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Abstract

Molecular and pharmacological studies have pro-
vided valuable information for elucidating the biological
functions of the central melanocortin system, which
includes the MC, and MC, receptor subtypes and their
endogenous ligands. Compelling evidence demon-
strates that the MC, receptor plays an important role in
feeding behavior, energy homeostasis, sexual function,
nociception, drug addiction and stress responses.
Potent and selective MC, receptor ligands are vital to
define the physiological roles of this receptor.
Preclinical studies have proven that selective MC,
receptor agonists reduce food intake and body weight
and increase erectile activity. Selective MC, receptor
antagonists alleviate cachectic syndrome, neuropathic
pain, the motivational effects of addictive drugs and
stress-induced depression and anxiety. Clinical studies
have shown that the neural MC,/MC, receptor dual
agonist MTII elicits erectile responses in healthy volun-
teers and in patients with erectile dysfunction. In this
review, we summarize the recent development of
small-molecule MC, receptor ligands and evidence
concerning the involvement of this receptor in various
physiological functions. Within this context, we attempt
to provide an insight into the potential therapeutic uses
of MC, receptor ligands.

Introduction

The melanocortin system

The melanocortin (MC) system is comprised of MC
receptors and endogenous peptide ligands functioning as
agonists and antagonists. The endogenous MC agonists
include a-, - and y-melanocyte-stimulating hormones (a.-,
B- and y-MSH) and adrenocorticotropin (ACTH), collec-
tively known as MC peptides. These endogenous MC
peptides are derived from the posttranslational modifica-
tion of the prohormone pro-opiomelanocortin (POMC;
Fig. 1) (1). POMC itself is a functionally inert polypeptide
that is expressed in the pituitary gland, skin, immune sys-
tem and brain.

MC peptides participate in diverse physiological func-
tions in mammalian species, including humans. For
example, POMC knockout mice are hyperphagic and
develop severe obesity (2). They also have adrenal insuf-
ficiency due to the loss of ACTH and grow a yellow coat,
as compared to the brown fur of wild-type mice. Human
polymorphisms of the POMC gene result in similar abnor-
malities, which include early-onset obesity, adrenal insuf-
ficiency and red hair (3, 4).

The MC system also contains endogenous antago-
nists (inverse agonists), namely Agouti and Agouti-relat-
ed protein (AGRP) (5). Agouti is a paracrine signaling fac-
tor that acts within the hair follicle microenvironment to
block MC peptide action at the MC, receptor. In contrast,
AGRP shows a very distinct expression in the CNS and
regulates energy homeostasis via its antagonist effect on
central MC receptors (5). Postembryonic ablation of
AGRP neurons in mice leads to a lean, hypophagic phe-
notype (6). Humans with polymorphisms in the AGRP
gene are leaner than wild-type (WT) individuals and resis-
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Fig. 1. lllustration of the posttranslational processing of POMC.
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tant to late-onset obesity (7). It is believed that AGRP
counteracts the effects of a-MSH in the brain to regulate
body weight, thus providing a means of fine-tuning phys-
iological processes (5, 8).

Five MC receptor subtypes, named MC, . receptors,
have been identified and cloned to date (9). They all
belong to the superfamily of 7-transmembrane G-protein-
coupled receptors (GPCRs). These receptors couple to
adenylyl cyclase and mediate their functions primarily by
activating a cAMP-dependent signaling pathway. MC
receptors show high sequence homologies, ranging from
60% identity between the MC, and the MC; receptor, to
55% identity between the MC, and the MC, receptor, and
38% identity between the MC, and the MC, receptor (10,
11). On the other hand, MC receptors exhibit different tis-
sue distributions and have diverse physiological roles.
Table | lists the main sites of expression and physiologi-
cal roles of MC receptor subtypes (11).

The MC, receptor is mainly expressed within the neu-
roendocrine system, with particularly dense expression in
the hypothalamus (12). Conversely, the MC, receptor
was not detected in peripheral cells in an extensive study
including 20 different tissues (13). The distribution of the
MC, receptor is consistent with its involvement in auto-
nomic and neuroendocrine functions. Thus, this subtype
has been found to participate in the regulation of feeding
behavior, energy homeostasis, erectile function, drug
addiction, nociception and stress responses (14).

The MC, and the MC, receptors are commonly
referred to as central melanocortin receptors (10). MC,
receptor mRNA is more widely expressed than MC,
receptor mRNA. However, both of these receptors have
been found in the same areas, such as the hypothalamus
and spinal cord. To differentiate the physiological func-
tions of the MC, and MC, receptors, knockout animal
models are often used (14). Selective MC, and MC,
receptor agonists and antagonists are also employed as
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powerful tools to investigate the functions of these two
receptors (vide infra).

Peptide-based melanocortin receptor ligands

All the endogenous melanocortin agonists contain a
core His-Phe-Arg-Trp tetrapeptide sequence, which is
important for MC receptor recognition and stimulation
(15). Based on this pharmacophore, many MC peptide
analogues have been prepared in the past decade and
substances displaying valuable properties, such as
antagonism, high activity and selectivity, were discovered
(16). Table Il lists several synthetic peptides that have
been extensively used in elucidating the physiological
functions of MC receptors. The Phe in the core sequence
plays a prominent role in enhancing binding and function-
al potencies, as demonstrated in cyclic peptides MTII (17)
and PT-141(18), MC, receptor agonists in which the Phe
is replaced with its enantiomer p-Phe, and SHU-9119 (19)
and HS-014 (20), MC, receptor antagonists in which the
Phe is replaced with the naphthalene derivative p-Nal.
Detailed discussions regarding peptide-based MC recep-
tor ligands can be found in a recent review (21).

Recent development of MC, receptor ligands

From melanocortin peptides to small-molecule MC,
receptor agonists

Based on the structure and conformation of MC pep-
tides, one can create a pharmacophore model for design-
ing small-molecule MC, receptor ligands (23, 25). A well-
defined pharmacophore identifies the minimal chemical
feature necessary for activity, and provides relative posi-
tions of peptide side-chains (27). The cyclic peptide MTII
and its analogues have been extensively used in this
regard because of their conformational rigidity (23-25).

Table I: The melanocortin receptor subtypes, their location and physiological functions (11).

MC receptor subtype Prevalent expression sites

Functions

MC, Melanocytes

MC, Adrenal cortex

MC, Hypothalamus, amygdala, hippocampus,
placenta, heart, pancreas

MC, Hypothalamus, amygdala, spinal cord,
dorsal root ganglia

MC, Sebaceous gland

Skin pigmentation
Steroid production and release
Autonomic functions, energy homeostasis

Feeding behavior, erectile function, nociception,
stress response
Glandular lipid production

Table Il: Important endogenous and synthetic melanocortin receptor peptide agonists and antagonists.

K; (nM)
Peptide Structure MC, MC, MC,
a-MSH Ac-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-NH2 31 660 5700
MTII Ac-Nle-c[Asp-His-DPhe-Arg-Trp-Lys]-NH2 34 6.6 46
SHU-9119 Ac-Nle-c[Asp-His-pDNal-Arg-Trp-Lys]-NH2 1.2 0.36 11
PT-141 Ac-Nle-c[Asp-His-DPhe-Arg-Trp-Lys]-OH NA 15 NA
HS-014 Ac-c[Cys-Glu-His-DNal-Arg-Trp-Gly-Cys]-Pro-Pro-Lys-Asp-NH2 54 3.2 690

All K; values are for human melanocortin receptor subtypes and are from Ref. 22, except for PT-141, which is from Ref. 18. NA: not

available.
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Fig. 2. Small-molecule MC, receptor agonists.

Compounds 1-3 in Figure 2 are MC, receptor agonists
designed by mimicking the structures of MC peptides.

Fotsch et al. established a pharmacophore model
based on the solution structures of a potent MC receptor
agonist, Ac-Nle-cyclo[Asp-Pro-p-Phe-Arg-Trp-Lys]-NH,
(25). Accordingly, the authors were able to design the cis-
cyclohexyl analogue (1) to mimic the spatial arrangement
of the critical tripeptide region p-Phe-Arg-Trp found in the
cyclic peptide. Compound 1 is a potent human MC,
receptor agonist with IC.; and EC,, values below 10 nM
in binding and functional assays. The selectivity profile of
compound 1 is improved as compared to that of MTII,
showing 36- and 7-fold selectivity versus the MC, and
MC, receptors, respectively (see Table Ill) (25). Brief
structure-activity relationship (SAR) studies based on
compound 1 indicated that subtle changes in cyclohex-
ane stereochemistry and removal of any of the functional
groups led to analogues with substantial loss of affinity for
the MC receptors. Interestingly, the guanidine side-chain
can be replaced with a conformationally constrained 1,3-
cyclohexanebis(methylamine) moiety (26). The resulting
amino analogue (2) existed as a mixture of diastere-
omers, is equipotent to compound 1 at the MC, receptor
and exhibits > 140- and 2-fold selectivity versus the MC,
and MC, receptor, respectively, in binding affinity.

The cis-cyclohexyldiamine core was also modified to
a 5-membered scaffold, as represented by a pyrrolidine
analogue, which was recently disclosed by Tian and

coworkers (28, 29). Compound 3 has a K; of 76 nM at the
MC, receptor, with 5-fold selectivity versus the MC,
receptor.

From GPCR privileged structures to MC, receptor ago-
nists

Potent and selective MC, receptor ligands were
developed based on GPCR privileged structures (30).
The so-called GPCR “privileged structures” are substruc-
tures that can generate high-affinity ligands for more than
one type of GPCR (31). The spiroindanylsulfonamide
(32), arylpiperazine (33, 34) and cyclohexylpiperazine
(32, 35-38) scaffolds are examples of privileged struc-
tures that have been successfully used in MC, receptor
ligands.

The close homology between the message sequence
in the MC peptides and the active core of the growth hor-
mone secretagogue peptide GHRP-6 enabled scientists
at Merck to access a series of MC, receptor agonists, as
represented by compounds 4-6 in Figure 2 (32, 35-38).
Compound 4 (35) shows potent activity at the human MC,
receptor, with an IC_, of 16 nM and an EC of 11 nM. At
the human, rat and mouse MC, receptors, compound 4 is
> 100-fold selective versus the MC,, MC, and MC, recep-
tor in binding affinity, and > 32-fold selective in functional
potency (Table Ill). However, compound 4 has low oral
bioavailability (F < 20%) in rats and shows extensive
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Table IlI: Binding affinity and functional activity of MC, receptor agonists at human melanocortin receptor subtypes.

Compound Binding affinity? (IC,, or K;, nM) Functional potency® (ECqp, NM)

MC, MC, MC, MC, MC, MC,
1 280 7.7 NA NA 4 NA
2 982 7.0 NA NA 8.6 NA
3 382¢ 76° NA NA 142 NA
4 1600 16 2400 (11)d 11 1900
5 942 8 945 (8)¢ 11 850
6 120 0.37 64 (4)d 1.9 250
7 NA 25 NA > 10,000 0.4 210
8 NA 20° NA NA NA NA

2Cq, or K; values at human melanocortin receptors stably transfected in CHO or HEK-293 cells, using the radiolabeled ligand
125|-NDP-0.-MSH. PConcentration of compound at 50% maximum cAMP accumulation. °K; values. YPercentage of CAMP accumulation

relative to a-MSH at 10 uM compound concentration.

covalent binding in rat and human liver microsome stabil-
ity studies (39).

Consequently, the isoquinuclidine derivative (5) (37)
was prepared to address the bioactivation issue found in
4. Indeed, the sterically hindered piperazine analogue (5)
showed low bioactivation potential as measured by cova-
lent binding in microsome preparations. Compound 5 is a
selective human MC, receptor agonist, displaying 120-
fold selectivity versus both the MC, and MC; receptors in
binding affinity (see Table Ill). It has excellent activity at
both the mouse and rat MC, receptors (IC,, < 10 nM).
Also, compound 5 has better oral bioavailability in rats (F
= 32%) than 4.

The 1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid
(Tic) is important for enhancing the binding to and efficacy
at the MC, receptor (32-34). Attempts to modify the Tic
group led to the 1-amino-1,2,3,4-tetrahydronaphthalene-2-
carboxylic acid analogue (6) (38). Optically pure com-
pound 6 has an IC, of 0.37 nM and an EC,, of 1.9 nM at
the human MC, receptor and is over 170-fold selective ver-
sus the MC,, MC, and MC, receptors in binding affinity,
and > 130-fold selective in functional potency (Table III).

Other privileged structures have also been incorporat-
ed into MC, receptor agonists. For example, Fotsch et al.
reported the arylsulfonamide 7 as a potent and selective
MC, receptor agonist (33). Conversely, compound 7 is a
weak agonist for the MC, and MC, receptors. Compound
7 also exhibits excellent potency at the mouse MC,
receptor, with IC.,, and EC,, values below 1 nM.
Piperazine analogues with various substitutions at the
aryl ortho position were also identified as MC, receptor
agonists (40, 41). More recently, Fisher et al. reported the
benzylic piperazine analogue 8 as an MC, receptor ago-
nist (41). This compound, tested as a mixture of diastere-
omers, displays a K; of 20 nM at the MC, receptor, indi-
cating that substituted benzylic piperazines can also
serve as privileged structures when coupled to the p-Phe-
Tic moiety.

From agonists to antagonists

Structural modifications of MC, receptor agonists can
lead to antagonists (42). Utilizing information derived from

SAR studies of MC, receptor agonists and mutagenesis
results, scientists at Neurocrine Biosciences developed a
series of structurally diversified arylpiperazine analogues
as MC, receptor antagonists (Fig. 3) (43-47). One exam-
ple is the 2,4-dichlorophenylalanine derivative (9), which
possesses a K; value of 1.8 nM in the binding assay
(Table 1V). Schild analysis showed that 9 was a competi-
tive functional antagonist, with a pA, value of 7.9 for inhi-
bition of a-MSH-stimulated cAMP accumulation (43).
Changing the B-alanine moiety in compound 9 to a car-
bamate group resulted in another functional antagonist
(20), which displays low nanomolar binding affinity at the
human MC, receptor but weak affinity at the human MC,
receptor, as shown in Table 1V (47).

Modification of the arylpiperazine portion in 9 leads to
cyclohexylpiperazine analogues (11 and 12), which are
functional antagonists at the MC, receptor (see Table V)
(48, 49). Compound 11 contains a para-methoxyphenyl
acetamide side-chain and displays binding affinity of 4.2
nM at the MC, receptor (48). Compound 12 is an ester
analogue and has K; values of 6.3, 2800, 460 and 310 nM
at the MC,, MC,, MC, and MC, receptors, respectively.
This corresponds to > 50-fold selectivity for the MC,
receptor versus all the other MC receptor subtypes.
Compound 12, however, has a low oral bioavailablity of
12% in rats (49).

Potential therapeutic uses for MC, receptor ligands

Obesity

Compelling evidence supports the notion that the MC,
receptor regulates food intake and energy homeostasis,
and that MC, receptor agonists reduce food intake and
body weight in animals (50, 51). Human genetic studies
showed that mutations in the MC, receptor gene are the
most common monogenic form of obesity in human. For
example, results from examination of 750 men with juve-
nile-onset obesity showed a 2.5% carrier frequency of
pathogenic mutations in the MC, receptor gene (52).
These mutations, absent in normal-weight individuals, are
clear evidence that defects in the MC pathway are relat-
ed to severe obesity (53).
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Fig. 3. Small-molecule MC, receptor antagonists.

Table IV: Binding affinity of MC, receptor antagonists at the human melanocortin receptor subtypes.

Compound Binding affinity? (K;, nM) Compound Binding affinity? (K;, nM)
MC, MC, MC, MC, MC, MC,
9 640 1.8 280 11 1100 4.2 540
10 790 3.2 560 12 460 6.3 310

aBinding affinity at human melanocortin receptors stably expressed in HEK-293 cells, using the radiolabeled ligand *?°I-NDP-o.-MSH

The roles of the MC, receptor in obesity were also
demonstrated in animals (54, 55). Mice that are engi-
neered to be MC, receptor-deficient have a characteris-
tic obese phenotype typified by hyperphagia, increased
linear growth and metabolic defects (54). Recently,
Hansen et al. examined the feeding responses of
Sprague-Dawley (SD) rats to MTII and the selective MC,
receptor antagonist HS-014 (55). Rats were fed a high-
fat cafeteria diet (30% fat) or chow (5% fat) before the
peptide was administered through an implanted intra-
cerebroventricular (i.c.v.) cannula. Chronically overfed
animals had a profound inhibitory feeding response after
MTII injection and lost more body weight (15 g) com-
pared to the control rats (4 g). Daytime administration of
HS-014 significantly increased food intake in all rats to
the same extent (55).

Newly developed small-molecule MC, receptor ago-
nists, i.e., compounds 4 and 5 (Fig. 2), were evaluated in
a rat obesity model and a fasting-induced re-feeding par-
adigm (35, 37). When 4 was administered orally (20
mg/kg b.i.d.) to rats raised on an energy-dense diet, the
body weight of the rats showed an overall decrease of
—7 £ 5 g over 4 days. This is in contrast to the body weight
changes observed in vehicle-treated rats (+15 + 2 g) and
in rats treated with dexfenfluramine (3 mg/kg b.i.d.), a
known drug that reduces food intake (-16 + 3 g) (35).
Moreover, when 5 was dosed orally at 20 mg/kg to rats
that were fasted for 18 h, a significant reduction in food
intake was observed at 8- and 18-h time points as com-
pared to vehicle-treated rats. In an overnight food intake
study, oral administration of 5 resulted in a significant
reduction in food intake in wild-type mice, but produced

no effects in MC,, receptor knockout mice (37).

In a recent publication, both the MC, and MC, recep-
tors were implicated in the anorectic and metabolic
responses to leptin, a hormone known to regulate human
energy homeostasis (56). Leptin was administered to rats
over a 3-day period by either the i.p. or the i.c.v. route.
The absence of MC, receptors in rats hindered leptin’s
ability to increase the mRNA of UCP1 (uncoupling protein
1; a protein involved in nonshivering thermogenesis) in
both brown and white adipose tissue, but not its ability to
reduce food consumption. In contrast, the deletion of the
MC, receptor compromised leptin’s ability to reduce food
intake, but did not have effects on adipose tissue. In both
genotypes, modest increases in the fat content of the diet
from 4% to 11% accentuated fat deposition and produced
a rapid and comparable 10-12% increase in the percent-
age of body fat. These results indicate that the anorectic
and metabolic responses to leptin are dependent on inte-
grated but separable inputs from the MC, and MC, recep-
tors (56).

These molecular and pharmacological results demon-
strate that the central MC signaling pathway is a critical
element in the control of mammalian energy balance.
Accumulating evidence indicates that the MC, receptor is
a vital player in the regulation of food intake.
Undoubtedly, further understanding of the roles played by
the neural MC, and MC,, receptors will facilitate the devel-
opment of MC receptor ligands to treat human obesity.

Cachexia

Cachexia (involuntary weight loss) is a wasting syn-
drome associated with many chronic diseases, including
cancer, late-stage HIV infection, heart and liver failure. It
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is believed to be a major contributor to morbidity and
mortality in these chronic diseases. However, there are
currently no effective treatments available for reversing
the progressive loss of lean body mass in cachectic
patients.

Evidence from animal models suggests that central
MC signaling through the MC, receptor modulates
cachexia and that MC, receptor antagonists attenuate the
cachectic syndrome (57, 58). To demonstrate the involve-
ment of the MC, receptor in cachexia, Cheung et al.
established a uremia-induced cachexia model through
either subtotal nephrectomy or sham operation (as con-
trols) in wild-type and MC, receptor knockout mice (59).
Nephrectomized wild-type mice showed a classic syn-
drome of cachexia characterized by decreased food
intake, increased metabolic rate and loss of lean body
mass. On the contrary, MC, receptor knockout mice
resisted the cachectic effects of uremia on weight loss,
metabolic rate and body composition. Treatment of
nephrectomized wild-type mice with intracranial injection
of AGRP reversed the cachectic syndrome (59).

Small-molecule MC, receptor antagonists increase
food intake and prevent body weight loss in a tumor-
induced model of cachexia (60, 61). Markison et al.
recently evaluated their selective MC, receptor antago-
nist 12 (Fig. 3) in tumor-bearing cachectic mice (61).
When administered i.p., compound 12 reversed the
reduction in food intake in the cachectic mice as com-
pared to vehicle. Compound 12 also protected the ani-
mals from loss of body weight and lean mass. The tumor
size, on the other hand, was not affected by the drug. In
addition, the basal metabolic rate, as measured by oxy-
gen consumption, decreased in the drug-treated normal
mice (61). Thus, MC, receptor antagonists represent an
attractive therapeutic approach to ameliorate the cachec-
tic syndrome in humans.

Sexual dysfunction

In the first clinical study designed to target the MC,
receptor for skin tanning, the MC receptor agonist MTII
showed the unexpected side effect of enhancing erectile
activity (62). Palatin Technologies subsequently conduct-
ed clinical trials with PT-141 (the acid form of MTII) for
male and female sexual dysfunction (63). Clinical data
showed a statistically significant erectile response follow-
ing intranasal or subcutaneous administration of PT-141
in healthy male subjects (64, 65). A statistically significant
erectile response was also observed in patients with
erectile dysfunction (ED) who were either responsive or
unresponsive to sildenafil (65). However, the role of the
MC, receptor in erectile function was not apparent from
these clinical trials, since PT-141 is a dual neural MC,,,
receptor agonist (64).

Evidence from animals administered selective MC,
receptor agonists has shed light on the involvement of the
MC, receptor in erectile function (35, 37). For example,
the erectogenic activity of the selective MC, receptor ago-
nists 4 and 5 was evaluated using an established rodent
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model. In the model, each rat served as its own control,
where the erectogenic effect of the compound was com-
pared to that produced by vehicle (66). When adminis-
tered at a dose of 3 mg/kg i.v. to rats, compound 4 signif-
icantly increased the number of penile erections induced
by electrical stimulation over a 15-min time period. Orally
dosed 4 (5-40 mg/kg) also augmented the erectile activi-
ty in a dose-dependent manner (35). The selective MC,
receptor agonist 5 enhanced the magnitude and duration
of electrically stimulated erectile activity in mice when
injected i.v. (1 mg/kg). Notably, administration of 5 in mice
did not elicit erectile activity in the absence of electrical
stimulation (37).

MTII has been shown to initiate erections in rodents
and humans without sexual stimulation (63, 67, 68), in
contrast to selective MC, receptor agonists such as com-
pound 5 (37). This leads to the hypothesis that both the
MC, and MC, receptors are necessary for complete
proerectile actions (69). Additional evidence implying the
involvement of the neural MC, receptor in enhancing
erectile activity includes the finding that the selective MC,
receptor antagonist HS-014 did not fully abolish o.-MSH-
and ACTH-induced penile erections (70), and HS-014
showed no influence on sexual behavior in male rats (71).
Nonetheless, further investigations are necessary to fully
elucidate the putative receptor subtypes, pathways and
mechanisms implicated in mediating the proerectile
effects of melanocortins (62, 69).

Neuropathic pain

In humans, damage to the nervous system can lead
to a pain state referred to as neuropathic pain. This dis-
order remains one of the most difficult forms of pain to
treat. The wide variety of drugs currently used in its treat-
ment often do not provide adequate pain relief. Published
data suggest that the MC, receptor plays a role in noci-
ception and that MC receptor antagonists produce an
antiallodynic effect in neuropathic rats (72). For example,
the MC, receptor transcript is expressed in the spinal cord
and dorsal root ganglia (DRG), which suggests its
involvement in presynaptic regulation of nociceptive input
(73). In rats with chronic constriction injury (CCl), MC,
receptor mRNA in the DRG is downregulated, which par-
allels the antiallodynic or proallodynic efficacy of MC
receptor ligands (74). In contrast, MC, receptor mRNA is
found only in the spinal cord at low levels (75), and
administration of a selective MC, receptor agonist does
not elicit a nociceptive action (76). These data support the
hypothesis that the MC, receptor rather than the MC,
receptor modulates nociception.

The effects of MC receptor agonists and antagonists
in CCI rats were also examined. Bertorelli et al. demon-
strated that intrathecal injection of the antagonist AGRP
or SHU-9119 to CCI rats produced a profound cold and
mechanical antiallodynic effect (77, 78). On the other
hand, administration of MTII and the more selective MC,
receptor agonist p-Tyr-MTIl increased the sensitivity to
cold and mechanical stimulation in CCl rats. These
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effects were observed in both acute and chronic adminis-
tration paradigms (79).

Starowicz and colleagues recently showed that co-
administration of SHU-9119 and morphine had an addi-
tive antiallodynic effect (80). A single intrathecal injection
of SHU-9119 restored morphine analgesic potency in
morphine-tolerant rats, and repeated administration of
SHU-9119 prevented the development of morphine toler-
ance. Thus, administration of MC, receptor antagonists or
combined treatment with opioids might provide a promis-
ing tool in the treatment of neuropathic pain (81).

Drug addiction

A growing body of literature suggests that the MC axis
modulates neurobiological responses to drugs of abuse
(82-85). Molecular studies with rodents showed that the
MC, receptor and melanocortins are expressed in
dopamine-rich regions such as the nucleus accumbens,
where the rewarding actions of cocaine and other drugs of
abuse are implicated (82). Chronic cocaine treatment
resulted in a 2-3-fold induction of MC, receptor mRNA in
the striatum and a smaller increase in the hypothalamus
and hippocampus (83). These results suggest the involve-
ment of the MC, receptor in modulating drug addiction.

MC receptor antagonists block the motivational
effects of addictive drugs. The reward response (as mea-
sured by cocaine self-administration) and locomotor-acti-
vating effects of cocaine were used as behavioral models
to assess the actions of cocaine (83). Intra-accumbens
infusion of SHU-9119 to SD rats blocked the reinforcing,
motivational and locomotor-sensitizing effects of cocaine.
This is consistent with the observation that i.c.v. infusion
of MTII to rats potentiated the acute threshold-lowering
effect of amphetamine for lateral hypothalamic self-stimu-
lation (84). Moreover, chronic i.c.v. infusion of MTII (12
days) increased the sensitivity to amphetamine during the
postinfusion period (24 days) (85). Obviously, neural
MC,, receptor stimulation reinforces the rewarding effect
of amphetamine.

Hsu et al. also reported that the locomotor-activating
effects of cocaine were completely blocked in MC, recep-
tor-null mutant mice and reduced in Agouti mice (animals
that overexpress Agouti in the brain) (83). Moreover,
intra-accumbens injection of a-MSH to cocaine-treated
rats induced a significant increase in locomotor activity.
Clearly, the rewarding and locomotor-activating effects of
cocaine are critically dependent on the activity of the MC
system in the nucleus accumbens. Thus, modulation of
the rewarding effects through the MC system could be
useful for the treatment of drug addiction.

Depression and anxiety

In the course of studying the MC system, excessive
grooming behavior in rats was observed when the ani-
mals were given a-MSH and ACTH (70). Since grooming
is one way rodents respond to stressful situations, it was
postulated that the neural MC, receptor was involved in

169

emotional stress and that MC, receptor antagonists might
alleviate stress-induced symptoms such as depression
and anxiety. Further evidence to support this assertion
included: 1) the expression of MC, receptor mRNA in the
amygdala and hypothalamus was significantly increased
during electrical foot shock stress (86); 2) SHU-9119
attenuated the effect of MC, receptor agonist-induced
grooming (87); 3) the selective MC, receptor antagonist
HS-014 blocked immobilization stress-induced anorexia
in rats (88); and 4) MTIl dose-dependently and signifi-
cantly reduced the time mice spent in social interaction,
while administration of a selective, small-molecule MC,
receptor antagonist, MCL-0129 (13), to mice for 1 week
significantly and dose-dependently increased the time
spent in social interaction, without affecting locomotor
activity (89).
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Recently, Kokare et al. studied the interaction of neu-
ropeptide Y (NPY), an endogenous neuropeptide known
to modulate mood disorders, and a-MSH in the amygdala
(90). The peptides were injected unilaterally into the right
amygdala either together or separately. The authors
found that rats spent less time in an elevated plus-maze
when they were treated with o-MSH. Also, a-MSH
reduced the anxiolytic-like effect of NPY. Co-administra-
tion of HS-014 and NPY at subeffective doses evoked
synergistic anxiolysis in rats (90). Therefore, blockade of
the MC, receptor may be useful for treating subjects with
stress-related disorders such as depression and anxiety.

Conclusions

Molecular and pharmacological studies have shown
that the MC, receptor is involved in the regulation of feed-
ing behavior, energy homeostasis, sexual function, noci-
ception, motivational effects of addictive drugs and stress
responses. Results from preclinical studies illustrate the
potential usefulness of MC, receptor ligands to treat obe-
sity, cachexia, ED, neuropathic pain, drug addiction,
depression and anxiety. The encouraging results from
clinical trials with the agonist MTII for ED further under-
score the possibility of modulating MC,,, receptor activity
in humans for therapeutic use. Current evidence supports
the hypothesis that the central MC system, which
includes MC, and MC, receptors and their endogenous
ligands, functions in a cooperative or integrative fashion
to optimize its regulatory activities. Nonetheless, the puta-
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tive receptor subtypes, pathways and mechanisms of the
central MC system implicated in the above-mentioned
disorders remain to be fully elucidated.

Tremendous progress has been made during the past
decade in the discovery of small-molecule MC, receptor
ligands, and in evaluating these compounds in animal
models. Most of these ligands display excellent potency
and selectivity at the MC, receptor and are effective in
animal disease models. However, their pharmacokinetic
properties, such as the ability to penetrate the brain and
oral bioavailability, as well as metabolic stability, require
further optimization for chronic oral administration. This is
an important issue since prolonged drug administration is
desirable for treating disorders such as obesity and
depression. Once the required MC, receptor ligands are
available, physiological responses through chronic modu-
lation of the MC, receptor can then be fully evaluated,
particularly in humans.

Acknowledgements

The author thanks Dr. Christopher Fotsch for his help-
ful suggestions and Drs. Paul J. Reider and Randall W.
Hungate for their encouragement during the preparation
of this manuscript.

References

1. Pritchard, L.E., Turnbull, A.V., White, A. Pro-opiomelanocortin
processing in the hypothalamus: Impact on melanocortin signal-
ing and obesity. J Endocrinol 2002, 172: 411-21.

2. Yaswen, L., Diehl, N., Brennan, M.B. et al. Obesity in the
mouse model of pro-opiomelanocortin deficiency responds to
peripheral melanocrotin. Nat Med 1999, 5: 1066-70.

3. Krude, H., Biebermann, H., Luck, W. et al. Severe early-onset
obesity, adrenal insufficiency and red hair pigmentation caused
by POMC mutations in humans. Nat Genet 1998, 19: 155-7.

4. Buono, P., Pasanisi, F., Nardelli, C. et al. Six novel mutations
in the proopiomelanocortin and melanocortin receptor 4 genes in
severely obese adults living in Southern lItaly. Clin Chem 2005,
51: 1358-64.

5. Dinulescu, D.M., Cone, R.D. Agouti and Agouti-related pro-
tein: Analogies and contrasts. J Biol Chem 2000, 275: 6695-8.

6. Bewick, G.A., Gardiner, J.V., Dhillo, W.S. et al. Postembryonic
ablation of AgRP neurons in mice leads to a lean, hypophagic
phenotype. FASEB J 2005, 19: 1680-2.

7. Argyropoulos, G., Rankinen, T., Neufeld, D.R. et al. A poly-
morphism in the human Agouti-related protein is associated with
late-onset obesity. J Clin Endocrinol Metab 2002, 87: 4198-202.

8. Stuetz, A.M., Morrison, C.D., Argyropoulos, G. The Agouti-
related protein and its role in energy homeostasis. Peptides
2005, 26:1771-81.

9. Voisey, J., Carroll, L., van Daal, A. Melanocortins and their
receptors and antagonists. Curr Drug Targets 2003, 4: 586-97.

10. Catania, A., Gatti, S., Colombo, G., Lipton, J.M. Targeting
melanocortin receptors as a novel strategy to control inflamma-
tion. Pharmacol Rev 2004, 56: 1-29.

The MC, receptor as a drug discovery target

11. Cone, R.D. (Ed.). The Melanocortin Receptors. Humana
Press, New Jersey, 2000.

12. Kishi, T., Aschkenasi, C.J., Lee, C.E. et al. Expression of
melanocortin 4 receptor mMRNA in the central nervous system of
the rat. J Comp Neurol 2003, 457: 213-35.

13. Chbhaijlani, V. Distribution of cDNA for melanocortin receptor
subtypes in human tissues. Biochem Mol Biol Int 1996, 38: 73-80.

14. Chaki, S., Nakazato, A. The MC, receptor as a therapeutic
target. Drugs Fut 2004, 29: 1065-74.

15. Hruby, V.J., Han, G. The molecular pharmacology of a-
melanocyte stimulating hormone: Structure-activity relationships
for melanotropins at melanocortin receptors. In: The
Melanocortin Receptors. Cone, R.D. (Ed.). Humana Press, New
Jersey, 2000, 239-61.

16. Holder, J.R., Haskell-Luevano, C. Melanocortin ligands: 30
Years of structure-activity relationship (SAR) studies. Med Res
Rev 2004, 24: 325-56.

17. Al-Obeidi, F., Castrucci, A.M., Hadley, M.E., Hruby, V.J.
Potent and prolonged acting cyclic lactam analogues of a-melan-
otropin: Design based on molecular dynamics. J Med Chem
1989, 32: 2555-61.

18. Molinoff, P.B., Shadiack, A.M., Earle, D., Diamond, L.E.,
Quon, C.Y. PT-141: A melanocortin agonist for the treatment of
sexual dysfunction. Ann NY Acad Sci 2003, 994: 96-102.

19. Hruby, V.J., Sharma, S.D., Toth, K., Jaw, J.Y., Al-Obeidi, F.,
Sawyer, T.K., Hadley, M.E. Design, synthesis, and conformation
of superpotent and prolonged acting melanotropins. Ann NY
Acad Sci 1993, 680: 51-63.

20. Schioth, H.B., Mutulis, F., Muceniece, R. et al. Discovery of
novel melanocortind receptor selective MSH analogs. Br J
Pharmacol 1998, 124: 75-82.

21. Irani, B.G., Holder, J.R., Todorovic, A. et al. Progress in the
development of melanocortin receptor selective ligands. Curr
Pharma Design 2004, 10: 3443-79.

22. Wikberg, J.E.S. Melanocortin receptors: New opportunities in
drug discovery. Exp Opin Ther Patents 2001, 11: 61-76.

23. Sun, H., Greeley, D.N., Chu, X.-J. et al. A predictive phar-
macophore model of human melanocortin-4 receptor as derived
from the solution structures of cyclic peptides. Bioorg Med Chem
2004, 12: 2671-7.

24. Ying, J., Koever, K.E., Gu, X. et al. Solution structures of
cyclic melanocortin agonists and antagonists by NMR.
Biopolymers 2003, 71: 696-716.

25. Fotsch, C., Smith, D.M., Adams, J.A. et al. Design of a new
peptidomimetic agonist for the melanocortin receptors based on
the solution structure of the peptide ligand, Ac-Nle-cyclo[Asp-
Pro-b-Phe-Arg-Trp-Lys]-NH,. Bioorg Med Chem Lett 2003, 13:
2337-40.

26. Xi, N., Adams, J., Bo, Y. et al. Design and synthesis of
potent, selective melanocortin subtype-4 receptor agonists for
the treatment of obesity. 228th ACS Natl Meet (Aug 22-26,
Philadelphia) 2004, Abst MEDI 194.

27. Hogan, K., Peluso, S., Gould, S. et al. Mapping the binding
site of melanocortin 4 receptor agonists: A hydrophobic pocket
formed by 13.28(125), 13.32(129) and 17.42(291) is critical for
receptor activation. J Med Chem 2006, 49: 911-22.



Drugs Fut 2006, 31(2)

28. Tian, X., Field, T., Mazur, AW. et al. Design, synthesis, and
evaluation of proline based melanocortin receptor ligands.
Bioorg Med Chem Lett 2005, 15: 2819-23.

29. Tian, X., Chen, X., Gan, L. et al. Synthesis of Tic-d-Phe
y[CH,—CH,] isostere and its use in the development of
melanocortin receptor agonists. Bioorg Med Chem Lett 2006, 16:
1721-5.

30. Todorovic, A., Haskell-Luevano, C. A review of melanocortin
receptor small molecule ligands. Peptides 2005, 26: 2026-36.

31. Bondensgaard, K., Ankersen, M., Thogersen, H. et al.
Recognition of privileged structures by G-protein coupled recep-
tors. J Med Chem 2004, 47: 888-99.

32. Sebhat, I.K., Martin, W.J., Ye, Z. et al. Design and pharma-
cology of N-[(3R)-1,2,3,4-tetrahydroisoquinolinium-3-ylcarbonyl]-
(1R)-1-(4-chlorobenzyl)- 2-[4-cyclohexyl-4-(1H-1,2,4-triazol- 1-
ylmethyl)piperidin-1-yl]-2-oxoethylamine (1), a potent, selective,
melanocortin subtype-4 receptor agonist. J Med Chem 2002, 45:
4589-93.

33. Fotsch, C., Han, N., Arasasingham, P. et al. Melanocortin
subtype-4 receptor agonists containing a piperazine core with
substituted aryl sulfonamides. Bioorg Med Chem Lett 2005, 15:
1623-7.

34. Richardson, T.l., Ornstein, P.L., Briner, K. et al. Synthesis
and structure-activity relationships of novel arylpiperazines as
potent and selective agonists of the melanocortin subtype-4
receptor. J Med Chem 2004, 47: 744-55.

35. Palucki, B.L., Park, M.K., Nargund, R.P. et al. Discovery of
(2S)-N-[(1R)-2-[4-cyclohexyl-4-[[(1,1-dimethylethyl)amino]car-
bonyl]-1-piperidinyl]-1-[(4-fluorophenyl)methyl]-2-oxoethyl]-4-
methyl-2-piperazinecarboxamide (MB243), a potent and selec-
tive melanocortin subtype-4 receptor agonist. Bioorg Med Chem
Lett 2005, 15: 171-5.

36. Palucki, B.L., Park, M.K., Nargund, R.P. et al. 2-
Piperazinecarboxamides as potent and selective melanocortin
subtype-4 receptor agonists. Bioorg Med Chem Lett 2005, 15:
1993-6.

37. Ye, Z., Guo, L., Barakat, K.J. et al. Discovery and activity of
(1R,4S,6R)-N-[(1R)-2-[4-cyclohexyl-4-[[(1,1-
dimethylethyl)amino]carbonyl]-1-piperidinyl]-1-[(4-fluo-
rophenyl)methyl]-2-oxoethyl]-2-methyl-2-
azabicyclo[2.2.2]octane-6-carboxamide (3, RY764), a potent and
selective melanocortin subtype-4 receptor agonist. Bioorg Med
Chem Lett 2005, 15: 3501-5.

38. Bakshi, R.K., Hong, Q., Olson, J.T. et al. 1-Amino-1,2,3,4-
tetrahydronaphthalene-2-carboxylic acid as a Tic mimetic:
Application in the synthesis of potent human melanocortin-4
receptor selective agonists. Bioorg Med Chem Lett 2005, 15:
3430-3.

39. Doss, G.A., Miller, R.R., Zhang, Z. et al. Metabolic activation
of a 1,3-disubstituted piperazine derivative: Evidence for a novel
ring contraction to an imidazoline. Chem Res Toxicol 2005, 18:
271-6.

40. Fisher, M.J., Backer, R.T., Husain, S. et al. Privileged struc-
ture-based ligands for melanocortin receptors - Tetrahydro-
quinolines, indoles, and aminotetralines. Bioorg Med Chem Lett
2005, 15: 4459-62.

41. Fisher, M.J., Backer, R.T., Collado, I. et al. Privileged struc-
ture based ligands for melanocortin receptors — Substituted ben-

171

zylic piperazine derivatives. Bioorg Med Chem Lett 2005, 15:
4973-8.

42. Xi, N., Hale, C., Kelly, M.G. et al. Synthesis of novel
melanocortin 4 receptor agonists and antagonists containing a
succinamide core. Bioorg Med Chem Lett 2004, 14: 377-81.

43. Chen, C., Pontillo, J., Fleck, B.A. et al. 4-{(2R)-[3-
Aminopropionylamido]-3-(2,4-dichlorophenyl)propionyl}-1-{2-[(2-
thienyl)ethylaminomethyl]phenyl}piperazine as a potent and
selective melanocortin-4 receptor antagonist - Design, synthesis,
and characterization. J Med Chem 2004, 47: 6821-30.

44. Pontillo, J., Tran, J.A., Fleck, B.A. et al
Piperazinebenzylamines as potent and selective antagonists of
the human melanocortin-4 receptor. Bioorg Med Chem Lett
2004, 14: 5605-9.

45. Tran, J.A., Pontillo, J., Arellano, M. et al. Identification of ago-
nists and antagonists of the human melanocortin-4 receptor from
piperazinebenzylamines. Bioorg Med Chem Lett 2005, 15: 833-
7.

46. Pontillo, J., Tran, J.A., Arellano, M. et al. Structure-activity
relationships of piperazinebenzylamines as potent and selective
agonists of the human melanocortin-4 receptor. Bioorg Med
Chem Lett 2004, 14: 4417-23.

47. Pontillo, J., Tran, J.A., Markison, S. et al. A potent and selec-
tive nonpeptide antagonist of the melanocortin-4 receptor
induces food intake in satiated mice. Bioorg Med Chem Lett
2005, 15: 2541-6.

48. Tran, J.A., Pontillo, J., Arellano, M. et al. Structure-activity
relationship of a series of cyclohexylpiperazines bearing an
amide side chain as antagonists of the human melanocortin-4
receptor. Bioorg Med Chem Lett 2005, 15: 3434-8.

49. Tucci, F.C., White, N.S., Markison, S. et al. Potent and oral-
ly active non-peptide antagonists of the human melanocortin-4
receptor based on a series of trans-2-disubstituted cyclo-
hexylpiperazines. Bioorg Med Chem Lett 2005, 15: 4389-95.

50. Irani, B.G., Haskell-Luevano, C. Feeding effects of
melanocortin ligands — A historical perspective. Peptides 2005,
26: 1788-99.

51. Coll, A.P., Challis, B.G., Yeo, G.S.H., Farooqi, I.S., O’'Rabhilly,
S. Melanocortin receptors and energy homeostasis. Curr Opin
Endocrinol Diabetes 2005, 12: 205-10.

52. Larsen, L.H., Echwald, S.M., Sorensen, T.l.A. et al.
Prevalence of mutations and functional analyses of melanocortin
4 receptor variants identified among 750 men with juvenile-onset
obesity. J Clin Endocrinol Metab 2005, 90: 219-24.

53. Govaerts, C., Srinivasan, S., Shapiro, A. Obesity-associated
mutations in the melanocortin 4 receptor provide novel insights
into its function. Peptides 2005, 26: 1909-19.

54. Ellacott, K.L.J., Cone, R.D. The central melanocortin system
and the integration of short- and long-term regulators of energy
homeostasis. Rec Prog Horm Res 2004, 59: 395-408.

55. Hansen, M.J., Schioeth, H.B., Morris, M.J. Feeding respons-
es to a melanocortin agonist and antagonist in obesity induced
by a palatable high-fat diet. Brain Res 2005, 1039: 137-45.

56. Zhang, Y., Kilroy, G.E., Henagan, T.M. et al. Targeted dele-
tion of melanocortin receptor subtypes 3 and 4, but not CART,
alters nutrient partitioning and compromises behavioral and
metabolic responses to leptin. FASEB J 2005, 19: 1482-191.



172

57. Scarlett, J.M., Marks, D.L. The use of melanocortin antago-
nists in cachexia of chronic disease. Exp Opin Invest Drugs
2005, 14: 1233-40.

58. Foster, A.C., Chen, C., Markison, S. et al. MC, receptor
antagonists: A potential treatment for cachexia. IDrugs 2005, 8:
314-9.

59. Cheung, W., Yu, P.X,, Little, B.M. et al. Role of leptin and
melanocortin signaling in uremia-associated cachexia. J Clin
Invest 2005, 115: 1659-65.

60. Vos, T.J., Caracoti, A., Che, J. et al. Identification of 2-[2-[2-
(5-bromo-2-methoxyphenyl)-ethyl]-3-fluorophenyl]-4,5-dihydro-
1H-imidazole (ML00253764), a small molecule melanocortin 4
receptor antagonist that effectively reduces tumor-induced
weight loss in a mouse model. J Med Chem 2004, 47: 1602-4.

61. Markison, S., Foster, A.C., Chen, C. et al. The regulation of
feeding and metabolic rate and the prevention of murine cancer
cachexia with a small-molecule melanocortin-4 receptor antago-
nist. Endocrinology 2005, 146: 2766-73.

62. Martin, W.J., Macintyre, D.E. Melanocortin receptors and
erectile function. Eur Urol 2004, 45: 706-13.

63. Hadley, M.E. Discovery that a melanocortin regulates sexual
functions in male and female humans. Peptides 2005, 26: 1687-
9.

64. Diamond, L.E., Earle, D.C., Rosen, R.C. et al. Double-blind,
placebo-controlled evaluation of the safety, pharmacokinetic
properties and pharmacodynamic effects of intranasal PT-141, a
melanocortin receptor agonist, in healthy males and patients with
mild-to-moderate erectile dysfunction. Int J Impot Res 2004, 16:
51-9.

65. Rosen, R.C., Diamond, L.E., Earle, D.C. et al. Evaluation of
the safety, pharmacokinetics and pharmacodynamic effects of
subcutaneously administered PT-141, a melanocortin receptor
agonist, in healthy male subjects and in patients with an inade-
guate response to Viagra. Int J Impot Res 2004, 16: 135-42.

66. Van der Ploeg, L.H., Martin, W.J., Howard, A.D. et al. A role
for the melanocortin 4 receptor in erectile function. Proc Natl
Acad Sci USA 2002, 99: 11381-6.

67. Allard, J., Alexandre, L., Bernabe, J., Benoit, G., Droupy, S.,
Giuliano, F. Facilitator proerectile activity of MT-Il in anaes-
thetized rats. J Urol 2004, 171: 427.

68. Wessells, H., Hruby, V.J. et al. Ac-Nle-c[Asp-His-pD-Phe-Arg-
Trp-Lys]-NH, induces penile erection via brain and spinal
melanocortin receptors. Neuroscience 2003, 118: 755-62.

69. Wessells, H., Blevins, J.E., Vanderah, T.W.
Melanocortinergic control of penile erection. Peptides 2005, 26:
1972-7.

70. Argiolas, A., Melis, M.R., Murgia, S., Schioth, H.B. ACTH-
and a-MSH-induced grooming, stretching, yawning and penile
erection in male rats: Site of action in the brain and role of
melanocortin receptors. Brain Res Bull 2000, 51: 425-31.

71. Vergoni, A.V., Bertolini, A., Guidetti G. et al. Chronic
melanocortin 4 receptor blockage causes obesity without influ-
encing sexual behavior in male rats. J Endocrinol 2000, 166:
419-26.

72. Fredduzzi, S., Reggiani, A., Bertorelli, R. Evidence for a role
of melanocortin system in modulation of neuropathic pain. Rec
Dev Pain Res 2005, 229-45.

The MC, receptor as a drug discovery target

73. Beltramo, M., Campanella, M., Tarozzo, G. et al. Gene
expression profiling of melanocortin system in neuropathic rats
supports a role in nociception. Mol Brain Res 2003, 118: 111-8.

74. Starowicz, K., Bilecki, W., Sieja, A., Przewlocka, B.,
Przewlocki, R. Melanocortin 4 receptor is expressed in the dor-
sal root ganglions and down-regulated in neuropathic rats.
Neurosci Lett 2004, 358: 79-82.

75. Vrinten, D.H., Gispen, W.H., Groen, G.J. et al. Antagonism of
the melanocortin system reduces cold and mechanical allodynia
in mononeuropathic rats. J. Neurosci 2000, 20: 8131-7.

76. Van der Kraan, M., Tatro, J.B., Entwistle, M.L. et al.
Expression of melanocortin receptors and proopiomelanocortin
in the rat spinal cord in relation to neurotrophic effects of
melanocortins. Brain Res Mol Brain Res 1999, 63: 276-86.

77. Bertorelli, R., Fredduzzi, S., Tarozzo, G. et al. Endogenous
and exogenous melanocortin antagonists induce anti-allodynic
effects in a model of rat neuropathic pain. Behav Brain Res 2005,
157: 55-62.

78. Bellasio, S., Nicolussi, E., Bertorelli, R., Reggiani, A.
Melanocortin receptor agonists and antagonists modulate noci-
ceptive sensitivity in the mouse formalin test. Eur J Pharmacol
2003, 482: 127-32.

79. Vrinten, D.H., Adan, R.A.H., Groen, G.J., Gispen, W.H.
Chronic blockade of melanocortin receptors alleviates allodynia
in rats with neuropathic pain. Anesth Analg 2001, 93: 1572-7.

80. Starowicz, K., Obara, |., Przewlocki, R. et al. Inhibition of
morphine tolerance by spinal melanocortin receptor blockade.
Pain 2005, 117: 401-11.

81. Vrinten, D.H., Gispen, W.H., Kalkman, C.J. et al. Interaction
between the spinal melanocortin and opioid systems in a rat
model of neuropathic pain. Anesthesiology 2003, 99: 449-54.

82. Alvaro, J., Tatro, J.B., Quillan, J.M. et al. Morphine down-
regulates melanocortin-4 receptor expression in brain regions
that mediate opiate addiction. Mol Pharmacol 1996, 50: 583-91.

83. Hsu, R., Taylor, J.R., Newton, S.S. et al. Blockade of
melanocortin transmission inhibits cocaine reward. Eur J
Neurosci 2005, 21: 2233-42.

84. Cabeza de Vaca, S., Kim, G.-Y., Carr, K.D. The melano-
cortin receptor agonist MTIl augments the rewarding effect of
amphetamine in ad-libitum-fed and food-restricted rats.
Psychopharmacology 2002, 161: 77-85.

85. Cabeza de Vaca, S., Hao, J., Afroz, T., Krahne, L.L., Carr, K.D.
Feeding, body weight, and sensitivity to non-ingestive reward stim-
uli during and after 12-day continuous central infusions of
melanocortin receptor ligands. Peptides 2005, 26: 2314-21.

86. Yamano, Y., Yoshioka, M., Toda, Y. et al. Regulation of CRF,
POMC and MC4R gene expression after electrical foot shock
stress in the rat amygdala and hypothalamus. J Vet Med Sci
2004, 66: 1323-7.

87. Adan, R.AH., Szklarczyk, A.W., Oosterom, J.
Characterization of melanocortin receptor ligands on cloned
brain melanocortin receptors and on grooming behavior in the
rat. Eur J Pharmacol 1999, 378: 249-58.

88. Vergoni, A.V., Bertolini, A., Wikberg, J.E.S., Schioth, H.B.
Selective melanocortin MC, receptor blockage reduces immobi-
lization stress-induced anorexia in rats. Eur J Pharmacol 1999,
369: 11-5.



Drugs Fut 2006, 31(2) 173

89. Shimazaki, T., Chaki, S. Anxiolytic-like effect of a selective 90. Kokare, D.M., Dandekar, M. P., Chopde, C.T. et al.
and non-peptidergic melanocortin 4 receptor antagonist, Interaction between neuropeptide Y and a-melanocyte stimulat-
MCLO0129, in a social interaction test. Pharmacol Biochem Behav ing hormone in amygdala regulates anxiety in rats. Brain Res

2005, 80: 395-400. 2005, 1043: 107-14.



