in the pancreas.
Total RNA isolated from the pancreas of two mg/mg mice (lanes 1, 3) and two control

animals (lanes 2, 4) was used to amplify by RT-PCR a 600 bp fragment corresponding to

the cytoplasmic tail of mahogany. Lane 5 is a negative control.
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ABSTRACT

Mahogany was recently proposed to be a co-receptor for binding of the agouti proteins to
melanocortin receptors (Gunn et al., 1999; Nagle et al., 1999). We report here that agouti-
related protein (AGRP) signaling per se is not diminished in animals homozygous for a
mutation in the mahogany gene (mg/mg). Thus, mg/mg mice do not differ from wild-type
mice in their orexigenic response to AGRP administration. Furthermore, mg/mg animals
develop obesity in response to a constitutively expressed AGRP transgene. However,
immunoEM analysis of AGRP and a-melanocyte stimulating hormone (a-MSH) axon
terminals in the hypothalamic paraventricular nucleus (PVH) reveals that AGRP axons
are quantitatively misrouted and do not make proper contacts with POMC nerve
terminals in mg/mg mice. We propose that mahogany is a new member of a family of
axonal guidance proteins, and is required for the appropriate development of
hypothalamic circuitry. The lean phenotype of the mg/mg mouse thus results from

inadequate contacts between AGRP axons and their melanocortin 4 receptor (MC4-R)

target sites.
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INTRODUCTION

The central melanocortin system is one of several neurocircuits involved in the central
control of energy homeostasis (Cowley et al., 1999; Fan et al., 1997; Kask et al., 1999).
The complexity of this system is illustrated by multiple levels of MC4-R regulation,
including an agonist (a-MSH), an antagonist (AGRP), and two genes that may be required
for antagonist function (mahogany and mahoganoid). mg is a hypomorphic recessive
allele at the mahogany locus, which was initially identified as a suppressor of dominant
agouti (A")-induced yellow pigmentation (Lane and Green, 1960). More recently, mg
homozygosity was also shown to suppress the A'-induced obesity syndrome (Dinulescu
et al., 1998; Miller et al., 1997). Physiological characterization of mg/mg mice further
suggests that mahogany protein is also required for hypothalamic AGRP action
(Dinulescu et al., 1998). This hypothesis is supported by several observations. First,
the mg/mg genotype blocks the obesity induced by constitutive agouti expression (4'),
even though agouti is not normally present in the central nervous system (CNS). Second,
caloric intake and metabolic rate were both altered, in the absence of agouti, in mg/mg a/a
mice (Dinulescu et al., 1998), indicating suppression of some factor necessary for normal
maintenance of energy stores in the mouse. Finally, mahogany mRNA is expressed in
multiple brain regions, including the PVH, where AGRP and o-MSH interaction at the
MC4-R contributes to the regulation of energy balance (Cowley et al, 1999; Lu et al.,
1999).  However, biochemical and/or neuroanatomical evidence proving a direct

interaction between mahogany and AGRP have not yet been described.
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Mahogany is a member of the developmentally regulated CUB superfamily of cell
adhesion and guidance proteins (Gunn et al., 1999; Nagle et al., 1999). They include
axonal pathfinding molecules, such as neuropilins, and differentiation proteins of the bone
morphogenetic protein 1 (BMP-1) family (Bork and Beckmann, 1993; Giger et al., 1998).
Furthermore, human attractin, a previously described cell adhesion molecule that regulates
T cell-monocyte interactions (Duke-Cohan et al., 1998), appears to be homologous to the
extracellular domain of mahogany (Gunn et al., 1999; Nagle et al., 1999). Based on its
structure (i.e. single transmembrane domain protein) and function, mahogany was recently
proposed to be a low affinity co-receptor for agouti and AGRP binding to melanocortin

receptors (Gunn et al., 1999; Nagle et al., 1999), or possibly a regulator of receptor

function.

MATERIALS AND METHODS

Surgical Procedures and Drugs Administration. mg/mg and C57Bl/6J control animals
were stereotaxically implanted with sterile guide cannulae projecting to the lateral
ventricle (coordinates: 0.5 mm posterior to the bregma, 1-1.6 mm lateral to the midline,
and 2 mm below the bregma). All mg/mg mice used in the experiments, unless otherwise
stated, were the 6th to 8th generation backcrossed into the C57Bl/6J background. The
animals were allowed at least one week for recovery before experiments. NPY
administration (2.5 pg/2 |ul) was used as a positive control for the i.c.v. experiments. All
compounds were administered in 2 pl of acst or phosphate-buffered saline. AGRPg; i3,

and full-length AGRP were provided by Neurocrine Biosciences Inc. and Amgen Inc.,
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respectively. AGRP injections were performed on animals fed ad /ibitum (Purina mouse
chow, 4.5 % fat) at the beginning of the light phase. All studies were conducted under
guidelines provided by the Animal Care and Use Committee of Oregon Health Science
University. All data are presented as mean + SEM. Dose-response curves were analyzed
by 2-way ANOVA. The significance of drug effects at individual time points was

determined by two-tailed Student s t test.

Body Weight Analysis. mg/mg were crossed with AGRP Tg mice (line 44) that were
provided by Amgen Inc. (Graham et al., 1997). The body weights of mg/mg Tg/+ and
mg/+ Tg/+ animals were recorded weekly for up to 6 months. Data are presented as mean

+ SEM. Weight growth curves were analyzed by ANOVA with repeated measurements.

Light and Electron Microscopic Double Immunohistochemistry. The immunoelectron
microscopy studies were conducted on mg/mg animals backcrossed for 6 to 8 and 12
generations into the C57Bl/6J background. The o-MSH antibody was generously provided
by Dr. Richard Allen (Oregon Health Sciences University). AGRP and mahogany antisera
(rabbit polyclonal) were purchased from Phoenix Pharmaceuticals. Perfusions and light
and EM experiments were carried out as previously described (24). In order to eliminate
bias from the procedure, sections from a control animal were incubated together with
sections taken from a mg/mg animal. To differentiate between sections, either the control
or mg/mg tissue block was marked by notching one side of the brain before vibratome
sectioning. The analyzer was blinded to the animal type. A dual peroxidase labeling

technique [avidin-biotin peroxidase (ABC) and peroxidase anti-peroxidase (PAP) methods]
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was employed (20) in which AGRP was visualized by a nickel-ammonium sulfate-
intensified diaminobenzidine (DAB) reaction. This gives a very characteristic appearance
at both the light and EM levels that is easily distinguishable from that of the a-MSH
labeling, which was achieved by a normal DAB reaction. In our experience with double
labeling techniques, this method proved to be the most unbiased; all of the reagents for the
labeling of the two antigens penetrate the tissue in the same manner. Thus, when switching
the approach (from ABC to PAP and vice versa), the results are the same. This is not the
case when pre-embedding immunoperoxidase labeling is combined with the pre-embedding
immunogold technique because the penetration of the antisera differs. Following
visualization of tissue antigens, sections were wet-mounted, and examined under the light
microscope. Sections were then embedded for EM analysis as previously described
(Horvath et al., 1999). Only those embedded sections containing the same exact part of
the PVH were processed. This was determined by the use and comparison of landmarks
that included the third ventricle, fornix, optic chiasm, hippocampus, amygdala and the
thalamus. Two areas of the parvicellular PVH were focused upon: the periventricular
parvicellular PVH that was a 0.1 mm thick layer of cells adjacent to the ependymal layer
of the third ventricle, and the medial parvicellular PVH that included a 0.lmm thick layer
of cells lateral from the periventricular PVH. The PVH was serially sectioned for EM and
examined at a magnification of 10,000 X with the observer blinded to the experimental
treatment. A terminal (axon bouton) was identified by the presence of at least ten
synaptic vesicles clustered in the area of the pre-synaptic membrane. AGRP and o-MSH
axons were easily differentiated. A contact was identified between AGRP and a-MSH

boutons if their membranes ran parallel touching each other without interfacing glial
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elements. Within a 100 pm? region, the number of AGRP and o-MSH boutons and their
direct contacts were recorded. An F-test analysis of the AGRP and a-MSH counts in the
PVH was used to reveal significant non-homogenéity of variances between groups; the
Kruskal-Wallis one-way non-parametric analysis of variance was selected for multiple
statistical comparisons. The Mann-Whitney U test was used to determine significance of
differences between two independent groups. A level of confidence of p < 0.05 was

adopted for all statistical comparisons.

RESULTS

We investigated whether the co-receptor model can adequately describe the molecular
interaction between mahogany and AGRP by examining the response of mg/mg animals
to acute AGRP administration and chronic AGRP expression in a transgenic mouse. To
examine an alternative model, in which mahogany is required for the normal development
of hypothalamic melanocortin circuitry, we also compared AGRP fiber distribution and
interaction with o-MSH projections within the PVH of mg/mg and control mice.
Previous studies have indicated that AGRP mRNA synthesis is confined to neuronal cell
bodies localized in the arcuate nucleus of the hypothalamus (Shutter et al., 1997). These
neurons are shown to project to many of the same hypothalamic nuclei to which the
arcuate nucleus POMC neurons project, including PVH (Broberger et al., 1998). This
hypothalamic nucleus integrates AGRP and o-MSH signals (Kalra et al., 1999), which are
thought to control energy homeostasis in part by coordinately regulating post-synaptic

neurons within the PVH (Cowley et al., 1999).
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In initial experiments we utilized the chemically synthesized C-terminal AGRP
fragment (AGRPg;,3;), which exhibited full pharmacological and biological activity,
relative to the full-length protein, in stimulating feeding behavior in the rat (Rossi et al.,
1998). The response of mg/mg and wild-type controls to intracerebroventricular (i.c.v.)
administration of AGRPg;13; was compared. Dose-response curves indicated that the
lowest AGRP dose able to elicit a significant increase in feeding in both groups was 3
nmol (data not shown). AGRPg; 3, peptide was very stable and had long-lasting effects
in vivo, stimulating the rate of food intake for at least 24 h after the administration of a
single dose. No differences in the potency and time course of the response to AGRPg;.(3,
administration (3 nmol) were detected between the two animal groups either in the 1-8 h
time period (Figure 1 A, B) or out to 24 h post administration (Figure 1 C, D). We
conclude, therefore, that absence of mahogany protein in mg/mg animals does not impair

the response to exogenous AGRP treatment.

According to the co-receptor hypothesis the N-terminal region of agouti is
predicted to interact with mahogany whereas the C-terminal domain attaches itself to the
melanocortin receptor (Gunn et al., 1999). It is thus possible that, although mg/mg and
control animals respond equally well to AGRPg;_i3,, they might display different feeding
behaviors when administered full-length AGRP. Consequently, full-length AGRP protein
was produced in E. coli and administered i.c.v. to both mg/mg and wild-type mice
(Rosenfeld et al.,, 1998). 0.3 nmol was found to be the lowest AGRP dose capable of

eliciting an increase in food intake in either group. Similar to the results of previous
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experiments, we detected no significant differences in the feeding patterns of the two

groups following central administration of full-length AGRP (0.3 nmol) (Figure 1 E, F).

We next examined whether the obesity syndrome resulting from chronic expression
of AGRP, under the control of a B-actin promoter in transgenic mice (AGRP Tg) (Graham
et al., 1997), could be ameliorated by the absence of mahogany. A comparison between
the weight curves of mg/mg AGRP Tg and mg/+ AGRP Tg animals reveals no statistical
difference in body weights, suggesting that the mg mutation is not effective in
suppressing the AGRP-induced obesity (Figure 2). Taken together, these results indicate
that mahogany is not necessary for AGRP action in an acute administration or a chronic
transgenic expression model. Evidently, once AGRP accesses the MC4-R, the absence of
mahogany does not prevent it from binding to the receptor and exerting its normal
orexigenic activity. This prompted us to investigate whether endogenous AGRP was

properly accessing the MC4-R in mg/ing animals.

To test whether the endogenous MC4-R agonist response is impaired by the
absence of mahogany we administered an a-MSH analogue, MTII, to mg/mg and control
animals. Centrally administered MTII was previously shown to mimic the effect of the -
MSH agonist and potently inhibit caloric intake in rodents (Fan et al., 1997). Our analysis
indicates that mg/mg mice are less sensitive to MTII administration (1 nmol) as compared
to control animals (Figure 3). No differences were detected between ACSF-treated animals
from the two groups during the 8 h post injection. However, the MTII dose-response

curves of mg/mg and control animals were significantly different (p < 0.001) (Figure 3).
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The response of wild-type mice to 1 nmol MTII differs from ACSF-treated controls at all
time points examined. By contrast, with the exception of the first hour post injection, the
response of mg/mg mice to MTII administration parallels that of ACSF-treated animals.
These data suggest desensitization of the MC4-R in mg/mg mice, perhaps resulting from
endogenous levels of agonist unimpeded by the normal AGRP antagonist signal at MC4-R

target sites in these animals.

Our initial immunohistochemistry experiments looking at AGRP expression in the
arcuate nucleus revealed no major differences between mg/mg (both mg/mg a/a and mg/mg
A'/a) and control animals (Figure 4); the absence of mahogany is thus not likely to
influence AGRP synthesis in neuronal cell bodies of the arcuate nucleus. AGRP protein
levels in the arcuate nucleus of db/db mice, used as positive controls, were significantly
elevated, as shown previously (Shutter et al., 1997), and some suppression of AGRP
synthesis was seen in A" mice (Figure 4). We further investigated whether the absence of
mahogany had any effect on the structure of AGRP neurons projecting to PVH. AGRP
fiber distribution and their interactions with o-MSH projections were analyzed by
clectron microscopy (EM) in both mg/mg and control animals. We focused our attention
on two subdivisions (i.e. periventricular and medial) of the parvocellular PVH, which are
known to express MC4-R (Cowley et al., 1999) and differ in their efferent projections and

physiological roles (Dunn-Meynell et al., 1997; Rho and Swanson, 1989).

Our results indicate major differences between the two animal groups (Figure 5 A-

D, Table 1) in both the number of AGRP axon terminals and the percent of direct contacts
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established between AGRP and o-MSH boutons in the two PVH areas. In control
animals, for instance, there were fewer AGRP boutons in the periventricular PVH (34.3 +
4/100 um?) than medial PVH (64.2 + 8/100 um? p < 0.05); on the contrary, in mg/mg
mice, the number of AGRP boutons in the periventricular PVH (46.8 + 5/100 um?) did not
differ significantly from that of the medial PVH (45.3 + 4/100 um®). No differences were
found in the levels of a-MSH boutons between the two animal groups in either the
periventricular or medial PVH (Table 1). Furthermore, 19% of AGRP axon terminals,
were in direct contact with o-MSH boutons in the periventricular PVH of control muce;
this value was significantly higher in mg/mg animals (37%, p < 0.05) (Figure 5 A, Table 1).
By contrast, in the medial PVH, 15% of the AGRP boutons were in direct contact with o-
MSH axon terminals in control mice, whereas only 2.5% (p < 0.05) of the AGRP boutons
contacted «-MSH axon terminals in mg/mg animals (Figure 5 A, Table 1). While there
were no differences in the total numbers of AGRP and a-MSH boutons in the sum of the
two PVH divisions in mg/mg mutant and control mice, there seemed to be a shift in the
distribution of AGRP boutons in mg/mg animals from the medial to the periventricular
PVH. In addition, the number of direct contacts between AGRP and o-MSH axon
terminals changed significantly in the absence of mahogany, accumulating in the

periventricular PVH and significantly decreasing in the medial PVH area.

Interestingly, mahogany immunostaining in the PVH showed predominant labeling
of neuronal processes, including axon terminals (Figure 5 I-K). The immunolabeling was
frequently associated with the outer membranes of labeled processes (Figure 5 I).

Moreover, the immunohistochemistry experiments revealed that mg was indeed a loss-of-
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function mutation, albeit not complete, at the mahogany locus. Thus, some protein
expression was detected in the PVH of mg/mg animals, although it was very reduced when
compared to control mice (Figure 5 E-H). In addition, preliminary evidence revealed
predominant mahogany labeling in the periventricular segment of the PVH rather than in

more lateral areas corresponding to the medial PVH (Figure 5 F, G).

DISCUSSION

Data presented here show that mahogany is required for the normal development of
hypothalamic AGRP circuitry. This report characterizes mahogany as a novel member of
the CUB protein family that may modulate changes in energy homeostasis via alterations
in the neuronal connectivity of the CNS. Our conclusions raise some doubts about the
potential role of mahogany as an obligatory AGRP or agouti co-receptor, as previously
proposed (Gunn et al., 1999; Nagle et al., 1999). Thus we show that the post-receptor
response to AGRP action is not modified in the absence of mahogany, since mg/mg
animals have a normal response to either exogenous AGRP administration or constitutive
production of AGRP via transgenic expression. In addition, the reduced MTII sensitivity
shown by mg/mg mice suggests potential desensitization of the MC4-R to a-MSH action,
which may reflect an inadequate AGRP signal at MC4-R target sites in these animals.
Furthermore, EM analysis indicates that the absence of mahogany does indeed trigger
major developmental changes in the distribution of AGRP fibers within the PVH, while no
changes are seen for a-MSH projections. In control mice, for instance, a differential

distribution of AGRP fibers is detected between periventricular and medial PVH, with the
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medial PVH containing significantly more AGRP fibers than the periventricular region. In
mg/mg mice, however, an equal distribution of AGRP fibers is seen between the two PVH
subdivisions, suggesting that in the absence of mahogany the AGRP concentration gradient
within the PVH is completely abolished. These findings raise the intriguing possibility
that mahogany is an important surface molecule that mediates AGRP axon guidance from
the periventricular to medial PVH. This possibility is further supported by the
observation that mahogany labeling is seen predominantly on neuronal processes,
especially axon terminals. Changes in the neuronal connectivity of the adult CNS are
presumed to be contingent upon the relative balance between attractive (growth-inducing)
and repulsive (growth-restricting) molecules (Tessier-Lavigne and Goodman, 1996). It is
tempting to speculate that mahogany may function as a repellent for AGRP fibers during
development, since preliminary immunohistochemistry studies seem to indicate that
mahogany and AGRP concentration gradients within the PVH run in opposite directions
(lower AGRP, higher mahogany expression in the periventricular PVH, and vice versa in
the medial PVH). Interestingly, the CUB domain has previously been shown to be
essential for inducing repulsive axon guidance during neurodevelopment by neuropilins
(Giger et al., 1998). Furthermore, the mg and md phenotypes are similar despite their
different chromosomal locations (Lane and Green, 1960), suggesting that the mahoganoid
protein may be a heterotypic mahogany adhesion partner for axonal pathfinding during
neurodevelopment. In addition to differences in routing of AGRP fibers, the immunoEM
studies also revealed a striking alteration in the frequency of interaction between AGRP
and a-MSH axons in the PVH of mg/mg mutant mice. This difference was not due to an

overall difference in the amount of AGRP or «-MSH boutons in the PVH; the number of
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AGRP fibers in the medial PVH decreases 40% in the absence of mahogany, while the
number of direct contacts between AGRP and a-MSH boutons is reduced 6-fold. These
data suggest that, although some AGRP projections are able to reach the medial PVH in
the absence of mahogany, they are misrouted to abnormal target sites and thus fail to
contact a-MSH boutons. AGRP appears to be stable and diffuse well across brain tissue
(Cowley et al., 1999), thus ectopic expression allows the protein to access the MC4-R and
cause obesity, even in the absence of mahogany. In contrast, agouti is highly charged, is
known not to diffuse well in skin (Silvers and Russel, 1955), and thus could be expected to

be mahogany-dependent for its access to MC4-R sites, even in ectopic expression models.

Due to the fact that various PVH subnuclei participate in different aspects of
metabolic regulation (Dunn-Meynell et al, 1997; Rho and Swanson, 1989), the inverse
changes we observed in the periventricular and medial PVH may have an etiological role in
the increased energy expenditure phenotype of the mg/mg mouse. Thus, neurons within
the medial parvocellular PVH are known to project to areas of the medulla and spinal cord
associated with sympathetic outflow pathways (Dunn-Meynell et al., 1997; Rho and
Swanson, 1989). The reduced AGRP signal within the medial parvocellular PVH of
mg/mg mice is likely to contribute to increased melanocortin signaling at MC4-R and may
result in increased energy expenditure via sympathetic nervous system activation. In
conclusion, while the mechanism by which mahogany participates in axonal pathfinding
remains to be determined, these data identify mahogany as a new axonal guidance protein

important for establishing the neuronal connectivity of the mature central nervous system.

178



Figure 1. Normal response of mg/mg animals to centrally-administered AGRP.
(A-B) Similar responses of C57BL/6J (A) and mg/mg animals (B) to centrally administered
AGRPg; 43, (3 nmol) over an 8 h period (n = 8-10). (C-D) Similar responses of C57BL/6J
(C) and mg/mg animals (D) to centrally administered AGRPg; 13, (3 nmol) over a 24 h
period (n = 8-10). (E-F) Similar responses of C57BL/6] (E) and mg/mg animals (F) to
centrally administered full-length AGRP (0.3 nmol) over a 6 h period (n = 5-10). Values

are means + SEM. * P <0.05, **, p <0.01, *** p <0.001.
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Figure 2. mg does not suppress the obesity of AGRP transgenic animals. Weight
curves were recorded over a 6-month period for mg/mg AGRP Tg, mg/+ AGRP Tg,
mg/mg +/+ animals, and C57 wild-type controls (females, n = 2-13). Values are means +
SEM. No statistical differences were found between the weight curves of mg/mg Tg/+ and
mg/+ Tg/+ animals. In addition, the body weights of mg/mg Tg/+ animals were

statistically ~ higher than those of mg/mg +/+ ammals (p < 0.001).
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Figure 3. Reduced sensitivity of mg/mg animals to centrally administered MTII
(1 nmol). Differential responses of mg/mg and control (C57BL/6J) animals to centrally.
administered MTII (1 nmol) recorded over a 8 h period (n = 6-7, p < 0.001 by 2 way

ANOVA). Values are means + SEM.

181



Cumulative food intake (g)

3.0

2,54

2.0-

1.54

1.0

0.5-

O

¢ O =

mg/mg a/a Acsf

mg/mg a’/a MTII
+/+ a/a Acsf
+/+ a/a MTII

0.0




Figure 4. AGREP synthesis is not likely to be affected by mahogany. Comparative

analysis of AGRP expression in the arcuate nucleus reveals no difference between mg/mg

a/a, mg/mg A"/a, and control animals. The expression pattern of AGRP in db/db mice was

used as a positive control.
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Figure S. Mahogany controls AGRP axon guidance in the PVH. (A) Electron
microscopic analysis of the periventricular and medial parvocellular PVH revealed that the
direct axonal interaction between AGRP and a-MSH fibers (see panels B and D) were
significantly higher in the periventricular PVH of mg/mg compared to control animals

(*, n = 4, p < 0.05). In the medial PVH, the frequency of these interactions was
significantly lower in mg/mg animals than in control mice (¥, p < 0.05). In the two
subdivision of the parvicellular PVH, the number of AGRP boutons were similar in mg/mg
mice, while in control animals it was significantly higher in the medial than periventricular
PVH (p < 0.05). (B-D) Electron micrographs showing direct contacts between AGRP
(black immunoprecipitate; white arrowheads) and o-MSH (gray immunoprecipitate; black
arrowheads) boutons in the periventricular (A) and medial PVH (D). The number of
AGRP and «-MSH boutons in these direct interactions did not represent the majority of
either of these axon populations in the PVH. Instead, more frequently AGRP and a-MSH
boutons were distant from each other (C). Bar scale represents | um. (E-H) Light
micrographs of the PVH in control (E, F) and mg/mg (G, H) animals after
immunocytochemical labeling of mahogany protein. The staining intensity of mahogany
was higher in the control PVH when compared to the co-incubated sections containing the
PVH of mg/mg animals (compare panels E and F). Bar scales on panels E and F represent
10 wm and 100 pm, respectively.  Electron microscopic analysis of mahogany
immunostaining in the PVH revealed predominant labeling of neuronal processes (I-K),
including axon terminals (I). The immunolabeling was frequently associated with the outer

membranes of labeled processes  (J). Bar scale represents | um.
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Table 1. Quantitation of «-MSH and AGRP fibers , and their axo-axonal interactions

in the periventricular and medial PVH.
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SUMMARY AND CONCLUSIONS

The genetic analysis of canine extension and agouti reveals that the relationship between
the two loci is analogous to those found in other mammals. We have thus eliminated the
claim regarding the existence of a novel dominant agouti allele, 4%, that is responsible
phenotypically for black coat color in dogs. Our study indicates that canine black
pigmentation is most likely due to a recessive agouti allele, as is the case with other
mammalian species. In addition, we have confirmed that recessive yellow coat color co-
segregates with a mutation in MCI-R, which abolishes the cytoplasmic domain of the
receptor. As a result, the truncated MC1R-R306ter is unable to either bind the ligand or
transduce the hormonal signal downstream to adenylyl cyclase. No differences in mRNA
levels were found between wild-type and the mutanf receptor; the protein level of the
truncated receptor was, however, greatly reduced compared to the wild-type, suggesting a
decrease in protein stability. In addition, we have demonstrated a loss of cell surface
expression for the mutant receptor. Our data thus suggest that MCIR-R306ter fails to
reach the plasma membrane and is rapidly degraded intracellularly, possibly because of

protein misfolding in the ER. This hypothesis remains to be further investigated.

The main focus of my thesis has been the physiological and molecular
characterization of mahogany. We have thus determined that mahogany plays a major
role in the central control of energy homeostasis, aside from its effects on agouti signaling.
Both metabolic rate and motor activity were found to be increased in mg/mg mice,

presumably via activation of the sympathetic nervous system (SNS). This hypothesis is
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supported by several observations. First, plasma thyroid hormone levels in mg/mg
animals are normal (Dinulescu, unpublished results); thus, the thyroid axis is not likely to
play a major role in the stimulation of their metabolism. Secondly, administration of
MC4-R agonists, is associated with increased metabolism, via SNS activation [(Cowley et
al., 1999), Fan unpublished results]. Likewise, the mg/mg mouse, a chronic model of
increased melanocortinergic signaling, is likely to be characterized by increased
sympathetic activation. Finally, mahogany is expressed in regions of the spinal cord (i.e.
the intermediolateral nucleus) that are responsible for the sympathetic innervation of
peripheral organs, such as brown adipose tissue (BAT) and heart (Lu et al., 1999).
Further studies are needed to establish whether mahogany can indeed increase

sympathetic nerve traffic to thermogenic BAT and other tissues.

Mahogany was also shown to play a critical role in the control of glucose
homeostasis. Glucose tolerance in both normal mg/mg and obese mg/mg ob/ob mice was
improved compared to control animals. This turned out to be a direct effect of increased
insulin secretion following a glucose challenge. The effects of mahogany on glucose
homeostasis appear to be both MC4-R mediated as well as melanocortin-independent.
This conclusion stems from several observations. In the absence of a functional MC4-R
(1.e. MC4-R KO) mg fails to increase the rate of glucose clearance. However, acute
stimulation of the central melanocortin system (MC4-R) appears to have opposite effects
on glucose homeostasis, it reduces the rate of glucose disposal and inhibits insulin
secretion. In addition, we have demonstrated that the melanocortin system is involved in

the control of peripheral insulin sensitivity. By contrast, mahogany does not appear to
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play a major role in the regulation of peripheral insulin sensitivity. It is possible that
these differences are the result of acute versus chronic (i.e. mg/mg) increased
melanocortinergic signaling.  Conversely, some of mahoganys effects on glucose
homeostasis are not mediated by melanocortin pathways. Furthermore, we have now
determined that, unlike melanocortins, mahogany is expressed in the pancreas; this
suggests a potential role for mahogany in the peripheral control of insulin release. Further
investigations will determine whether mahogany is present in B-cells and thus directly

involved in coordinating the process of insulin secretion.

Finally, our analysis has provided insight into the molecular mechanism of
mahogany action in the central nervous system. We have compared and contrasted the
pattern of AGRP fiber distribution and their interaction with a-MSH projections in the
hypothalamus of mg/mg and control animals. Our study has focused on two subdivisions
(i.e. periventricular and medial) of the parvocellular PVH that are known to have different
efferent projections and physiological roles. New evidence is provided that supports the
role of mahogany in mediating AGRP axonal guidance during neurodevelopment, most
likely via a repulsion mechanism. Further biochemical experiments are required to

provide a direct proof for this hypothesis.
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