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Abstract——The hormone melatonin (5-methoxy-N-
acetyltryptamine) is synthesized primarily in the pi-
neal gland and retina, and in several peripheral tissues
and organs. In the circulation, the concentration of mel-
atonin follows a circadian rhythm, with high levels at
night providing timing cues to target tissues en-
dowed with melatonin receptors. Melatonin recep-
tors receive and translate melatonin’s message to
influence daily and seasonal rhythms of physiology
and behavior. The melatonin message is translated
through activation of two G protein-coupled recep-
tors, MT, and MT,, that are potential therapeutic

targets in disorders ranging from insomnia and cir-
cadian sleep disorders to depression, cardiovascular
diseases, and cancer. This review summarizes the
steps taken since melatonin’s discovery by Aaron
Lerner in 1958 to functionally characterize, clone,
and localize receptors in mammalian tissues. The
pharmacological and molecular properties of the re-
ceptors are described as well as current efforts to
discover and develop ligands for treatment of a num-
ber of illnesses, including sleep disorders, depres-
sion, and cancer.

I. Introduction

Melatonin (5-methoxy-N-acetyltryptamine) is an im-
portant hormonal output of the circadian system, and it
circulates nightly to provide timing cues to any tissue
that can read the message. Melatonin receptors, of
course, are the entities that receive and translate this
message to influence daily and seasonal rhythms of
physiology and behavior. Our evolving understanding of
melatonin receptors is providing new insights into
where and how this hormone exerts its physiological
effects in the body as well as how these receptors may be
useful therapeutic targets in disorders ranging from in-
somnia and jet lag to depression, cancer, and cardiovas-
cular disease.

The field of mammalian melatonin receptors got off to
a slow start; the first pharmacological characterization
of a functional mammalian melatonin receptor (Duboco-
vich, 1983) and the cloning of the first human melatonin
receptor (Reppert et al., 1994) came 25 and 36 years,
respectively, after melatonin itself was discovered
(Lerner et al., 1959). Now, however, the field is moving
quickly, and there are sufficient data upon which to
organize and classify the known mammalian melatonin
receptors. That topic is the focus of this review.

A. Melatonin Physiology and Function

In mammals, melatonin is secreted primarily by the
pineal gland during the dark period of the daily light/
dark cycle (for reviews, see Cardinali, 1981; Reiter,
1991; Borjigin et al., 1999; Klein, 1999; Olcese, 1999).

The circadian rhythm of pineal melatonin synthesis and
release is driven by circadian pacemaker cells (the “mas-
ter clock”) located in the suprachiasmatic nucleus
(SCN?) of the hypothalamus that project to the pineal
via a multisynaptic pathway (Fig. 1). Melatonin is also
synthesized in the retina and a clock mechanism within
the retina itself seems to drive the melatonin rhythm in
this tissue (Tosini and Menaker, 1998; Tosini et al.,
2007). In both cases, the clock rhythm is entrained to a
24-h period by environmental light (the photoperiod)
that is sensed by a subset of retinal ganglion cells con-
taining the photopigment melanopsin, which conveys
photic stimuli to the SCN via the retinohypothalamic
tract (Berson et al., 2002).

The melatonin rhythm is a consequence of the regu-
lation of the hormone’s synthetic enzymes, which are
highly active at night (see Fig. 2). Melatonin is synthe-
sized from serotonin through two enzymatic steps. First,

! Abbreviations: 4P-ADOT, 4-phenyl-2-acetamidotetraline; 4P-
PDOT, 4-phenyl-2-propionamidotetraline; 5-HEAT, 5-hydroxye-
thoxy-N-acetyltryptamine; AA-NAT, arylalkylamine N-acetyl-
transferase; AFMK, N'-acetyl-N2-formyl-5-methoxykynuramine;
AMK, N'-acetyl-5-methoxykynuramine; AMMTC, N-acetyl-4-
aminomethyl-6-methoxy-9-methyl-1,2,3,4-tetrahydrocarbazole;
BK,, calcium-activated potassium channel; CHO, Chinese ham-
ster ovary; CREB, cAMP responsive element binding protein; CT,
circadian time; GLP-1, glucagon-like peptide; GPCR, G protein-
coupled receptor; H-89, 5-isoquinolinesulfonamide; HIOMT, hy-
droxyindole-O-methyltransferase; KO, knockout; PKC, protein
kinase C; PTX, pertussis toxin; RT-PCR, reverse transcription-
polymerase chain reaction; SCN, suprachiasmatic nucleus; TM,
transmembrane; WT, wild type.
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Fic. 1. Regulation of melatonin production and receptor function. Melatonin is synthesized in the pineal gland and in the retina. In the pineal
gland, melatonin (MLT) synthesis follows a rhythm driven by the suprachiasmatic nucleus, the master biological clock. Neural signals from the SCN
follow a multisynaptic pathway to the superior cervical ganglia. Norepinephrine released from postganglionic fibers activates «,- and 3,-adrenoceptors
in the pinealocyte, leading to increases in second messengers (i.e., cAMP and inositol trisphosphate) and the activity of AA-NAT, the rate-limiting step
in melatonin synthesis. The system is dramatically inhibited by light, the external cue that allows entrainment to the environmental light/dark cycle.
The photic signal received by the retina is transmitted to the SCN via the retinohypothalamic tract, which originates in a subset of retinal ganglion
cells. Pineal melatonin thus serves as the internal signal that relays day length, allowing regulation of neuronal activity (MT;) and circadian rhythms
(MT,, MT,) in the SCN (Dubocovich, 2007), of neurochemical function in brain through the MT, and MT, receptors (Dubocovich, 2006), of vascular
tone through activation of MT; (constriction) and MT, receptors (dilation) in arterial beds (Masana et al., 2002), and seasonal changes in reproductive
physiology and behavior through activation of MT, receptors in the pars tuberalis (Duncan, 2007). The pars tuberalis of the pituitary gland interprets
this rhythmic melatonin signal and generates a precise cycle of expression of circadian genes through activation of MT, receptors. Melatonin synthesis
in the photoreceptors of the retina follows a similar circadian rhythm generated by local oscillators (Tosini et al., 2007). Activation of MT; and MT,
melatonin receptors regulate retina function and hence transmission of photic information to the brain (Dubocovich et al., 1997). [Adapted from
Dubocovich ML and Masana M (2003) Melatonin receptor signaling, in Encyclopedia of Hormones and Related Cell Regulators (Henry H and Norman
A eds), pp 638—644, Academic Press, San Diego, CA. Copyright © 2003 Academic Press. Used with permission.]

serotonin N-acetyltransferase [arylalkylamine N-acetyl-
transferase (AA-NAT)] acetylates serotonin to yield N-
acetylserotonin. The second step involves transfer of a
methyl group from (S)-adenosylmethionine to the 5-hy-
droxy group of N-acetylserotonin via the enzyme hy-
droxyindole-O-methyltransferase (HIOMT). The regula-
tion of these enzymes is fascinating and much studied
(Wurtman and Axelrod, 1968; Cardinali, 1981; Klein,
1999, 2007; Olcese, 1999). Most recently, molecular ap-
proaches are revealing the transcriptional and post-
transcriptional mechanisms responsible for daily fluctu-
ations in AA-NAT (Borjigin et al., 1995, 1999; Roseboom
et al., 1996; Gastel et al., 1998; Klein, 1999; Fukuhara et
al., 2001) and regulation of HIOMT (Gauer and Craft,
1996). Use of sensitive RT-PCR techniques suggests that
low levels of AA-NAT and HIOMT, and therefore local
melatonin synthesis, may also occur in other tissues,
such as gut, testis, spinal cord, raphe nucleus, and stri-
atum (Stefulj et al., 2001). In mammals, most of the
nocturnal rhythm in circulating melatonin is abolished
by pinealectomy (Simonneaux and Ribelayga, 2003).
However, sporadic reports suggested that as much as
20% of circulating melatonin is derived from tissues
other than the pineal gland (Ozaki and Lynch, 1976).
The lipophilicity of the melatonin molecule allows it
to diffuse passively across cell membranes as well as
cell layers, and thus it can diffuse from the pinealo-
cytes as soon as it is synthesized. Early studies by

Cardinali et al. (1972) showed melatonin binding to
human plasma albumin. This observation was later
confirmed by Pardridge and Mietus (1980). These au-
thors also reported that albumin-bound melatonin
crosses the blood-brain barrier. Melatonin binding to
plasma albumin was confirmed by Morin et al. (1997)
and provided evidence of high-affinity melatonin bind-
ing to al-acid glycoprotein (Cardinali et al., 1972;
Morin et al., 1997). An excellent correlation was dem-
onstrated between saliva melatonin in humans and
levels of unbound serum melatonin, suggesting for the
first time that melatonin binding to plasma proteins
may affect the levels of free melatonin and hence
physiological responses (Kennaway and Voultsios,
1998). Because the levels of albumin and al-acid gly-
coprotein may vary with age and disease, particularly
during inflammatory processes, the level of free mel-
atonin and drugs in human plasma cannot be pre-
dicted and has to be considered on a case-by-case basis
(Viani et al., 1992; Morin et al., 1997; Waldhauser et
al., 1988).

Melatonin rapidly disappears from the blood, with a
half-life of approximately 30 min, depending on the species
examined (Cardinali et al., 1972; Waldhauser et al., 1984).
In humans, most melatonin in the general circulation is
converted to 6-hydroxymelatonin by the liver, which clears
92 to 97% of circulating melatonin in a single pass (Tetsuo
et al., 1980; Young et al., 1985). Then 6-hydroxymelatonin
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FiG. 2. Melatonin synthesis. Melatonin (MLT) is synthesized from serotonin through two enzymatic steps. First, serotonin is acetylated by NAT
to yield N-acetylserotonin (NAS). The second step involves transfer of a methyl group from (S)-adenosylmethionine to the 5-hydroxyl group of
N-acetylserotonin via the enzyme HIOMT. The rhythms of melatonin and serotonin have opposite phase during subjective night and day (Klein, 1999).

is conjugated and excreted into the urine, approximately
50 to 80% as the sulfate derivative and 5 to 30% as the
glucuronide (Ma et al., 2008). It is important to point out
that the most abundant metabolite in mouse urine is 6-hy-
droxymelatonin excreted as the glucuronide conjugate (75—
88%) (Kennaway et al., 2002; Ma et al., 2008). Melatonin
metabolism in the brain, however, may involve oxidative
pyrrole-ring cleavage. No 6-hydroxymelatonin is detected
after melatonin injection into the cisterna magna (Hirata
et al., 1974). This pathway may be particularly important
because melatonin is also released via the pineal recess
into the cerebrospinal fluid as well as into the circulation
(Tricoire et al., 2002). The primary cleavage product is
N'-acetyl-N?-formyl-5-methoxykynuramine (AFMK),
which is deformylated, either by arylamine formamidase
or hemoperoxidases, to N'-acetyl-5-methoxykynuramine
(AMK). Surprisingly, numerous enzymatic (indoleamine
2,3-dioxygenase, myeloperoxidase), pseudoenzymatic (oxo-
ferryl hemoglobin, hemin), photocatalytic, or free-radical
reactions lead to the same product: AFMK (Hardeland
2005). Some estimates indicate that pyrrole ring cleavage
contributes to approximately one third of the total catabo-
lism of melatonin (Ferry et al., 2005), but the percentage
may be even higher in certain tissues. Other oxidative

catabolites are cyclic 3-hydroxymelatonin, which can also
be metabolized to AFMK, and a 2-hydroxylated analog
that does not cyclize but turns into an indolinone (Hard-
eland 2005). Additional hydroxylated or nitrosated metab-
olites have been detected, but they seem to be present in
minor quantities only. AFMK and AMK also form metab-
olites by interactions with reactive oxygen and nitrogen
species (Tan et al., 2007). Antioxidative protection, safe-
guarding of mitochondrial electron flux, and, in particular,
neuroprotection have been demonstrated in many experi-
mental systems to be mediated by melatonin and its en-
dogenous metabolites. This effect is not mediated by the
known G protein-coupled melatonin receptors and thus
will not be reviewed in this article.

The melatonin metabolites produced in the liver (e.g.,
6-hydroxymelatonin) and in the brain (e.g., AFMK and
AMK) are known to modulate a variety of functional re-
sponses possible through activation of the G-protein-
coupled melatonin receptor. 6-Hydroxymelatonin com-
peted for 2-['**Tliodomelatonin binding to both the MT,
and MT, melatonin receptors (Dubocovich et al., 1997).
This metabolite also decreases in a concentration depen-
dent manner the calcium dependent release of [*H]dopam-
ine from rabbit retina (Dubocovich, 1985). AFMK and
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AMK decrease sexual development in a prepubertal rat
model (Kennaway et al., 1988). It is noteworthy that
AFMK accelerates re-entrainment of the 6-hydroxymela-
tonin rhythm, when given at the new dark onset, after a
phase advance of the light/dark cycle in male rats (Ken-
naway et al., 1989).

The melatonin rhythm is an important efferent hor-
monal signal driven by the endogenous clock, which can
therefore be used as an internal synchronizer (or “internal
Zeitgeber”) (Dawson and Armstrong, 1996). Melatonin can
impose circadian rhythmicity upon target structures, and
it also is known to act directly on the SCN to modulate the
clock itself. Exogenous melatonin, given at the same time
of day, can entrain physiological and behavioral rhythms
(e.g., body temperature and rest-activity cycles) (Arendt
and Skene, 2005). Melatonin has been reported to modu-
late a myriad of other functions, including visual, neuroen-
docrine, reproductive, neuroimmune, and vascular physi-
ology (Arendt, 2000; Cagnacci et al., 2000; Castrillén et al.,
2000; Monti and Cardinali, 2000; Maestroni, 2001; Shar-
key et al., 2009). Because the duration of nocturnal mela-
tonin secretion is directly proportional to the length of the
night, this hormone also provides a signal for seasonal
change. Melatonin is, indeed, the critical parameter for
photoperiod integration and the induction of particular
physiological responses, such as those observed in seasonal
breeders (Karsch et al., 1988; Pitrosky et al., 1991; Cardi-
nali and Pévet, 1998; Malpaux et al., 1999).

In addition to the circadian rhythm of the endogenous
ligand, target tissues and physiological responses can also
display daily variations in receptivity to melatonin. For
example, optimal entrainment of the activity rhythm in
rodents housed in constant darkness occurs when melato-
nin is administered at the onset of activity; this induces a
phase advance in the animal’s rhythm (Cardinali et al.,
1997; Redman, 1997). It is possible that melatonin trans-
mits photoperiodic information by regulating its own re-
ceptors, perhaps by altering receptor density, transduction
mechanisms, and/or trafficking (Tenn and Niles, 1993;
Gerdin et al., 2004a,b). Further discussion in this area is
beyond this review, because it focuses primarily on the
action of exogenous melatonin and drugs with therapeutic
potential mediating actions through activation of MT,
and/or MT,; melatonin receptors.

B. Melatonin Receptor Discovery:
Historical Background

The study of melatonin receptors can be traced back to
1917, when McCord and Allen demonstrated lightening
of Rana pipiens tadpole skin by bovine pineal extracts.
This bioassay was used to isolate melatonin from pineal
extracts, which led to the elucidation of its chemical
structure (Lerner et al., 1959). The action of melatonin
to aggregate pigment granules (melanosomes) of am-
phibian dermal melanophores was used to 1) postulate
the presence of melatonin receptors (Heward and Had-
ley, 1975); 2) establish the first structure-activity rela-
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tionships of melatonin analogs (Heward and Hadley,
1975); and 3) demonstrate that melatonin receptors are
coupled to a pertussis toxin-sensitive G-protein (White
et al., 1987). It is noteworthy that the first melatonin
receptor (Mel,,) to be cloned was found using an expres-
sion cloning strategy of mRNA from Xenopus laevis
melanophores (Ebisawa et al., 1994); this particular re-
ceptor has no known mammalian ortholog, but its dis-
covery led to the cloning of several melatonin receptors
from mammals, including two human receptors (Rep-
pert et al., 1994, 1995a).

The first attempts to identify brain melatonin receptors
employed [*H]melatonin as a radioligand to label binding
sites in membranes from bovine hypothalamus, cerebral
cortex, and cerebellum (Cardinali et al., 1979). This was
followed by the discovery of the first functional melatonin
receptor in a neuronal mammalian tissue, the rabbit retina
(Dubocovich, 1983, 1985, 1988a). Melatonin, acting via a
presynaptic heteroreceptor, inhibits retinal dopamine re-
lease, and this bioassay was used to establish the relative
order of potency for a series of agonists and putative an-
tagonists as well as to discover the first competitive mela-
tonin antagonist, luzindole (Dubocovich, 1988a,c). Vakkuri
et al. (1984) introduced the radioligand 2-[*?°TJiodomelato-
nin as a tracer for use in melatonin radicimmunoassays.
This molecule turned out to be the silver bullet of melato-
nin receptor research in that its selectivity and high spe-
cific activity allowed the field to move forward. Soon after-
ward, several laboratories simultaneously established the
use of 2-['**TJiodomelatonin as a radioligand for receptor
localization (Vanecek et al., 1987) and receptor character-
ization in native tissues (Laudon and Zisapel, 1986; Dubo-
covich and Takahashi, 1987) (for reviews, see Krause and
Dubocovich, 1990; Krause and Dubocovich, 1991; Morgan
et al., 1994b; Sugden, 1994; and Dubocovich, 1995).

Melatonin receptors were first classified according to
classic pharmacological criteria using data obtained from
in vitro bioassays and radioligand binding to native tissues
(Cardinali, 1981; Dubocovich, 1988a, 1995; Krause and
Dubocovich, 1990; Morgan et al., 1994b). The first classifi-
cation scheme distinguished two putative receptors,
termed ML, and ML, receptors, on the basis of kinetic and
pharmacological differences observed in 2-[*?°Iliodomela-
tonin binding sites (Cardinali, 1981; Dubocovich, 1988a,
1995; Krause and Dubocovich, 1990; Morgan et al., 1994b).
The ML, pharmacological profile (2-iodomelatonin > mel-
atonin >> N-acetylserotonin) was exhibited by both
2-[*?*TJiodomelatonin binding in mammalian retina and
pars tuberalis and the functional presynaptic receptor
characterized in rabbit retina (Dubocovich, 1988a, 1995;
Krause and Dubocovich, 1990; Morgan et al., 1994b; Ha-
gan and Oakley, 1995). In contrast, 2-['2°I]iodomelatonin
binding to the ML, site (later termed MT5) in hamster
brain membranes was distinguished by another endoge-
nous ligand, N-acetylserotonin, that showed equal affinity
with melatonin (ML,: 2-iodomelatonin > melatonin = N-
acetylserotonin) (Dubocovich, 1988b, 1995; Krause and
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Dubocovich, 1990; Pickering and Niles, 1990; Molinari et
al., 1996).

The next milestone was the cloning of two mammalian
G protein-coupled melatonin receptors (GPCRs), now
termed MT; and MT,, (formerly Mella and Mellb), (Rep-
pert et al., 1994, 1995a,b, 1996). 2-?5I-Todomelatonin
binding to both recombinant hMT,; and hMT, melatonin
receptors exhibits the general pharmacology of the ML,
type (Reppert et al., 1996; Dubocovich et al., 1997).
These two melatonin receptors were defined as unique
types on the basis of their distinct molecular structure
and chromosomal localization (Reppert et al.,, 1994,
1995a,b, 1996; Slaugenhaupt et al., 1995; Barrett et al.,
1997); subsequently, distinguishing ligands were identi-
fied (Dubocovich, 1995; Dubocovich et al., 1997; Brown-
ing et al., 2000; Faust et al., 2000; Audinot et al., 2003).

The mammalian melatonin binding site MT5 (previ-
ously referred to as ML,) also has been pharmacologi-
cally characterized. Both melatonin and its precursor
N-acetylserotonin compete for binding of 2-[*2°Iiodome-
latonin to MT; melatonin binding sites, which show a
pharmacological profile distinct from mammalian G pro-
tein-coupled melatonin receptors (Dubocovich, 1995;
Molinari et al.,, 1996; Nosjean et al.,, 2001). Subse-
quently, a protein (quinone reductase II; QR2) purified
from hamster kidney was found to have a ligand binding
profile identical to that of the MT5 binding site of ham-
ster brain (Nosjean et al., 2000). In addition, brain and
kidney membranes from mice with deletion of the QR2
gene demonstrated lack of 2-12°I-5-methoxy-carbon-
ylamino-N-acetyltryptamine binding to M T sites (Mail-
liet et al., 2004).

TABLE 1
IUPHAR melatonin receptor nomenclature and classification

C. International Union of Basic and Clinical
Pharmacology Criteria for Receptor Nomenclature and
Drug Classification

Melatonin receptors are named and classified on the
basis of operational and structural criteria developed by
the IUPHAR Committee on Receptor Nomenclature and
Drug Classification (Vanhoutte et al., 1996; Ruffolo et
al., 2000). The operational criteria are fulfilled by a
pharmacological profile of specific ligands at the recep-
tor recognition site, evidence of transduction mecha-
nisms beyond the receptor, and demonstration of endo-
genously expressed receptors, usually from agonist/
efficacy and antagonist dissociation constants obtained
in native tissues. This information, combined with struc-
tural data about the protein sequence of the receptor,
allows rational classification.

The present classification of melatonin receptors
evolved from deliberations of the IUPHAR Subcommit-
tee on Melatonin Receptor Nomenclature and Classifi-
cation, formed in 1995, as pharmacological, functional,
and structural information about the receptors emerged
(Table 1). In accordance with TUPHAR guidelines (Van-
houtte et al., 1996; Ruffolo et al., 2000), the receptors
were named for their endogenous ligand melatonin,

MT,

hamster kidney as the enzyme quinone reductase-

2.9¢ Antagonist potencies have not yet been

A recent report identifies an M7, binding site in
established.

Endogenous ligands are MLT and N-acetylserotonin.

N-Acetylserotonin,#* 5MCA-NAT*

Prazosin”
215 TJ5MCA-NAT* 2-[ZTIMLT"

Leukocyte adhesion”

ML,

MT,
aa),” monkey (362 aa), ** and partial cDNA

dopamine release,’ phase-shift circadian
from hamster.”

rhythms of neuronal firing”***
MT, ¢cDNA was cloned from human (362 aa),

rat (364 aa),” mouse (365 aa),? sheep (376

K185 (9.3Y
[*H]MLT," 2-[*2*I]IMLT,® [*H]4P-PDOT?

4P-ADOT,*™ 4P-PDOT (8.8)," GR 128107,
Vascular vasodilation,” inhibition retinal

362 aa,’ P49286; chr 11q21-22
365 aa,? U57554; chr 9

MEL, g, ML,3, Mel,;,
1IK7 (10.3)

7™

MT,
mouse (353 aa),” sheep (366 aa),” rat (353 aa);” hamster
(353 aa),” monkey (352),"* and partial cDNAs from

cattle (257 aa) and pig (154 aa).”®

Vascular vasoconstriction,?* inhibition neuronal firing,”
phase-shift circadian activity rhythms*

MT, full-length cDNAs were cloned from human (350 aa),”

350 aa,” P48039; chr 4q 35.1

353 aa,” Q61184; chr 8

S 26284°

S 26131¢
[PHIMLT,” 2- [*25T]IMLT®

MEL, 5, ML, 4, Mel,,

7™

Nomenclature
@ Reppert et al., 1994. ® Reppert et al., 1995a. ¢ Roca et al., 1996. ¢ Jin et al., 2003. * Audinot et al., 2003./ Faust et al., 2000. ¢ Dubocovich, 1988b. * Lucchelli et al., 1997. ¢ Eison and Mullins, 1993./ Popova and Dubocovich,

1995. * Molinari et al., 1996. / Dubocovich et al., 1997. " Dubocovich et al., 1998b. ” Browning et al., 2000. ® Dubocovich and Takahashi, 1987. ” Dubocovich and Masana, 1999. ¢ Ting et al., 1999. " Ting et al., 1997. * Masana et
al., 2002. ¢ Doolen et al., 1998. “ Lotufo et al., 2001. © Liu et al., 1997.  Dubocovich et al., 2005. * Hunt et al., 2001.% Audinot et al., 2008. > Weaver et al., 1996. “* Nishiyama et al., 2009. ®® Messer et al., 1997. ¢ Cogé et al, 2009.

Human
aa, amino acid(s); chr, chromosome; 5SMCA-NAT, 5-methoxycarbonylamino-N-acetyltryptamine.
44 Nosjean et al., 2000.

Structural information
Mouse
Selective agonists

Gene/chromosome
Selective antagonists

Previous names
Radioligands
Tissue Functions
Comments
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which is abbreviated as “MT” using capital letters, and
each particular type of receptor was denoted by a nu-
merical subscript (i.e., MT,, MT,). Species orthologs are
denoted by the recommended lower-case prefix (i.e., h,
human; o, ovine; r, rat; m, mouse; e.g., hMT,). Splice
variants, if pharmacologically relevant, would be indi-
cated by lowercase, subscript letters in parentheses
le.g., MT,,)]. No such variants have yet been described
for either of the cloned melatonin receptors. The original
melatonin receptor nomenclature and classification in-
cluded the MT; melatonin binding site, which at the
time was thought to be a GPCR.

The first nomenclature approved by the IUPHAR No-
menclature Committee for melatonin receptors was pub-
lished in the ITUPHAR compendium in 1998, when mel-
atonin receptors were designated as mt;, MT,, and MTs.
(Dubocovich et al., 1998a). The MT; melatonin receptor
was denoted in lower case (mt;) because there was no
evidence at the time that the native receptor was func-
tional in mammals. Subsequent functional, pharmaco-
logical, and immunohistochemical studies, as well as
studies with the MT, knockout (KO) mice, characterized
MT, melatonin receptor protein in native tissues leading
to the more recent classification, MT;, MT,, and MT;,
published in the 2000 IUPHAR Compendium (Dubocov-
ich et al., 2000).

MT, (formerly ML,) was originally included in the
classification on the basis of operational criteria (Dubo-
covich, 1995; Molinari et al., 1996; Dubocovich et al.,
1998a, 2000). Because the structure of the receptor pro-
tein was not yet established, it was referred to in upper-
case italics, as dictated by IUPHAR guidelines. The M T,
binding site has a distinct pharmacology with selective
agonists and antagonists and similar affinity for two
endogenous indoles, melatonin and its precursor, N-ace-
tylserotonin. The characterization of MT; as a melato-
nin binding site on the enzyme QR2 led the IUPHAR
Nomenclature Committee to remove the MT site from
the Melatonin Receptor Nomenclature and Classifica-
tion. We expect the classification of melatonin receptors
will continue to evolve as operational and structural
data for existing receptors are further defined and pos-
sible variants and/or new receptors are characterized.
This is the case for the recent cloning of the ovine MT,
receptor, where for many years it was suspected that
sheep possessed only one melatonin receptor (Cogé et
al., 2009).

D. Current Melatonin Receptor Nomenclature

The current nomenclature classifies the two cloned
mammalian melatonin receptors into two types: MT,
and MT,,. Detailed pharmacological and molecular char-
acterization and supporting scientific evidence for these
receptors are described later in this review (Table 1). See
also the Melatonin Receptor-IUPHAR database (Dubo-
covich et al., 2009).
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MT, (formerly Mel,,, MEL; 5, ML, ) refers to the first
cloned mammalian melatonin receptor (Reppert et al.,
1994). It is a G, protein-coupled receptor linked, in
part, to pertussis-toxin sensitive G proteins that medi-
ate inhibition of cAMP in both recombinant expression
systems and native tissues. Functional, immunohisto-
chemical, and genetic KO studies indicate the presence
of MT, receptors in various tissues, including the pars
tuberalis of the pituitary gland (von Gall et al., 2002a)
and the SCN of the hypothalamus (Dubocovich et al.,
2005; Dubocovich, 2007).

MT, (formerly Mel,,,, MEL;g, ML) refers to the sec-
ond cloned mammalian melatonin receptor (Reppert et
al., 1995a). It is a G;,, protein-coupled receptor capable of
inhibiting cAMP and ¢cGMP production in recombinant
systems and stimulating PKC activity in a native tissue,
the SCN. The pharmacological profile of this receptor
was initially characterized in the retina and was defined
by the use of selective MT, melatonin receptor antago-
nists (4P-PDOT and 4P-ADOT) (Dubocovich et al.,
1997).

It is important to note that IUPHAR nomenclature
criteria are applied only to mammalian receptors be-
cause they are the most closely aligned with therapeu-
tics. The melatonin receptor field, however, actively en-
compasses a variety of species and has greatly benefited
from the initial characterizations and cloning of melato-
nin receptors that occurred using frog melanophores
(Sugden, 1989; Ebisawa et al., 1994; Sugden et al.,
2004). At this point, there is no official consensus on
classifying nonmammalian receptors, such as the cloned
Mel,, subtype that is found in birds and amphibians
(Reppert et al., 1995b).

II. G Protein-Coupled Melatonin
Receptor Family

A. Protein Structure

The MT, and MT,; melatonin receptors comprise their
own subgroup within the GPCR superfamily. Both mel-
atonin receptors have a general structural motif consist-
ing of seven transmembrane (TM)-spanning a-helical
segments connected by alternating intracellular and ex-
tracellular loops, with the amino terminus located on the
extracellular side and the carboxyl terminus on the in-
tracellular side (Fig. 3). These seven a-helical segments
contain stretches of 20 to 25 predominantly hydrophobic
residues that span the cell membrane. The melatonin
receptors are classified with the rhodopsin/B,-adrener-
gic receptor family (Deupi et al., 2007). Within this fam-
ily, most of the sequence homology between the melato-
nin receptors and other G protein-linked receptors
occurs within the TM domains (Fig. 4).

The human MT; and MT,; melatonin receptors encode
proteins of 350 and 362 amino acids, respectively. Their
predicted mass is 39,374 and 40,188 Da, respectively;
however, these numbers do not take into account possi-
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FiG. 3. Membrane topology of the hMT; melatonin receptor showing amino acids conserved in the hMT, receptor. Gray circles denote amino acids
identical in the hMT, and hMT, melatonin receptors. The two glycosylation sites on the hMT, receptor are denoted (Y) in the N terminus. [Adapted
from Reppert SM and Weaver DR (1995) Melatonin madness. Cell 83:1059-1062. Copyright © 1995 Elsevier Inc. Used with permission.]

ble postranslational modifications. The amino acid ho-
mology for the human MT; and MT, melatonin receptors
is approximately 60% overall and 73% within the trans-
membrane domains. The amino terminus of the MT,
melatonin receptor contains two consensus sites for N-
terminal asparagine-linked glycosylation, whereas that
of the MT, shows only one site. The carboxyl tail of the
two receptors contain consensus sites for casein kinase
la, casein kinase II, and protein kinase C as well as
postsynaptic density 95/disc-large/zona occludens bind-
ing domains that may participate in membrane localiza-
tion and trafficking (Hung and Sheng, 2002). Features
that distinguish the melatonin receptor family from
other GPCRs include a NRY motif downstream from the
third transmembrane domain and a NAXIY in trans-
membrane domain 7, rather than DRY and NPXXY mo-
tifs, respectively (Reppert et al., 1994, 1995a; Roca et al.,
1996).

B. Gene Structure and Chromosomal Localization

Molecular analyses of genomic clones show that the
genes that encode the human MT; and MT, melatonin
receptors are formed by two exons separated by an ~13-
kilobase intron (Reppert et al., 1995a; Slaugenhaupt et
al., 1995; Roca et al., 1996). The intron in the first
cytoplasmic loop of the MT; and MT, melatonin receptor
genes could potentially lead to alternative splice forms
with distinct receptor structure, as well as operational
and transduction characteristics. Such functional splice
variants, however, have not yet been identified. It is
noteworthy that the rat MT, receptor is composed of
three exons, although the last exon contains no open
reading frames (Ishii et al., 2009).

The melatonin receptors show distinct chromosomal
localization. The MT; melatonin receptor was localized

to human chromosome 4q35.1 and mouse chromosome 8
(Slaugenhaupt et al., 1995; Roca et al., 1996). Slaugen-
haupt et al. (1995) identified a region of syntenic conser-
vation between distal chromosome 4 and mouse chromo-
some 8 that includes the genes plasma kallikrein
(KLK3), mitochondrial uncoupling protein (UPC), and
coagulation factor XI (F11) (Beaubien et al., 1991; Mills
et al., 1992). By contrast, the MT, melatonin receptor
maps to human chromosome 11q21-22 (Reppert et al.,
1995a). Reppert et al., 1995 (Reppert et al., 1995a),
pointed out that the hMT, receptor maps to a region
syntenic to mouse chromosome 9 in the region of the D2
dopamine receptor (Drd2) and thymus cell antigen 1
(thy) loci (Seldin et al., 1991; Goldsborough et al., 1993).

The phylogenetic tree of the melatonin receptors
(MT,, MT,, and Mel, ) and the melatonin-related recep-
tor GPR50 (also known as melatonin-related receptor or
H9) sequences revealed that GPR50, which cannot bind
melatonin, is relatively distant to the functional mela-
tonin receptors (MT;, MT,, Mel,). The Mel, receptor,
which is not expressed in mammals, is phylogenetically
closer to the MT, receptor than to the MT,; receptor. The
human MT; receptor shows more similarities with the
rodent MT; receptors than with the bovine, ovine, and
porcine MT, receptors. As already observed for other
GPCRs, the ovine MT; receptor shows significant homol-
ogy with the bovine MT; receptor (Fig. 4).

Whereas the Mel, receptor has been found only in
fish, birds, and X. laevis, GPR50 has only been found in
eutherian mammals and not birds or fish. An in silico
approach has suggested that GPR50 is the ortholog of
the Mel, receptor (Dufourny et al., 2008). This conclu-
sion is based on an analysis of the melatonin receptor
family phylogenetic tree and the conserved synteny of
genes surrounding the Mel;- and GPR50 genes. It is
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Fic. 4. MT, and MT, melatonin receptor dendrogram. Phylogenetic
tree of melatonin receptor or melatonin receptor-related (GPR50, mela-
tonin-related receptor or H9) sequences. The evolutionary distances be-
tween the different sequences were calculated with the matrix of Blosum
62 score. The tree was drawn using the Unweighted Pair Group Method
with Arithmetic mean (UPGMA). GenBank accession numbers and the
number of amino acids for each receptor are as follows: human H9:
U52219, 613; sheep H9: U52221, 613; mouse H9: AF065145, 791; cattle
MT,: U73327, 257; sheep MT,;: U14109, 366; Djungarian hamster MT;:
U14110, 353; golden hamster MT;: AF061158, 325; mouse MT,: U52222,
353; rat MT,;: AF130341, 326; human MT,: U14108, 350; Pig MT;:
U73326, 154; mouse MT,: AY145850, 365; rat MT,: U28218, 120; human
MT,: U25341, 362. The sequences for cattle and pig MT, receptors have
been partially cloned.

Chick Melle

suggested that rapid evolution of Mel; into GPR50 led
to the mutation of several critical amino acids and the
addition of a long C-terminal tail resulting in the loss of
affinity of GPR50 for melatonin. However, formation of
the GPR50/MT; receptor heterodimer in recombinant
cells significantly reduces the affinity and potency of
melatonin agonists binding for the MT; melatonin re-
ceptor (Levoye et al., 2006a). Recent evidence supports
the idea that GPR50 expression in the Siberian hamster
ependymal layer is under photoperiod control (Barrett et
al., 2006). This orphan receptor may also be important in
regulating energy metabolism (Ivanova et al., 2008).
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The MT, melatonin receptor gene cloned from the
Siberian or Syrian hamsters seems to be a pseudogene
because it is endowed with two nonsense mutations in
the coding region of the receptor cDNA. The stop codons
are located in transmembrane domain V and in the
second extracellular loop (Weaver et al., 1996). The Si-
berian and Syrian hamster are considered natural MT,
melatonin receptor mutants.

C. Melatonin Receptor Polymorphisms

Genetic polymorphisms have been reported for mela-
tonin receptors in human and sheep. In human, poly-
morphisms have been compared for both MT,; and MT,
in subjects with circadian rhythm sleep disorders and
controls. Seven mutations were found in the MT; recep-
tor, with two that resulted in amino acid changes: R54W
in the first cytoplasmic loop and A157V in the fourth
transmembrane domain (Ebisawa et al., 1999). Al-
though the mutations were more common in non-24-h
sleep-wake syndrome subjects than in delayed sleep
phase syndrome or controls, no significant change in
receptor affinity and/or density was observed when the
mutants were expressed in heterologous cells. Two mu-
tations were also reported for the hMT,: G24E in the
N-terminal domain and L66F in the first cytoplasmic
loop. However, neither shows altered MT,, receptor bind-
ing characteristics (Ebisawa et al., 2000). The effect of
these mutations in melatonin receptor function has not
been reported.

Melatonin secretion follows a circadian rhythm with
high levels at night. By contrast, insulin release is high
during the day. The drop in insulin levels at night may
result from endogenous melatonin-mediated inhibi-
tion by activation of MT,; and MT, in pancreatic islets
(Peschke et al., 2002; Mulder et al., 2009). Recent
studies have revealed an association of high fasting
plasma glucose, early stage impairment of insulin se-
cretion, and increased risk of type 2 diabetes in per-
sons with genetic variations in the MTNRI1B gene
encoding the MT, melatonin receptor (Bouatia-Naji et
al., 2009; Lyssenko et al., 2009; Prokopenko et al.,
2009). Based on increases in MT, melatonin receptor
mRNA expression in human pancreatic islets of sub-
jects without diabetes with the risk allele and subjects
with type 2 diabetes led to the suggestion that an
increase in MT, receptor density may be involved in
the pathogenesis of these conditions (Lyssenko et al.,
2009). However, whether increases in mRNA expres-
sion reflect increases in MT, melatonin receptor den-
sity in pancreatic islets is not known.

Several polymorphisms have been described in the
ovine MT; type, leading to changes in amino acids
(A282D, H358R, 1361V), one in extracellular loop 3 and
two in the carboxyl-terminal tail. This variant receptor,
which seems fully functional, has not been linked with a
specific phenotype (Barrett et al., 1997). Polymorphism
of MnlI restriction sites in exon II of the MT; receptor
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was analyzed in the Mérinos d’Arles ewe in relation to
the expression of reproductive seasonality (Pelletier et
al., 2000). The MnlI restriction sites show an association
between the homozygous genotype for the absence of a
MnllI site at position 605 (—/—) and seasonal anovulatory
activity. Other mutations were observed, not simulta-
neously, at positions 706 and 893, which resulted in the
substitution of a valine by an isoleucine and of an ala-
nine by an aspartic acid, respectively. However, in the
Ile-de-France sheep breed, the two allelic forms of the
MT, receptor gene have no direct effect on the seasonal
pattern of various seasonal functions. It was suggested
that the effect of this polymorphism on seasonal function
seems to be dependent on the breed and/or environmen-
tal condition (Hernandez et al., 2005).

D. Molecular Structure of MT; and MT, Melatonin
Receptor Ligand Binding Pockets

1. MT; Melatonin Receptor. A rhodopsin-based com-
puter model has been used to propose the molecular
structure of the melatonin receptor binding site (Nava-
jas et al., 1996). This particular model has advantages
over bacteriorhodopsin-based models for the melatonin
receptor binding site (Sugden et al., 1995; Grol and
Jansen, 1996), because bacteriorhodopsin is not coupled
to G proteins, and its sequence has none of the distinc-
tive features of the GPCR family (Baldwin, 1993). The
rhodopsin-based molecular model has been investigated
by site-directed mutagenesis studies, revealing that the
binding site of the melatonin receptor has some similar-
ities with those of other GPCRs of the rhodopsin/B,-
adrenergic receptor family. For example, His195 in pu-
tative TM5 is conserved in all of the melatonin receptors,
and the position is identical to that used in the ligand
binding site of many other rhodopsin-like GPCRs. The
model proposes that this His residue can form a hydro-
gen bond with the oxygen atom of the 5-methoxy group
of melatonin. Site-directed mutagenesis of the melato-
nin receptor (Conway et al., 1997; Kokkola et al., 1998)
and studies with sulfur analogs of melatonin (Davies et
al., 2004) have given support to this suggestion. The
binding site model also proposes that Val192, which is
located approximately one helical turn above the His195
facing the hydrophobic binding pocket, is important for
the binding of the methyl portion of the methoxy group
of melatonin. Val192 is analogous to a residue in the
Bo-adrenergic and 5-HT receptors that is important in
ligand binding (Strader et al., 1989; Ho et al., 1992; Kao
et al., 1992). In addition, Met107 in TM3 and Ser280 and
Ala284 in TM7, which were proposed to be important for
the binding of the N-acetyl group of melatonin, do not
seem to directly participate in melatonin receptor acti-
vation (Kokkola et al., 1998). Thus, computer modeling
has revealed one site that is important for melatonin
binding, but the other residues/domain(s) of the melato-
nin receptor, which are critical for ligand binding, have
yet to be identified.

DUBOCOVICH ET AL.

A second method for determining residues that are
important for receptor binding and activation has been
to modify amino acid residues conserved in the rhodop-
sin-like GPCRs. Protonation of the aspartic/glutamic
acid in the highly conserved D/ERY motif at the cyto-
plasmic side of TM3 is believed to be involved in activa-
tion of the rhodopsin-like GPCRs. The binding of the
ligand causes the Asp/Glu to become unprotonated, re-
sulting in receptor activation, as shown most directly by
the rhodopsin receptor (Arnis et al., 1994). Changing the
D/E to a neutral amino acid that mimics the unproto-
nated state results in constitutive activation and im-
proved coupling of many of the rhodopsin-like receptors.
The melatonin receptor is unique in that it has an NRY
motif instead of the D/ERY motif. Changing the NRY to
an ARY (mimicking the unprotonated, activated state)
actually decreases binding to such an extent that it is
impossible to measure receptor activation (Nelson et al.,
2001). Changing the melatonin receptor NRY motif to
the D/ERY motif modestly decreases the binding affinity
(2-fold) and decreases the capacity for melatonin to ac-
tivate the receptor (Nelson et al., 2001). Thus, unlike
other rhodopsin-like GPCRs, the melatonin receptor
seems to not require deprotonation of the NRY motif to
be active, and Asn is needed for optimal ligand binding
and receptor activation.

Pro267 is a highly conserved amino acid in rhodopsin-
like GPCRs. This proline residue occurs in the center of
TMS6, causing a kink in the center of the a-helix. Mutat-
ing the proline to an alanine results in constitutive ac-
tivity of the yeast a-factor and By-adrenergic receptor
(Konopka et al., 1996), presumably by making the alpha
helix less “kinked.” However, when the corresponding
residue in the MT; melatonin receptor, 253, is mutated
to Ala, constitutive activity of the melatonin receptor is
not seen and, in fact, the receptor affinity is decreased by
severalfold (Kokkola et al., 1998).

G-protein coupled melatonin receptors have two con-
served cysteines (Cys127, Cys130) between helix ITI and
the second intracellular loop, a region important in re-
ceptor/G-protein coupling. Indeed, mutation of Cys127
and Cys130 to Ser in the MT; receptor revealed that
these cysteines are necessary for normal G protein acti-
vation and receptor trafficking (Kokkola et al., 2005).

Finally, there is an NPXXY sequence found at the end
of TM7 in rhodopsin-like receptors. The Asn302 is pro-
posed to interact with the Asp83, suggesting that TM2
and TMY7 are in close proximity. Kinking and twisting of
Pro303 is proposed to allow these two residues to come
in contact. It is noteworthy that the melatonin receptors
have retained the conserved Asp83 (Asp73) and Asn302
(Asn291) but have replaced the Pro303 with an alanine
(Ala292). How the Ala292 affects the overall structural
motif is not known (Table 2).

Analysis of rhodopsin binding and of extensive mu-
tagenesis data involving the B, adrenergic receptor sug-
gests that TMs 3, 5, 6, and 7, especially TM3 and/or
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TM?7, are major players in ligand binding (Kobilka and
Deupi, 2007; Rosenbaum et al., 2007). The TM3 domains
of ClassA GPCRs contain a high number of Ser/Thr/Cys
residues (seven residues/TM3). These residues form hy-
drogen bonds to the peptide backbone and thereby bend
and twist helices (Gray and Matthews, 1984; Ballesteros
et al., 2000). Thus, different hydrogen bonding states
may result in different TM3 conformations that repre-
sent different functional states of the same receptor,
such as liganded versus unliganded or active versus
inactive (Ballesteros et al., 2001). As in other GPCRs,
the Ser/Thr/Cys residues in TM3 of MT; are important
in ligand binding at MT; receptors. Mutations of Ser110
and Ser114, but not Ser103, to alanine reduced melato-
nin binding but did not affect luzindole binding (Conway
et al., 2001). These experiments give some molecular
support to the experimental data from the structure-
activity relationships of a series of luzindole analogs
suggesting that melatonin receptor agonist and antago-
nist-binding sites may differ (Teh and Sugden, 1998)
(Table 2). Based on these studies, a two dimensional
model of the MT; melatonin receptor was created com-
prising the transmembrane domains and the potential
orientation of melatonin in the binding pocket (Barrett
et al., 2003). This model takes into account the interac-
tion between melatonin’s methoxy group and the con-
served histidine (His195) in TM5.

A third method for determining important residues
for melatonin receptor binding has been to create chi-
meric melatonin MT; and melatonin-related receptors
(GPR50). Despite having 57% amino acid sequence
identity with the TM domains of the MT; receptor, the
GPR50 does not bind 2-[*?°T]iodomelatonin or [*H]me-
latonin. It is noteworthy that two studies involving
chimeric receptors suggest that TM6, extracellular
loop 2, and intracellular loop 2 are critical for mela-
tonin receptor binding to the MT; melatonin receptor.
Replacement of transmembrane domains 1, 2, 3, 5, or
7 of the hMT; receptor by the corresponding TM from
GPR50 induces only minor change in 2-[*?°IJiodome-
latonin binding affinity. On the contrary, chimeric
receptors with TM 6 from GPR50 receptor display no
specific binding (Conway et al., 2000; Gubitz and Rep-
pert, 2000). Gubitz and Reppert (2000) reported that
replacement of TM4 of the hMT; with TM4 of GPR50
did not alter binding affinity, but Conway et al. (2000)
failed to detect specific binding in this mutant. To
confirm that some specific amino acids of TM 6 play an
important role in binding, both research groups per-
formed point mutations in this transmembrane of the
MT, receptor. Mutation of glycine to threonine
(G258T) severely reduced both the binding and acti-
vation of the MT; receptor (Conway et al., 2000; Gu-
bitz and Reppert, 2000). The mutant A252C displayed
binding affinity close to that of the native hMT, re-
ceptor. Double mutation of glycine to threonine
(G258T) and alanine to cysteine (A252C) was found to
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completely inhibit binding by Gubitz and Reppert
(2000) and to have no effect on binding by Conway et
al. (2000). Taken together, these data do support the
idea that mutation of glycine 258, which is predicted
to face the hydrophilic receptor core, may be impor-
tant for maintaining an appropriate MT; melatonin
receptor structure.

2. MT, Melatonin Receptor. Melatonin receptors,
like most other GPCRs, contain a conserved cysteine
residue in extracellular loop 1 and in extracellular loop
2. Mutation of these Cys residues in rhodopsin (Karnik
et al., 1988), 8-opioid (Ehrlich et al., 1998), platelet-
activating factor (Le Gouill et al., 1997), and M3 musca-
rinic receptors (Zeng et al., 1999) demonstrate the crit-
ical importance of this disulfide bond for the proper
receptor conformation for ligand binding, receptor acti-
vation, and cell surface expression. These conserved cys-
teine residues, however, do not always participate in
disulfide bonding, as shown previously for the 32-adren-
ergic receptor (Noda et al., 1994). The disulfide bond
formation between Cys113 and Cys190 residues was
shown to be crucial to maintain a proper hMT,, receptor
conformation for melatonin binding without altering cell
surface receptor expression (Mseeh et al.,, 2002).
Whether this disulfide bond occurs within a single mel-
atonin receptor or between two melatonin receptors
forming a dimer remains to be determined. N-ethylma-
leimide alkylation of Cys140 appears to contribute to
changes in ligand affinity, whereas alkylation of Cys143
and Cys219 reduced binding capacity (Mseeh et al.,
2002). The cysteines involved in N-ethylmaleimide-in-
duced changes in affinity and receptor density are prob-
ably located in receptor regions near the melatonin bind-
ing site and/or G protein coupling region.

Key conserved amino acids (Table 3) seem to be in-
volved in ligand binding to the MT, melatonin receptors
as determined in binding studies after mutation to ala-
nine. Mutation of Asn175 in TM4 or His208 in TM5 of
the hMT, melatonin receptor significantly decreased the
binding affinity for melatonin (Gerdin et al., 2003).
Asn175 in TM4 seems to facilitate binding of the 5-me-
thoxy group of the melatonin molecule to the hMT,
melatonin receptor (Gerdin et al., 2003). Thus, His208 in
TMS5 in both the oMT; receptor (Conway et al., 1997) and
the hMT, melatonin receptor (Gerdin et al., 2003) are
critical for melatonin binding. Trp264 or Phe257 in TM6,
although not critical for melatonin binding, may interact
with aromatic regions of molecules such as luzindole and
4P-ADOT. Mutation of Serl23 or Ser127 in TM3 or
Ser293 in TM7 of the MT2 receptor did not affect bind-
ing affinity, although equivalent serines (Ser110 and
Ser114 in TM3) were reported to be critical for melato-
nin binding to the hMT; melatonin receptor (Conway et
al., 2001). Thus, the binding pockets of the MT; and MT,
melatonin receptors seem to share a common histidine
residue (His195/208 in TM5) but also have distinct res-
idues (Ser110/123 and Ser110/127 in TM3) necessary for
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TABLE 3
Effect of amino acid mutations on ligand binding to the hMT, melatonin receptor
Amino acids are represented in single-letter code with position number shown. Superscripts after the second amino acid indicate that the substituted amino acid represents

the amino acid in the designated receptor at the analogous position. The position in the transmembrane domain is indicated using the numbering scheme of Ballesteros and
Weinstein (1995).

Amino Acid Mutation

Expression

Scheme TM No. System Characterization Reference
Human
G24E NTerm COS-7 Heterozygous polymorphism with no phenotype. When expressed Ebisawa et al., 2000
in COS-7 cells no change in K, or K, with melatonin.
L66F 1.58 COS-7 Heterozygous polymorphism with no phenotype. Ebisawa et al., 2000
C113A ECL1 HEK293 No specific binding. Mseeh et al., 2002
C140A ICL2 HEK293 No change in K, slightly increased K; for melatonin (1.6X), Mseeh et al., 2002
decreased B, (22X).
C143A ICL2 HEK293 No change in K, slightly increased K; for melatonin (1.4X), Mseeh et al., 2002
slightly increased B, (1.8X).
C190A ECL2 HEK293 No specific binding. Mseeh et al., 2002
C219A 5.57 HEK293 No change in K, or K,. Decreased B, (5X). Mseeh et al., 2002
C263A 6.47 HEK293 No change in K, or K;. Decreased B,,,, (31X). Mseeh et al., 2002
C302A 7.47 HEK293 No change in K, or K,. Decreased B, (4X). Mseeh et al., 2002
S123A 3.35 HEK293 No change in K, or K;. Decreased B, ,, (5X). Gerdin et al., 2003
S127A 3.39 HEK293 No change in K, or K,. Decreased B, (3X). Gerdin et al., 2003
N175A 4.60 HEK293 No change in Kj, slightly increased K, for melatonin. No change Gerdin et al., 2003
in B .-
H208A* 5.46 HEK293 Increased K, and K, for melatonin. No change in B, .. Gerdin et al., 2003
F257A 6.41 HEK293 No change in K, or K;. No change in B, . Gerdin et al., 2003
W264A 6.48 HEK293 Decreased K,, no change in K,. Decreased B,,,, (22X). Gerdin et al., 2003
S293A 7.38 HEK293 No change in K, or K;. No change in B, .. Gerdin et al., 2003
V204A“ 5.42 HEK293 No specific binding. Mazna et al., 2004
V205 5.43 HEK293 No change in K. No change in B, .. Mazna et al., 2004
F209A 5.47 HEK293 No change in K. Decreased B, .. No change in K; for melatonin, Mazna et al., 2004
luzindole or 4P-PDOT.
G271T 6.55 HEK293 Not saturable. Mazna et al., 2004
L272A¢ 6.56 HEK293 No specific binding. Mazna et al., 2004
Y298A“ 7.43 HEK293 No specific binding. Mazna et al., 2004
M120A 3.32 HEK293 No change in K, or B, .. Mazna et al., 2005
G121A 3.33 HEK293 No change in K, or B, .. Mazna et al., 2005
G1211 3.33 HEK293 No change in K, or B, .. Mazna et al., 2005
V124A 3.36 HEK293 No change in K, with decreased B, .. Mazna et al., 2005
I1125A 3.37 HEK293 No change in K, or B, .. Mazna et al., 2005
Y188A ECL2 HEK293 No specific binding. Mazna et al., 2005
Y188F ECL2 HEK293 No specific binding. Mazna et al., 2005
N268A* 6.52 HEK293 No specific binding. Mazna et al., 2005
N268D“ 6.52 HEK293 No specific binding. Mazna et al., 2005
N268L* 6.52 HEK293 No specific binding. Mazna et al., 2005
N268Q* 6.52 HEK293 No change in K, or B, .. Mazna et al., 2005
A2751 6.59 HEK293 No specific binding. Mazna et al., 2005
A275V* 6.59 HEK293 No change in K, or B, .. Mazna et al., 2005
V291A“ 7.36 HEK293 No specific binding. Mazna et al., 2005
V291I1¢ 7.36 HEK293 No specific binding. Mazna et al., 2005
L295A¢ 7.40 HEK293 No specific binding. Mazna et al., 2005
L2951 7.40 HEK293 No specific binding. Mazna et al., 2005
L295V« 7.40 HEK293 No specific binding. Mazna et al., 2005
Hamster
P41A 1.33 CHO-K1 No change in K, or B,,,,. No change in EC;, or E_ , for Mazna et al., 2008
melatonin or 2-iodomelatonin stimulation of GTPy**S binding.
P93A 2.57 CHO-K1 No change in K, or B, ... No change in EC,, or E, . for Mazna et al., 2008
melatonin or 2-iodomelatonin stimulation of GTPy*®S binding.
P95A 2.59 CHO-K1 No change in K, or B,,.. No change in EC,, or E, , for Mazna et al., 2008
melatonin or 2-iodomelatonin stimulation of GTPy**S binding.
P158A 4.40 CHO-K1 No change in K, or B,,,.. No change in EC, or E_ . for Mazna et al., 2008
melatonin or 2-iodomelatonin stimulation of GTPy**S binding.
P174A 4.59 CHO-K1 No specific binding. Mazna et al., 2008
P174G 4.59 CHO-K1 No specific binding. Mazna et al., 2008
P212A 5.50 CHO-K1 No change in K, or B .. Decreased E,,, for melatonin and 2- Mazna et al., 2008
iodomelatonin, stimulation of GTPy**S binding.
P212G 5.50 CHO-K1 No change in K, or B, .. Increased EC, for 2-iodomelatonin Mazna et al., 2008
stimulation of GTPy**S binding with no change in E ..
P266A 6.50 CHO-K1 No specific binding. Mazna et al., 2008
P266G 6.50 CHO-K1 No specific binding. Mazna et al., 2008
A305P 7.50 CHO-K1 No specific binding. Mazna et al., 2008
A305V 7.50 CHO-K1 No change for K, or B, .. Increased EC, for melatonin and Mazna et al., 2008

2-iodomelatonin stimulation of GTPy**S binding with
decreased E ..

HEK, human embryonic kidney; CHO, Chinese hamster ovary.
“ Amino acid residues important for modulating binding to the MT, receptor (Farce et al., 2008).
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ligand binding. Mazna et al. (2004) identified several
amino acids in TM V (Val204), VI (Leu272), and VII
(Tyr298) that are involved in melatonin interactions
with the MT, melatonin receptor binding pocket. In a
subsequent studies, this group demonstrated that resi-
dues Asn268 and Ala275 in TM6 as well as residues
Val291 and Leu295 in TM7 are essential for 2-iodome-
latonin binding to the hMT, receptor (Mazna et al.,
2005). Mazna et al. (2008) assessed the impact of muta-
tions on the MT,; melatonin receptor structure by molec-
ular dynamic simulations of the receptors embedded in
the fully hydrated phospholipid bilayer and demon-
strated that residues Prol74, Pro212, and Pro266 are
important for the ligand binding and/or signaling of this
receptor (Table 3). Taken together, the identification of
sequence specific motifs may ultimately provide the mo-
lecular basis for the rational design of type specific ther-
apeutic compounds.

Farce et al. (2008) have published models showing
the predicted binding site for melatonin on the MT,

A MT,; Model

</

TM3

\ \ ( \’) Ser 110
P~

NN “\

u Ser 114

-

. Tyr 298
~,
Asn 268

—
< \
Z '< Leu 295

Val 291

DUBOCOVICH ET AL.

and MT, melatonin receptors based on site-directed
mutagenesis analysis and a three-dimensional homol-
ogy modeling of the receptors using bovine rhodopsin
as a template (Fig. 5). In these models, the binding
space for melatonin on the MT; receptor seems to be
relatively smaller than the space for the MT,, receptor.
The conserved histidine of TM5 (His195 for MT; and
His208 for MT,,), which is predicted to bind to the methoxy
group, seem to be common to both receptor binding sites
(Gerdin et al., 2003). The amine moiety interacts with
Asnl175 of TM4 in the MT, receptor; however, a corre-
sponding amino acid in the MT1 receptor TM3 is not an
Asn; rather, serines (Ser110 and Ser114) seem to bind to
melatonin (see Fig. 5; Farce et al., 2008).

ITI. Cellular Signaling of MT; and MT,
Melatonin Receptors

The best-known signaling pathway for melatonin recep-
tors is inhibition of cAMP formation via pertussis toxin-
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Fig. 5. MT,; and MT, melatonin receptor 3 dimensional models and putative mode of binding for melatonin. A and B show critical amino acids
residues for melatonin binding to the MT,; and MT, melatonin receptors, respectively. The amino acids labeled in white have been defined by
site-directed mutagenesis to modulate binding affinity (see Table 2 and 3). C and D show interactions among melatonin and key amino acid residues
important for binding to the MT; and MT, melatonin receptors, respectively. [Adapted from Farce A, Chugunov AO, Logé C, Sabaouni A, Yous S, Dilly
S, Renault N, Vergoten G, Efremov RG, Lesieur D, and Chavatte P (2008) Homology modelling of MT1 and MT2 receptors. Eur J Med Chem
43:1926-1944. Copyright © 2008 Elsevier Masson SAS. Used with permission.]
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sensitive G proteins. Although first described in frog mela-
nophores (White et al., 1987), melatonin-mediated
decreases in cAMP have been observed in a number of
mammalian tissues, including pituitary, SCN, and cere-
bral arteries (Capsoni et al., 1994; Morgan et al., 1994Db).
Pertussis toxin (PTX) sensitivity indicates the involvement
of G proteins in the G;/G, family; however, the identity of
the specific G proteins that transduce the melatonin signal
in native tissues is not known. Using recombinant human
receptors, adenylate cyclase inhibition has been confirmed
as a signaling mechanism for both MT; and MT, melato-
nin receptor types (Reppert et al., 1995a). Recent studies,
however, indicate that melatonin can elicit multiple recep-
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tor-mediated intracellular responses. Signal transduction
mechanisms shown to be associated with MT; and MT,
receptors are summarized below.

A. MT, Melatonin Receptor Signaling

MT; melatonin receptors can couple to both PTX-
sensitive (G;) and insensitive (G,/;) G proteins (Brydon et
al., 1999b; Roka et al., 1999) (Fig. 6A). Activation of MT,
melatonin receptors decreases forskolin-stimulated cAMP
formation (Reppert et al., 1994; Witt-Enderby and Dubo-
covich, 1996; Brydon et al., 1999a; Petit et al., 1999). Pro-
tein kinase A activity and phosphorylation of the cAMP
responsive element-binding protein (CREB) (Witt-
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Fic. 6. MT, and MT, melatonin receptor signaling. A, melatonin (MLT) signals through activation of the MT, receptor via two parallel pathways
mediated by the a-subunit (i.e., inhibition of cAMP formation) and the By-subunits [i.e., potentiation of phosphoinositide turnover stimulated by a
G,-coupled receptor (R)] of G;. B, signaling pathways coupled to MT, melatonin receptor activation. Melatonin-mediated phase shifts of circadian
rhythms through MT, receptors are mediated by PKC activation (the mechanism leading to PKC activation remains putative, however). DAG,

diacylglycerol; PKA, protein kinase A; R, G,-coupled receptor (i.e.,

prostaglandin F,, receptor FP and purinergic receptor P2Y) (Masana and

Dubocovich, 2001). [Adapted from Masana MI and Dubocovich ML (2001) Melatonin receptor signaling: finding the path through the dark. Sci STKE
2001:pe39. Copyright © 2001 American Association for the Advancement of Science. Used with permission.]
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Enderby et al., 1998) are also inhibited. Some authors have
also proposed that the By subunit of a PTX-sensitive G
protein may mediate the potentiation of phospholipase
activation by prostaglandin F,,, leading to increase in
phosphoinositide turnover (Godson and Reppert, 1997) or
in ATP (Roka et al., 1999). In addition, the MEK1/2-
ERK1/2 pathway is stimulated by MT; receptors in non-
neuronal cells (Witt-Enderby et al., 2000; New et al., 2003;
Radio et al., 2006).

MT; melatonin receptors can also regulate ion fluxes and
specific ion channels. Activation of endogenous MT; receptors
in ovine pars tuberalis cells increases intracellular calcium
via PTX-insensitive G proteins (Brydon et al., 1999a) (Fig.
6A). In contrast, melatonin acts via PTX-sensitive G proteins
to inhibit calcium influx in neonatal rat pituitary cells (Slanar
et al., 2000) and in AtT20 cells expressing MT; receptors
(Nelson et al., 2001). Vasoconstriction seems to be mediated
by decreases in cAMP-mediated phosphorylation of calcium-
activated potassium channels (BK,) through G;/G, protein-
coupled MT; melatonin receptors present in the smooth mus-
cle, although participation of receptors localized in the
endothelium cannot be ruled out (Nelson and Quayle, 1995;
Geary et al., 1998; Masana et al., 2002). Conversely, melato-
nin transiently increases BK, channel activity in cultured
rat myometrial cells (Steffens et al., 2003), an effect that can
be blocked by PTX as well as by inhibition of protein kinase A
activity. Inward-rectifier potassium channels (Kir) are also
activated by melatonin. MT; melatonin receptors expressed
in X. laevis oocytes (Nelson et al., 1996) or AtT20 cells (Nelson
et al., 2001) activate Kir3 inward-rectifier potassium chan-
nels through a PTX-sensitive mechanism that may involve
By subunits of G; proteins. Activation of Kir3 channels may
underlie melatonin-mediated increases in potassium conduc-
tance (Jiang et al., 1995) and may be the mechanism by
which melatonin inhibits neuronal firing in the SCN (Mason
and Brooks, 1988; Shibata et al., 1989; Stehle et al., 1989).
Hyperpolarization of neonatal pituitary cells may also be
mediated by activation of MT; melatonin receptors (Vanecek
and Klein, 1992). Thus the data available indicate that acti-
vation of MT; melatonin receptors elicits a variety of tissue-
dependent signaling responses.

B. MT, Melatonin Receptor Signaling

Recombinant MT, melatonin receptors have also
been shown to couple to inhibition of cAMP formation
(Reppert et al., 1995a; Petit et al., 1999) (Fig. 6B). In
addition, activation of MT, melatonin receptors also
can lead to inhibition of cGMP formation (Petit et al.,
1999). In the SCN, melatonin increases PKC activity
through activation of MT, melatonin receptors, be-
cause this response is blocked by the selective MT,
receptor antagonist 4P-PDOT (Hunt et al., 2001). This
finding suggests that MT, melatonin receptors inter-
act with the phospholipase C/diacylglycerol signaling
pathway (McArthur et al., 1997). In the retina, MT,
melatonin receptors inhibit neurotransmitter release
through a mechanism that probably involves intracel-
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lular calcium regulation (Dubocovich, 1995). Human
myometrium from both pregnant and nonpregnant
women expresses both MT; and MT, melatonin recep-
tors (Schlabritz-Loutsevitch et al., 2003). In this
study, 4P-PDOT blocked the melatonin-induced inhi-
bition of cAMP signaling in cultured myometrial cells
from nonpregnant women, suggesting the involve-
ment of the MT, melatonin receptor. Recent data con-
firmed the involvement of MT, melatonin receptor in
the action of melatonin on human myometrial smooth
muscle cells and further demonstrated the involve-
ment of PKC in MT, melatonin receptor signaling
(Sharkey and Olcese, 2007; Sharkey et al., 2009).

C. Melatonin Receptor Regulation

Regulation of signal transduction events is essential
for maintaining timely and efficient cellular responses
and homeostasis. Activation of GPCRs leads to
changes in receptor sensitivity (desensitization, sen-
sitization, internalization) and trafficking, leading to
changes in ligand efficacy (Ferguson, 2001). The MT,
and MT, melatonin receptors are differentially and
distinctly regulated by physiological (30—-400 pM) and
supraphysiological (1-1000 nM) concentrations of
melatonin. Physiological concentrations of nocturnal
melatonin (100—400 pM) are already well above the
potency (ECj,) for the melatonin receptors, which are
activated by picomolar concentrations of melatonin
(Reppert et al., 1996; Dubocovich et al., 1997). Day-
time concentrations typically fall below 30 pM and yet
they can still induce activation and desensitization of
melatonin receptors upon prolonged exposure to the
hormone (~8 h) (Gerdin et al., 2004b). Blood melato-
nin levels after administration of an oral dose of 0.3
mg are similar to endogenous levels found in humans
at night (Dollins et al., 1994). However, oral doses of
melatonin or other ligands at =1 mg may increase
blood levels several times above the concentration
necessary to activate melatonin receptors and there-
fore may alter receptor sensitivity (Dollins et al.,
1994; Vachharajani et al., 2003; Mulchahey et al.,
2004; Karim et al., 2006). hMT; melatonin receptors
expressed in heterologous mammalian cells show no
observable changes in melatonin-receptor density, af-
finity, or functional sensitivity after exposure to phys-
iological concentrations of melatonin for a period of
time that mimics normal nocturnal exposure (i.e., 8 h)
(Gerdin et al., 2004b). By contrast, exposure to supra-
physiological concentrations of melatonin (100 nM)
increases MT; receptor density and decreases receptor
affinity, but there is no detectable internalization or
loss of MT; melatonin membrane receptors in CHO
cells (MacKenzie et al., 2002; Gerdin et al., 2003,
2004b). In contrast, rapid arrestin-dependent inter-
nalization of the MT; melatonin receptor was demon-
strated in GT1-7 neurons after short-term exposure to
melatonin (Roy et al., 2001). The GT1-7 cells express
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low levels of endogenous MT; melatonin receptors and
thus the presence of endogenous signaling partners
different from those found in CHO and human embry-
onic kidney 293 cells and/or low level of constitutively
active MT; receptors may have facilitated MT; mela-
tonin receptor internalization (Dubocovich and
Masana, 1998; Roka et al., 1999; Kokkola et al., 2007).
Exposure to melatonin functionally desensitizes MT;-
mediated inhibition of cAMP production (Hazlerigg et
al., 1993; Witt-Enderby et al., 1998; Jones et al., 2000)
and stimulation of PI hydrolysis (MacKenzie et al.,
2002). At high concentrations, melatonin decreases
cell proliferation and transformation via activation of
either hMT, or hMT, receptors expressed in NIH-3T3
cells (Jones et al., 2000). Long-term treatment of rats with
melatonin did not affect modulation of neuronal firing in the
SCN mediated through activation of MT, receptors (Ying et
al., 1992). Thus, ligand alteration of MT; receptor function
may vary with ligand concentration and cell type, but this is
an important consideration for understanding the conse-
quences of rhythmically changing hormone levels as well
as therapeutic dosing.

Exposure of human MT,, receptors in CHO cells to phys-
iological concentrations of melatonin induced a concentra-
tion- and time-dependent receptor desensitization and in-
ternalization (Gerdin et al., 2004b). MT, melatonin
receptor recovery after melatonin-mediated desensitiza-
tion/internalization is partially dependent on new protein
synthesis. MT,, receptor resensitization after exposure to
physiological levels of melatonin takes up to 8 h, whereas
exposure to supraphysiological concentrations of melato-
nin induced a more pronounced desensitization and slower
recovery, taking up to 24 h to reach pre-exposure levels
(Gerdin et al., 2004b). The relation between desensitiza-
tion and/or internalization of MT; and MT, melatonin
receptors by the circadian production of melatonin may
promote changes in melatonin receptor function in the
SCN. Melatonin via activation of MT,, receptors enhances
differentiation in human adult mesenchymal stem cell os-
teoblasts (Radio et al., 2006). The reduction in MTy-medi-
ated decreases in alkaline phosphatase enzyme activity
occurs when MT,, receptors are fully desensitized, suggest-
ing that decreases in receptor sensitivity is a necessary
step in human adult mesenchymal stem cell differentia-
tion into an osteoblast (Radio et al., 2006).

Given the potential involvement of MT; and MT, re-
ceptors in phase-shifting circadian rhythms in mam-
mals, persistent desensitization of these receptors by
supraphysiological levels of melatonin could affect circa-
dian rhythmicity and sleep (Gerdin et al., 2004b; Wurt-
man, 2006). Phase advance of circadian rhythm of neuro-
nal firing in the rat SCN brain slice by melatonin applied
at circadian time (CT) 23 (CT12 is onset of activity in
nocturnal animals)] is mediated through activation of MT,,
receptors, which are functionally desensitized by exposure
to physiological levels of melatonin (300 pM) for a length of
time mimicking the nocturnal surge (8 h). Concurrent ex-
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posure of the SCN brain slice to both melatonin and the
MT,, antagonist 4P-PDOT blocks the functional desensiti-
zation of MT, receptors (Gerdin et al., 2004b). Together
these results suggest that although both the MT; and MT,
receptors can be desensitized by exposure to melatonin, the
receptors are differentially regulated depending on mela-
tonin concentration (physiological versus supraphysiologi-
cal), time of exposure (e.g., short versus long), cellular
background (Audinot et al., 2003), and receptor state (qui-
escent versus constitutive) (Roy et al., 2001; Gerdin et al.,
2004a,b; Kokkola et al., 2007).

IV. MT, and MT, Melatonin Receptors:
Structure-Activity Relationships and
Selective Ligands

A. Ligand Selectivity

Advances in medicinal chemistry led to the discovery
of new molecules that are specific and selective ligands
for melatonin receptors (Fig. 7A). MT, and MT, melato-
nin receptors show picomolar affinity for the radioligand
2-[**T]iodomelatonin and are characterized by the fol-
lowing general rank order of pharmacological affinities:
2-iodomelatonin = melatonin >> N-acetylserotonin >
serotonin, reported for COS-7 cells transiently trans-
fected (Dubocovich et al., 1997) or NIH-3T3 (Nonno et
al., 1999) and CHO cells (Browning et al., 2000) stably
expressing the recombinant hMT; and hMT,, receptors
(Fig. 7, B and C). 2-Iodomelatonin and ramelteon show
between 3 and 10 times higher affinity than melatonin
on the MT, receptor, but both have similar affinity to
melatonin on the MT, receptor (Dubocovich et al., 1997,
Kato et al., 2005). Conversely, melatonin and 6-chlo-
romelatonin have similar affinity on the MT, melatonin
receptor, whereas on the MT, receptor, 6-chloromelato-
nin has 10 to 20 times lower affinity than melatonin
(Dubocovich et al., 1997; Browning et al., 2000). How-
ever, ligands need approximately 50 to 100 times higher
affinity/potency for one receptor type relative to the
other to be considered selective (Dubocovich et al., 2000).
By these criteria, melatonin analogs have been devel-
oped that show distinct selectivity for either the MT, or
MT, melatonin receptor types and are discussed below,
along with known structure-activity relationships.

B. Structure-Activity Relationships

The discovery of ligands selective for melatonin recep-
tor types has been hindered by the low receptor density
and heterogeneity of receptor types in native tissues and
by the relatively few dependable models available in
which a functional response can be ascribed to one re-
ceptor type. However, much has been learned about the
structural features of the melatonin molecule that are
necessary for binding and activation of its receptor.
More recently with the wider use of cells expressing
recombinant hMT; and hMT, receptor types, progress
has been made toward developing receptor type-selec-
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A CHEMICAL STRUCTURES OF NON-SELECTIVE MT;/MT, LIGANDS
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Fig. 7. Chemical structure of melatonin receptor ligands. A, chemical structures of nonselective MT,/MT, ligands.

tive ligands. Early studies of structure-activity relation-
ships were drawn from data obtained in native tissues.
Here we will first briefly review studies carried out in
native tissues and thereafter will summarize structure-
activity relationships in recombinant systems (Table 4).

Melatonin has no ionizable groups at physiological
pH and is a lipophilic molecule readily able to cross

the plasma membrane. Evidence suggests that the
N-acetyl and 5-methoxy groups of melatonin are im-
portant for both receptor binding and activation. Re-
moval of either N-acetyl or 5-methoxy groups leads to
a dramatic reduction in 2-[?°IJiodomelatonin binding
affinity (Dubocovich and Takahashi, 1987; Sugden et
al., 1997), whereas 5-hydroxytryptamine (i.e., loss of
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Fic. 7. Continued. B, chemical structures of selective MT, melatonin receptor ligands.

both N-acetyl and 5-methoxy groups) does not bind to
melatonin receptors. Analogs with N-acyl groups
larger than N-acetyl often show improved binding af-
finity and agonist potency.

A number of general principles have been discov-
ered that apply to both melatonin receptors. The 5-po-
sition on the indole ring is optimal for the methoxy
group, because moving it to position 4, 6, or 7 leads to
a dramatic loss of affinity, although compounds with a
halogen at the 5-position do retain high affinity (Mor
et al., 1998). The relative position of the methoxy
group and the N-acetylaminoethyl side chain seems to
be an important determinant of affinity (Depreux et
al., 1994; Langlois et al., 1995; Garratt et al., 1996).
The indole ring is not essential for ligand binding
because it can be replaced by various other aromatic
systems such as naphthalene, benzofuran, benzothio-
phene, or benzocycloalkene rings (Depreux et al.,
1994; Leclerc et al., 1998; Fukatsu et al., 2002). If
methoxy and N-acylaminoethyl groups are positioned
appropriately on these aromatic scaffolds, ligands
with high affinity can result. Although one role of the
indole nucleus is to hold the important functional
groups in the proper positions, it may also play a role
in ligand binding. A number of analogs with substitu-
tions in positions 2 and 6 of melatonin (or the analo-
gous position of ligands based on other aromatic ring
systems) have been made. Substitution of a methyl,
phenyl, or halogen at position 2 of melatonin can
increase receptor affinity by up to 10-fold (Spadoni et
al., 1993; Garratt et al., 1994a,b, 1995), and combina-
tion of an optimal N-acyl group with a 2-halogen sub-
stitution gives ligands with extraordinarily high affin-
ity (e.g., 2-iodo-N-butanoyl-5-methoxytryptamine, pK;
10.8) (Sugden and Rowe, 1994). One effect of the 2-po-

sition substituent seems likely to be to “push” the
N-acetylaminoethyl side chain into the preferred con-
formation for interaction with the receptor. In addi-
tion, there is evidence that substituents in the C-2
position can interact directly with the receptor, lead-
ing to increased ligand affinity (Mathé-Allainmat et
al., 1996; Spadoni et al., 1997). In vivo melatonin is
degraded rapidly, primarily in the liver by 6-hydroxy-
lation followed by conjugation and excretion in the
urine. Some 6-position analogs have been synthesized
with the aim of retarding metabolism (Clemens and
Flaugh, 1986). A halogen substituent at the 6-position
reduces affinity only slightly, whereas the affinity of
6-hydroxymelatonin is reduced by only 5- to 10-fold,
and 6-methoxymelatonin by more than 100-fold (Sug-
den et al., 1995).

Melatonin is a rather flexible molecule with a num-
ber of bonds around which rotation is possible. The
conformation melatonin adopts when interacting with
its receptors has been debated. Evidence from confor-
mationally constrained and stereoselective analogs
(Jansen et al., 1996; Beresford et al., 1998; Davies et
al., 1998; Leclerc et al., 1998; Jellimann et al., 2000)
has provided information on the orientation likely to
be adopted by the 5-methoxy and N-acetylaminoethyl
groups when interacting with the receptor. Some of
these ligands [(—)- and (+)-AMMTC] have been used
as tools in experiments designed to determine whether
a biological response is really mediated by melatonin
receptor activation (Ting et al., 1997). Others have
aided the development of receptor models of the inter-
actions between ligand and receptor (Mor et al., 1999),
and continue to guide the synthesis of novel melatonin
receptor analogs.
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methoxy-6H-isoindolo [2,1-alindol-11-yl)ethanamine; K185, N-butanoyl-2-(5,6,7-trihydro-11-methoxybenzo[3,4]cyclohept[2,1-a]lindol-13-yl)
ethanamine; luzindole, 2-benzyl-N-acetyltryptamine; LY 156735, N-[2-(6-chloro-5-methoxy-1H-indol-3-yl)propyllacetamide; N 0889, 2-benzyl-
N-propionyl-acetyltryptamine; N 0891, 2-(p-methyl-benzyl)-N-acetyltryptamine; S 20098, N-(2-[7-methoxy-1-naphthalenyllethyl)acetamide; S
20928, N-[2-naphth-1-yl-ethyl]-cyclobutyl carboxamide; S 22153, N-[2-(5-ethylbenzo[b]thiophen-3-yl)ethyllacetamide; S 24014, N-[2-(2-(3-
methoxybenzyl)5-methoxy benzo(b)furan-3-yl)ethyllacetamide; S 24635, N-[2-(5-carbamoylbenzofuran-3-yl)ethyllacetamide; S 24773, N-{2-[3-
(3-aminophenyl)-7-methoxy-1-naphthyllethyl}acetamide; S 25726, N-methyl-(3-{2-[(cyclopropylcarbonyl)amino]ethyl}benzo[b]furan-5-
yDcarbamate; S 25567, (R,S)-N-[2-(6-hexyloxy-3,4 dihydro-2H-1-benzopyran-4-yl)ethyllacetamide; S 26131, N-(2-{7-[3-({8-[2-acetylamino)
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(S)-N-[2-(1,6,7,8-tetrahydro-2H-indeno[5,4-b]furan-8-yl)-ethyl]propionamide.



TABLE 4
Pharmacological profile of ligands with agonist/partial agonist efficacy on hMT,, hMT, and native melatonin receptors

pK;, pEC5, and pIC;, values were obtained as detailed in footnotes.
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0.3
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9.7
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2-Todomelatonin

S 20098

10.3

8.8
8.6

10.7

1.6
12.6
50

4.5 9.5 9.7

9.8

9.8 4.9

9.1

Melatonin

10.5

9.0

4.7°
57

9.3¢
9.7

8.6°
7.9

94

GR196429

10.4

9.8

8.1

9.6

9.3

8.3

6-Chloromelatonin

8.7

0.6

7.4
N.D.
N.D

7.2

7.3
130

8.3

6-Hydroxymelatonin
5-Methoxyluzindole

8M-PDOT

9.3

N.D.
N.D.

20

9.6
8.5
6.7
6.6
10.8

7.5
7.2

6.7

7.3

7.9

6.6

5.7

N.D.

1.2
10
90

N-Acetylserotonin

5-MCA-NAT

1IK7

N.D.

N.D.

5.6

N.D.

44

10.8"

8.7"

8.4/

IMLT, iodomelatonin; N.D., not determined.
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< Dubocovich (1985, 1995); inhibition of calcium dependent release of dopamine elicited by electrical stimulation.

¢ M. L. Dubocovich, unpublished observations; CHO cells stably transfected.

“Dubocovich et al. (1997); COS-7 cells transiently transfected.
fFaust et al. (2000); NIH 3T3 cells stably transfected.

b Audinot et al. (2003).
¢ Browning et al., (2000); CHO cells stably transfected.
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C. Selective MT; and MT, Melatonin Ligands

Although many of the melatonin receptor ligands that
have been synthesized have little receptor selectivity
between MT; and MT,, some progress has been made in
delineating differences in the structure-activity relation-
ships of the melatonin receptor types. Substitution of the
2-position with a benzyl group on the indole nucleus has
an influence on selectivity. Indeed, luzindole was the
first ligand reported to have a higher affinity for the M T,
type and its substituted analogs. N 0891, 5-methoxyluz-
indole, and DH97 are MT,-selective (Dubocovich et al.,
1997; Teh and Sugden, 1998) (see Fig. 1 for full chem-
ical names of all numbered compounds mentioned
herein). A substitution with a phenyl group on 2-acet-
amidotetralin analogs led to one of the most MT,, selec-
tive ligands, 4P-PDOT with pK; of 6.3 for hMT, and pK;
of 8.8 for MT, (Dubocovich et al., 1997). Within a series
of analogs in which a 2-phenyl group was attached at the
ortho position to the indole N- by 1, 2, or 3 methylene
groups, several MT,-selective analogs (ITK7, K185) were
identified (Sugden et al., 1999; Faust et al., 2000) indi-
cating that the changes in ring size engendered by the
N-indole-2-phenyl bridge were more readily accommo-
dated by the MT,, site. These results have led to the first
structure-affinity relationship for MT, selectivity. An
additional pocket at the MT,, receptor should be present
and positioned out of the plane of the aromatic nucleus
of melatonin, which would not be present at the MT,
receptor. This hypothesis is supported by a three-
dimensional quantitative structure-activity relationship
comparative molecular field analysis and statistical
analysis (Rivara et al., 2003). Binding studies performed
on the cloned receptors confirmed the MT, selectivity.
Other publications (Wallez et al., 2002; Audinot et al.,
2003; Yous et al., 2003) reported selective MT, ligands
with a benzyl substituent in the 2-position of benzofuran
bioisosters (S 24014) or a phenyl substituent in the
3-position of tetrahydronaphthalenic (S 28407) or naph-
thalenic (S 24773) bioisosteres. Following the same ra-
tionale, Spadoni et al. (2001) synthesized some melato-
nin derivatives, 2-acylaminoalkylindoles with a
substitution by a benzyl in the 1-position (compound 12),
that are selective for the MT, receptor type. Two other
selective MT,, ligands have been reported with rigidifi-
cation of the side chain of melatonin with a piperidine
amide chain (GR 128107) or piperazine amide chain
(compound 13) (Dubocovich et al., 1997; Mattson et al.,
2003). The structure-affinity relationships for MT, se-
lectivity have not been explored in these series. Most
MT, receptor-selective ligands are either antagonists or
partial agonists.

The first selective MT; ligands were described in
2003. Their main structural feature is the presence of a
bulky substituent instead of the methoxy group in the
5-position. All of them except one are dimeric derivatives
in which two molecules of S 20098, the naphthalenic



364

analog of melatonin, are linked together through their
methoxy substituent by a polymethylene side chain
(Descamps-Francois et al., 2003). The number of meth-
ylene groups in the linking chain varied from 2 to 8; the
highest selectivity ratio was for three methylene groups
(S 26131). These alterations in selectivity decrease the
affinity for the MT, type. Only one analog has been
examined in a functional assay and was shown to be an
antagonist with ~30- to 40-fold MT; selectivity. The
only other selective ligand described (S 25567), which is
not a dimeric derivative, bears a long alkoxy side chain
at the 6-position of a benzopyran analog (Audinot et al.,
2003). These MT;-selective ligands are antagonists or
partial agonists.

D. Ligand Efficacy in Native Tissues

This section focuses only on ligands for which efficacy
has been reported for native mammalian melatonin re-
ceptors either in vivo or in vitro. (Dubocovich et al.,
1997; Mattson et al., 2003).

1. Agonists. No selective MT; melatonin receptor
agonist has been reported to date. Compound 13 [(R)-
4-(2,3-dihydro-6-methoxy-1H-inden-1-yl)-N-ethyl-1-
piperazine-carboxamidefumarate] is an agonist with
selectivity for MT, melatonin receptors (hMT,/hMT,
affinity ratio = 117). Mattson et al. (2003) reported
that Compound 13 had lower vasoconstrictor efficacy
in rat caudal arteries compared with an equimolar
concentration of melatonin. Compound 13 was also
found to phase advance the circadian running-wheel
activity of rats when given at dose of 1 to 56 mg/kg.
However, in vivo receptor selectivity is difficult to
attain because of the high affinity of melatonin li-
gands and the need to administer these ligands at
very low doses. Even when agonists show some selec-
tivity in in vitro assays, a low dose in vivo may acti-
vate both MT; and MT, receptors (see further discus-
sion under section V.B.1).

2. Antagonists/Partial Agonists. A number of an-
tagonists/partial agonists have been identified using
native tissues, and several show selectivity for MT,
receptors. Structural modifications of melatonin or
melatonin bioisosteres that seem to predispose to an-
tagonist action include removal of the 5-methoxy
group (e.g., luzindole, 2-benzyl N-acetyltryptamine)
and the 4-phenyl substituted tetralines (e.g., 4P-
PDOT), or the naphthalenic bioisostere (e.g., S 20928)
(Dubocovich et al., 1997; Conway et al., 2000; Audinot
et al., 2003). Luzindole was the first ligand described
as a competitive melatonin receptor antagonist (Dubo-
covich, 1988a), and it has been used extensively in the
field to validate melatonin receptor action, although it
is relatively nonselective of receptor type (MT,/MT,
affinity ratio = 16-26). Luzindole was the first antag-
onist used to demonstrate the presence of melatonin
receptors mediating inhibition of dopamine release in
rabbit retina (Dubocovich, 1988a; Dubocovich et al.,
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1997) and the phase shift of circadian rhythms in the
rodent SCN (Dubocovich, 1988a; Hunt et al., 2001). S
20928, which also behaves as an antagonist in the rat SCN
(Ying et al., 1996), was used to demonstrate that the du-
ration of melatonin-receptor exposure per day determines
the onset of seasonal obesity in garden dormice (Le Gouic
et al., 1996). The replacement of the 5-methoxy group by
an ethyl group that prevents hydrogen bonding with the
receptor led to the benzothiophene antagonist S 22153
(Audinot et al., 2003). This nonselective melatonin antag-
onist is able to block the phase advancing effect of melato-
nin on running-wheel activity in mice (Weibel et al., 1999)
and the anxiolytic-like properties of melatonin (Kopp et al.,
1999). Moreover, in Syrian hamster, S 22153 implants
dissociate different aspects of the photoperiodic responses
(Pitrosky et al., 2003) (Table 5).

4P-PDOT was the first available selective MT, mela-
tonin receptor antagonist and it has been used in many
studies as a pharmacological tool to demonstrate the
involvement of the MT, receptor type in physiological
function. In particular, it has been used to demonstrate
the involvement of MT, receptors in mediating phase
advances of circadian rhythm of neuronal firing in the
SCN circadian clock (Dubocovich et al., 1998a; Hunt et
al., 2001) and in inhibiting dopamine release in retina
(Dubocovich et al., 1997). Among the other selective MT,
ligands described, the activity on native mammalian
tissues has been evaluated only for GR 128107, in which
the secondary amide of the N-ethylamino side chain has
been replaced with a constrained tertiary amide (Dubo-
covich et al., 1997). GR 128107 was reported to antago-
nize melatonin-induced inhibition of dopamine released
from rabbit retina (Dubocovich et al., 1997). There are
no published data available regarding MT; selective an-
tagonists on native tissues.

Whereas luzindole and 4P-PDOT are competitive an-
tagonists in native tissues, their pharmacological effects
are complex in recombinant system and non-neuronal
tissues. 4P-PDOT and its congener 4P-ADOT are neu-
tral antagonists in native tissues that express a low
density of melatonin receptors (Dubocovich et al., 1997,
1998a).

4P-PDOT was shown to act as a partial agonist/ago-
nist on the inhibition of leukocyte rolling in the micro-
circulation (Lotufo et al., 2001) and in recombinant sys-
tems (Nonno et al., 1999; Browning et al.,, 2000).
Moreover, it was shown using recombinant systems that
the affinity ratios of 4P-PDOT (MT,/MT,: 66-22,000)
can vary depending on the level of receptor expression or
signaling pathways in each recombinant system (Dubo-
covich et al., 1997; Dubocovich and Masana, 1998;
Nonno et al., 1999; Browning et al., 2000; Audinot et al.,
2003). Results obtained with these and other less char-
acterized ligands should be interpreted with caution,
because doses used in vivo may lead to blood levels that
block both MT; and MT, receptors (Dubocovich et al.,
1998).
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TABLE 5
Pharmacological profile of partial agonists/antagonists on hMT,, hMT,, and native melatonin receptors

All values are from Dubocovich et al. (1997) except as noted otherwise.

125 s di
Melatonin Receptor 2JIMLT Binding

[*H]DA Release in GTP~S Binding

Ligands ] Rabbit Retina MT, ]
Ratio hMT,/ hMT, hMT, pK; hMT, pK; (pA,) hMT, Kp hMT, Ky Ratio hMT,/ hMT,

4P-CADOT 362 6.5 9.1 9.3
4P-ADOT 330 6.2 8.9 8.8
4P-PDOT 311 6.3 8.8 9.5
K185 132 7.2 9.3 N.D.
5-Methoxyluzindole 130 7.5 9.6 10.2
S 24014° 125 7.5 9.6 7.3 8.8 30
GR 128107 113 7.0 9.1 10.2
N 0891 91 6.1 8.0 7.7
DH97¢ 89 6.1 8.0 N.D.
N 0890 56 6.2 7.9 7.5
N 0889 31 6.8 8.3 7.8
Luzindole 16 6.8 8.0 7.7
N-Acetyltryptamine 15 6.7 7.9 8.0
GR 135533 15 6.5 7.7 8.6
S 20928° 3.1 7.95 8.22 7.1 7.9 7.1
S 22153° 1.9 8.85 8.15 8.5 7.9 2.5
5-HEAT< 0.2 7.8 7.1 N.D
S 25567° 0.16 8.5 7.7 8.4 7.7 0.23
S 26284° 0.01 8.85 7 8 7.4 0.28
S 26131° 0.01 8.85 6.9 8.3 6.8 0.04

IMLT, iodomelatonin; DA, dopamine; 4P-CADOT, 4-phenyl-2-chloro-acetamidotetraline; N.D., not determined; 5-HEAT, 5-hydroxyethoxy-N-acetyltryptamine.

“Values from Faust et al., 2000.
® Audinot et al., 2003.

¢ Teh and Sugden, 1999.

< Nonno et al., 2000.

3. Inverse Agonists. Recombinant MT, melatonin re-
ceptors expressed at physiologically relevant levels are
capable of constitutive activity, producing spontaneous
regulation of effectors in the absence of agonist activa-
tion (Roka et al., 1999). Inverse agonists stabilize the
free/uncoupled form of the receptor and are used to
detect constitutive activity by reducing agonist-indepen-
dent receptor activity (Browning et al., 2000). In this
regard, a few of the melatonin ligands described above
were also shown to reduce agonist-independent MT,;
melatonin receptor activity. As inverse agonists, luzin-
dole and 4P-PDOT have higher apparent affinity for the
hMT; melatonin receptor in the presence of GTP (Dubo-
covich and Masana, 1998), decreasing basal guanosine
5'-0-(3-[3°S]thio)triphosphate binding (Glaser et al.,
1998) and increasing cAMP formation (Browning et al.,
2000) in CHO cells expressing the hMT; receptor at high
density.

4. Dimers/Heterodimers. The three members of the
melatonin receptor gene family expressed in humans,
MT,, MT,, and related orphan receptor GPR50, have
been shown to dimerize in transfected human embryonic
kidney 293 cells (Levoye et al., 2006b). It is noteworthy
that these proteins not only self-associate to form stable
homodimers but can also form heterodimers in cells
coexpressing various gene products (Ayoub et al., 2002,
2004; Levoye et al., 2006a). Several lines of evidence
indicate that the formation of melatonin receptor het-
erodimers may also have a pronounced impact on recep-
tor function. A modified pharmacological profile has
been observed for MT,/MT, heterodimers compared
with the corresponding homodimers (Ayoub et al., 2004).
The propensity of MT,/MT, heterodimer formation is

similar to or even higher than that of the corresponding
homodimers. Both the MT; and MT, binding sites are
functional within the heterodimer. The two binding sites
within the heterodimer maintain their respective selec-
tivity for MT;- and MT,-selective ligands. Furthermore,
the ligand-interaction profile of the MT,/MT, het-
erodimer determined is distinct from that of the MT,
homodimer. Although further studies will be necessary
to firmly establish the existence of such complexes in
tissues and their physiological relevance, the existence
of such complexes may be anticipated. A widespread
coexpression of melatonin receptors in several tissues
such as the retina and different regions of brain has
indeed been reported by several groups (Dubocovich,
1983; Reppert et al., 1994; Dubocovich et al., 1998a;
Savaskan et al., 2002a,b, 2005; Wu et al., 2007). Engage-
ment of MT; into heterodimers with the orphan GPR50
completely abolished melatonin binding to MT, and cou-
pling of this receptor to G; proteins and B-arrestins
(Levoye et al., 2006a). This may represent an interesting
regulatory mechanism for melatonin function (Jockers
et al., 2008).

V. MT;- and MT,-Mediated Functional Responses

The identification of functional responses mediated by
MT; melatonin receptors has been hampered by the lack
of specific and selective MT; melatonin receptor agonists
and antagonists. Nevertheless, the use of molecular,
pharmacological, and immunohistochemical approaches
in conjunction with nonselective MT;/MT,; melatonin
receptor ligands and the use of tissues from animals
with genetic deletion of the MT,; and/or MT, melatonin
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receptors has allowed the identification of several MT,;
and MT, melatonin receptor-mediated functional re-
sponses (see Table 6).

Evidence suggests that endogenous melatonin may
act to modulate melatonin-mediated functions; however,
removal of the pineal gland or genetic deletion of either
the MT,, the MT,, or both the MT; and MT, melatonin
receptors have provided minimal evidence for a func-
tional role of endogenous melatonin. Early studies by
Quay (1968, 1970a,b) demonstrated that pinealectomy
accelerates the rate of re-entrainment after a shift in the
photoperiod, but did not alter re-entrainment either
when animals are kept in a light/dark cycle or are free
running in constant conditions. These results suggested
a role for an endogenous pineal product (e.g., melatonin)
on circadian entrainment; however, the mechanism of
this phenomenon is still unclear. Mice with genetic de-
letion of the MT,, MT,, or MT,/MT, melatonin receptors
show no circadian phenotype in experiments reported so
far (Liu et al., 1997; Jin et al., 2003; Dubocovich et al.,
2005; Dubocovich, 2007). Mice lacking the MT; melato-
nin receptor display depression-like behavior in the
swimming test and deficits in sensory gating as demon-
strated in the acoustic startle/prepulse inhibition (Weil
et al., 2006). The MT, receptor knockout mice do not
exhibit melatonin-mediated hippocampal long-term po-
tentiation (Wang et al., 2005) or luzindole-mediated de-
crease in immobility in the swimming test (Sumaya et
al., 2005) compared with wild-type (WT) mice. Yasuo et
al. (2009) reported that the MT1 melatonin receptor in
the mice is directly involved in transmitting photoperiod
information and affecting reproductive function. These
results then go along with the discovery that the Sibe-
rian hamster, a seasonal breeder in which reproductive
function responds to changes in photoperiod, does not
express the MT, melatonin receptor (Weaver et al.,,
1996). Whether these phenotypes are due to lack of
activation of melatonin receptors and/or to indirect al-
terations in brain neuronal pathways remains an open
question.

A. Melatonin Receptor Expression

In mammals, the MT; and MT, receptors seem to
mediate the physiological effects of endogenous and ex-
ogenous melatonin (Reppert et al., 1994, 1995a; Liu et
al., 1997; Masana et al., 2002; Dubocovich et al., 2005).
As discussed above, these receptors show distinct molec-
ular structures, chromosomal localizations, and phar-
macological profiles (Reppert et al., 1994, 1995a; Slau-
genhaupt et al., 1995; Dubocovich et al., 1997).

Melatonin receptors have been localized in the hu-
man brain and peripheral tissues using receptor au-
toradiography with 2-[12°IJiodomelatonin, mRNA ex-
pression by RT-PCR, and in situ hybridization as well
as immunohistochemistry. MT; and MT, melatonin
receptors mRNA has been amplified from human
brain cerebellum, occipital cortex, parietal cortex,
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temporal cortex, thalamus, frontal cortex, hippocam-
pus, and SCN (Mazzucchelli et al., 1996). Beresford et al.
(1998) characterized the pharmacological profile of
2-['?5TJiodomelatonin binding in post mortem human
cerebellar membranes. The profile of this site is identical
to that of the MT; human recombinant melatonin recep-
tor expressed in either COS-7 or CHO cells (Dubocovich
et al., 1997; Beresford et al., 1998). Using in situ hybrid-
ization histochemistry, MT; mRNA was localized to cer-
ebellar granule cells and basket-stellate cells (Mazzuc-
chelli et al., 1996; Weaver and Reppert, 1996; Al-Ghoul
et al., 1998). MT; mRNA also has been localized in the
retina and SCN of human postmortem brain, consistent
with the important role of these structures in biological
rhythmicity (Reppert et al., 1994, 1995a; Mazzucchelli et
al., 1996; Weaver and Reppert, 1996). Within the retina,
MT; mRNA and protein have been localized to ganglion,
amacrine, and photoreceptor cells using RT-PCR and/or
immunohistochemistry (Savaskan et al., 2002a; Scher et
al., 2002, 2003). MT, receptor-like immunoreactivity ap-
pears higher in ganglion and amacrine cells from retinas
of subjects with Alzheimer’s disease, although immuno-
reactivity was decreased in photoreceptor cells (Savas-
kan et al., 2002b). MT; immunoreactivity in the hip-
pocampus was also increased in Alzheimer’s disease
subjects (Savaskan et al., 2001).

MT, mRNA has been found in human retina, hip-
pocampus, and whole brain (Reppert et al., 1994, 1995a;
Weaver and Reppert, 1996). MT, melatonin receptor
immunoreactivity was localized to ganglion and bipolar
cells in the inner nuclear layer of the retina, and to the
inner segments of the photoreceptor cells. In addition,
cellular processes in inner and outer plexiform layers of
the retina were strongly positive for MT, (Savaskan et
al., 2007). Within the hippocampus, MT, receptors are
found in hippocampal pyramidal and granular neurons
(Savaskan et al., 2005). In contrast to MT; receptors, the
expression of MT, receptors was reduced in subjects
with Alzheimer’s disease in both hippocampal and reti-
nal tissue (Savaskan et al., 2005, 2007). In the cerebel-
lum, the location of MT, receptor mRNA is distinct from
that of MT; receptors; MT, expression was restricted to
Bergmann glial cells and astrocytes (Al-Ghoul et al.,
1998).

MT, and MT,, receptor mRNAs are also found in non-
neural human tissues. Using RT-PCR, mRNA for both
types has been amplified from human fetal kidney
(Drew et al., 1998), granulosa cells (Niles et al., 1999),
PAZ6 adipocytes (Brydon et al., 2001), and coronary
arteries (Ekmekcioglu et al., 2001a). MT; melatonin re-
ceptors were localized by immunocytochemistry to both
adult and fetal human kidney (Song et al., 1997; Drew et
al., 1998). Ekmekcioglu et al. (2001b) observed a 24-h
variation in the expression of the MT; melatonin recep-
tors in coronary arteries derived from patients with cor-
onary heart disease. MT; receptors were also found in
cerebral blood vessels and the central vessels of human
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TABLE 6.—continued

References

Approach

Tissue

Signaling

Receptor

Function

Cancer

Dauchy et al., 2003; Blask et al.,
2005a,b

4P-PDOT
Luzindole
520928

Breast tumor
Rat hepatoma

13-HODE production

cAMP

cAMP
Linoleic acid uptake

cancer cell proliferation MT,

Inhibition-

Luzindole Shiu et al., 1999; Dauchy et al.,
4P-PDOT

JAr cells

MT,

cell proliferation

Inhibition

2003

Rat hepatoma

Linoleic acid uptake

13-HODE production
UNK, unknown/undetermined etiology; PKA, protein kinase A; CRH, corticotropin-releasing hormone; PLC, phospholipase C; GLP-1, glucagon-like peptide; 13-HODE, (*)-13-hydroxy-9Z,11E-octadecadienoic acid.
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and macaque retinas (Savaskan et al., 2002a; Scher et
al., 2002, 2003). MT; receptor levels were increased in
cerebral blood vessels of subjects with Alzheimer’s dis-
ease (Savaskan et al., 2001).

Mouse and rat brain (e.g., hippocampus), retina, and
peripheral tissues such as heart, lung, liver, and kidney
(Naji et al., 2004; Sallinen et al., 2005) express mRNA
for both MT; and MT, melatonin receptors. mRNAs for
both receptor types also have been demonstrated in rat
vasculature, where MT; receptors mediate vasoconstric-
tion and MT, receptors mediate vasodilation (Doolen et
al., 1998; Masana et al., 2002).

In the SCN of the C3H/HeN mouse, MT; and MT,
receptor mRNAs were localized by in situ hybridization
(Dubocovich et al., 1998a). MT; and MT, melatonin re-
ceptor mRNA and protein have been reported in the
mammalian SCN (Reppert et al., 1988; Siuciak et al.,
1990; Dubocovich et al., 1998a; Hunt et al., 2001; Rivera-
Bermudez et al., 2004). However, the MT, melatonin
receptor protein in the SCN is expressed at such a low
level that it is undetectable by 2-[?°TJiodomelatonin
binding (Liu et al., 1997; Dubocovich et al., 1998a; Poirel
et al., 2002).

Melatonin receptor gene expression can change mark-
edly in neural and peripheral tissues over the lifespan of
an organism (Davis, 1997). In addition, 24-h variations
in MT; receptor mRNA expression, as well as repressed
MT, receptor transcription, under short photoperiod
conditions have been reported (Masana et al., 2000;
Schuster et al., 2001; Poirel et al., 2002). Little is known,
however, about the mechanisms that drive these changes
in melatonin receptor gene expression. The transcrip-
tion factors Pitx-1 and Egr-1 have been shown to regu-
late the MT1 receptor expression in both rats and sheep
(Johnston et al., 2003b, 2007).

B. Melatonin Receptor Function

1. Central Nervous System. In the SCN, functional
MT; and MT, receptors have been characterized in
pharmacological studies using the two melatonin re-
ceptor antagonists luzindole and 4P-PDOT as well as
in studies of mice with genetic deletion of either the
MT; or/and MT, receptors (von Gall et al., 2000,
2002a; Jin et al., 2003; Dubocovich et al., 2005). Mel-
atonin applied in vitro to rodent SCN brain slices
inhibits neuronal firing in a concentration-dependent
manner (Shibata et al., 1989; Liu et al., 1997). Mela-
tonin inhibits neuronal firing in SCN brain slices from
wild-type and MT,; KO mice but not MT; KO mice (Liu
et al., 1997; Jin et al., 2003). Together, these data
suggest that the MT; receptor mediates the inhibitory
effects of melatonin in the SCN (Liu et al., 1997). In
the SCN, melatonin, through activation of MT; mela-
tonin receptors, inhibits pituitary adenylate cyclase-
activating polypeptide-stimulated phosphorylation of
the transcription factor CREB, an early event in the
signaling cascade leading to phase-shifts of the endog-
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enous clock (von Gall et al., 2000; Jin et al., 2003).
These effects of melatonin were not observed in the
MT; KO mice.

Melatonin released from the pineal gland after a
circadian rhythm with high levels at night may exert
feedback onto the SCN and activates MT; and MT,
receptors to phase shift local and overt circadian
rhythms (Gillette and Mitchell, 2002). To determine
the melatonin receptor type (MT; and/or MT,) in-
volved in phase shifting circadian rhythms in the
SCN, circadian rhythms of neuronal firing in vitro and
overt activity rhythms in vivo were measured (Liu et
al., 1997; Dubocovich et al., 2005; Dubocovich, 2007).
Melatonin (1-10 pM) given at CT10 phase advances,
by approximately 3 to 4 h, the circadian rhythms of
neuronal firing in rat and mouse SCN. This effect was
blocked by MT,-selective concentrations of the com-
petitive melatonin receptor antagonist 4P-PDOT and
was absent in SCN from mice with genetic deletion of
the MT, receptor (Hunt et al., 2001; Dubocovich et al.,
2005; Dubocovich, 2007). The magnitude of the phase
shift induced by melatonin at 10 pM in the SCN brain
slice from WT mice and MT; KO mice was identical.
Together, these results suggest that the MT, melato-
nin receptor mediates phase shifting of circadian
rhythms of neuronal firing in the SCN in vitro (Liu et
al., 1997; Dubocovich et al., 2005). Liu et al. (1997)
reported that the phase shift of neuronal firing
rhythms induced by the MT,/MT,; melatonin agonist
2-iodomelatonin (10 pM) was of smaller magnitude in
the SCN brain slice from MT; KO mice than in that
from the WT mice, suggesting a potential role for MT,
melatonin receptor activation. It is conceivable that in
this experimental paradigm, 2-iodomelatonin phase
shifted circadian rhythms through the activation of
the MT; (Liu et al., 1997). Recent evidence suggests
that melatonin at 1 nM phase advanced circadian
rhythms of neuronal firing in the mouse SCN brain
slice through activation of MT; melatonin receptors
(R. L. Hudson and M. L. Dubocovich, unpublished
observations). Together, these results show that, at
least under the experimental conditions used in the
mouse, both the MT,; and MT, receptors mediated
phase advances, with the shift induced through acti-
vation of the MT, receptor being significantly larger
(Liu et al., 1997; R. L. Hudson and M. L. Dubocovich,
unpublished observations). It is noteworthy that in
the Siberian hamster, which does not encode a func-
tional melatonin MT, melatonin receptor, melatonin
at 1 nM induced a robust phase shift of the circadian
rhythm of neuronal firing rate in the SCN slice
(Weaver et al., 1996). Whether this response is medi-
ated by the MT; melatonin receptor, which is func-
tional in the hamster, or a receptor not yet character-
ized is an open question.

Studies intended to assess the melatonin receptor
type involved in phase-shifting circadian rhythms in an
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in vivo mouse model led to unexpected results. In this
model, melatonin treatment phase-shifted circadian
rhythms of wheel-running activity in the WT and
MT,KO mice kept in constant dark when given 2 h
before onset of activity but not in the MT,KO or
MT;MT,KO mice, suggesting that in vivo activation of
the MT,; receptors phase advances overt circadian
rhythms (Dubocovich et al., 2005; Dubocovich, 2007).
Melatonin accelerated re-entrainment to an advance in
dark onset through activation of the MT; receptor
(Dubocovich et al., 2005). Together, these results sug-
gest the involvement of an MT; melatonin receptor in
the phase-shifting process in vivo. These paradoxical
findings (i.e., phase shift by MT, activation in the SCN
in vitro and by MT; activation in vivo) are difficult to
explain at the present time, although it is conceivable
that distinct melatonin receptors are necessary to
phase-shift circadian rhythms of activity and neuronal
firing rhythms. Participation of both the MT; and MT,
receptors to phase shift circadian rhythms within the
SCN cannot be excluded (Liu et al., 1997). The selective
MT, melatonin receptor antagonist 4P-PDOT blocked
the melatonin-mediated phase advance of circadian ac-
tivity rhythms induced by melatonin given in vivo at CT
10 (Dubocovich et al., 1998b), suggesting that melato-
nin-mediated phase advances were mediated by activa-
tion of MT, melatonin receptors. However, the doses of
4P-PDOT (90 pg/mouse s.c.) used in the above-
mentioned report (Dubocovich et al., 1998b) may have
raised levels of drug in the circulation to micromolar
concentrations that might have blocked both MT; and
MT, melatonin receptors. Mattson et al. (2003) con-
cluded that a synthetic indanyl piperazine (compound
13) with approximately 117 times higher affinity for
the MT, receptor (K; = 200 nM for MT,; 1.7 nM for
MT,) phase-shifted circadian activity rhythms in the
rat through activation of MT, receptors using doses of
1 to 56 mg/kg. These doses would probably reach blood
concentrations of at least 1 uM, which would fully
activate both the MT; and MT, receptors, thereby
acting as a nonselective agonist. Further research to
determine the specific mechanisms for phase shifting
in the SCN is needed to explain these results, as well
as to help determine how best to therapeutically tar-
get the MT; and MT, receptors for treatment of sleep
and circadian rhythm disorders.

The first functional MT, melatonin receptor charac-
terized in a native tissue was the melatonin presynaptic
heteroreceptor that modulates the calcium-dependent
release of dopamine from rabbit retina (Dubocovich,
1985, 1995; Dubocovich et al., 1997, 1998a). The signal-
ing pathway of the rabbit retina receptor is not known.
However, in other tissues, the MT,, receptor seems to be
linked to PKC activation; in the rat SCN, activation of
an MT, melatonin receptor, possibly via Gy stimulates
PKC (McArthur et al., 1997; Hunt et al., 2001). This
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response is blocked by 4P-PDOT, a selective MT,, recep-
tor antagonist.

Melatonin inhibits, in a concentration-dependent man-
ner (IC5;, = 100 nM), long-term potentiation and excit-
ability induced by stimulation of the Schaffer collaterals
in the cornu ammonis 1 dendritic layer in the mouse
hippocampal brain slices (Wang et al., 2005). Luzindole
and 4P-PDOT blocked this inhibitory effect of melato-
nin. Furthermore, the inhibitory effect of melatonin was
impaired in the MT,KO but not in the MT; KO mouse.
The protein kinase A inhibitor 5-isoquinolinesulfon-
amide (H-89) mimicked the inhibitory effect of melato-
nin on long-term potentiation, whereas forskolin coun-
teracted melatonin-mediated inhibition (Wang et al.,
2005). In summary, in the mouse hippocampus, melato-
nin inhibits long-term potentiation through activation of
the MT, melatonin receptor and inhibition of the adeny-
Iyl cyclase-protein kinase A pathway.

More recently it has been reported that exogenous
melatonin could increase the survival of neuronal pro-
genitor cells and postmitotic immature neurons in the
hippocampus of adult mice (Ramirez-Rodriguez et al.,
2009), consistent with melatonin actions on proliferative
activity in the rat dentate gyrus and embryonic neural
stem cells (Kim et al., 2004; Moriya et al., 2007). These
findings are particularly interesting in view of the re-
cent reports that melatonin can reduce learning and
memory deficits in mice models of Alzheimer disease
(Feng et al., 2004; Olcese et al., 2009).

2. Hypothalamic-Pituitary-Gonadal Axis. Endog-
enously released melatonin resulting from changes in day
length modulates reproduction in seasonal breeders in
part through activation of melatonin receptors in the hy-
pothalamic-pituitary-gonadal axis. (Reiter, 1980; Tamar-
kin et al., 1985; Vanecek, 1998; Malpaux et al., 2001; Roy
et al., 2001; Soares et al., 2003; Frungieri et al., 2005). In
immortalized GnRH-releasing cells, activation of endoge-
nous MT; and MT, receptors decreased the expression of
GnRH mRNA in a 24-h cyclical manner, which was
blocked by luzindole (Roy et al., 2001). In the neonatal rat
pituitary gland, melatonin inhibits GnRH-induced LH re-
lease, cAMP and ¢cGMP accumulation, and increases in
intracellular Ca®" through activation of a pertussis toxin-
sensitive GPCR (Martin et al., 1980; Vanecek and Voll-
rath, 1990; Vanecek and Klein, 1995). The mechanism(s)
by which melatonin modulates pituitary gonadotropin se-
cretion involves activation of MT; melatonin receptors
(Johnston et al., 2003a,b); however, participation of MT,
receptors (Balik et al., 2004) cannot be excluded.

Regulation of ovarian and testicular function by melato-
nin may involve activation of both MT,; and MT,, receptors
along the hypothalamic-pituitary-gonadal axis. Melatonin
may also exert direct effects on ovarian function, because it
is found in ovarian follicular fluid (Brzezinski et al., 1987;
Rénnberg et al., 1990). Specific 2-[1?°Tliodomelatonin bind-
ing, as well as MT; and MT, melatonin receptor mRNAs
and MT; melatonin receptor protein, was identified in
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various ovarian structures (Niles et al., 1999; Clemens et
al., 2001; Woo et al., 2001; Soares et al., 2003). Endogenous
estrogens regulate the functional activity of melatonin re-
ceptors (Soares et al., 2003), whereas melatonin stimulates
progesterone secretion from granulosa cells in several spe-
cies including humans (Schaeffer and Sirotkin, 1995; Woo
et al., 2001). In human granulosa-luteal cells, melatonin
increases LH and decreases GnRH receptor density (Woo
et al., 2001). In hamster testicular Leydig cells, melatonin
inhibits basal and chorionic gonadotropin-stimulated
cAMP and androgen (testosterone and androstene 3a-diol
17B-diol) production through activation of MT; receptors
(Frungieri et al., 2005).

Prolonged treatment with melatonin causes sensiti-
zation of MT; melatonin receptor signaling upon with-
drawal involving potentiation of adenylate cyclase
and CREB phosphorylation, leading to increases in
gene expression or hormone secretion. Nocturnal mel-
atonin secretion regulates gene expression through
heterologous sensitization of adenylate cyclase-linked
GPCRs, thereby coupling the central circadian pace-
maker with the circadian regulation of peripheral tis-
sues, which results in modulation of circadian and
seasonal rhythms. The nocturnal secretion of pineal
melatonin suppresses the expression of the clock gene
Perl in the pars tuberalis of the pituitary gland, by
inhibiting the cAMP dependent signaling pathway
through activation of the MT; receptor (von Gall et al.,
2002a). At dawn, when circulating melatonin levels de-
crease, the pars tuberalis is released from transcrip-
tional repression, facilitating the induction of Perl gene
expression by heterologous sensitization of adenosine
A2b receptors (von Gall et al., 2002a). Furthermore,
simultaneously during the biological night, endogenous
melatonin, through activation of the MT; melatonin re-
ceptor, inhibits prolactin release in the pars tuberalis
(Table 6). This may be a general mechanism by which
the circadian production of melatonin provides links to
the central circadian pacemaker and peripheral tissues,
imparting the signal of darkness.

A relationship between the circadian rhythm of melato-
nin and adrenal hormone secretion has been described in
mammals. In humans, plasma cortisol peaks in the early
morning but remains low during the night when circulat-
ing melatonin levels are high (Weitzman et al., 1971).
Adult and fetal adrenal gland of the capuchin monkey
expresses 2-['?*Tliodomelatonin binding sites and MT, but
not MT, melatonin receptor mRNA (Torres-Farfan et al.,
2003, 2004). Melatonin inhibited corticotropin-releasing
hormone- and adrenocorticotropin-induced cortisol produc-
tion and decreased dibutryl cAMP-induced cortisol secre-
tion from adrenal cultured cells. This MT;-mediated effect
was blocked by luzindole.

In several mammalian species, changes in photope-
riod regulate reproduction via the duration of the
melatonin signal known to encode the length of the
night (Bartness et al., 1993). Reproduction in ham-
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sters is regulated by melatonin-mediated photoperi-
odic signals; however, this species does not express
functional MT, melatonin receptors (Weaver et al.,
1996). Although reproductive responses are assumed
to be mediated by activation of MT; melatonin recep-
tors, direct evidence for this assumption was missing.
Yasuo et al. (2009) recently reported differential reg-
ulation of photoperiod-induced changes in Diodinase 2
and Diodinase 3 expression (Ono et al., 2008) in C3H
mice with genetic disruption of the MT,, MT,, or
MT;MT, melatonin receptors. These studies provided
evidence for distinct functions for the MT; and MT,
melatonin receptors in the regulation of photoperiodic
responses in pars tuberalis and confirmed that mela-
tonin through activation of the MT; melatonin recep-
tor transmit photoperiod information to the hypothal-
amus-hypophysial axis to regulate reproductive
function (Yasuo et al., 2009).

3. Cardiovascular System. A number of studies point
to a role for melatonin in cardiovascular regulation
(Krause et al., 1999). MT,; and MT,, protein and mRNA are
expressed in peripheral and cerebral arteries of various
species, including humans (Savaskan et al., 2001; Masana
et al., 2002). Activation of MT; and MT,, receptors medi-
ates vasoconstriction and vasodilation, respectively. In the
rat caudal artery, which is important for thermoregula-
tion, melatonin causes vasoconstriction, directly contract-
ing pressurized arterial segments (Evans et al., 1992) and
potentiating contraction induced by adrenergic nerve stim-
ulation or norepinephrine (Krause et al., 1995; Geary et al.,
1998). Various melatonin receptor analogs act as full or
partial agonists in the rat caudal artery model, the enan-
tiomers of the melatonin agonist N-acetyl-4-aminomethyl-
6-methoxy-9-methyl-1,2,3,4-tetrahydrocarbazole showing
a difference (400-fold) in vasoconstrictor potency matching
the known difference in melatonin receptor affinity of the
two enantiomers (Krause et al., 1995; Ting et al., 1997)
Vasoconstriction seems to be mediated by MT; receptors
because it is not blocked by the MT,, selective antagonist
4P-PDOT (Doolen et al., 1998; Masana et al., 2002). In fact,
vasoconstrictor effects of melatonin in caudal arteries are
further enhanced in the presence of 4P-PDOT, consistent
with the blockade of MT,, receptors that mediate vasodila-
tion (Doolen et al., 1998; Masana et al., 2002), although
MT, mRNA has not been detected in all studies (Table 1).
Vasodilation and an increase in blood flow induced by
melatonin in distal skin regions may be responsible for the
hypothermic effect of this hormone in humans (Krauchi et
al., 2000).

Melatonin-mediated vasoconstriction in cerebral ar-
teries is blocked by the competitive melatonin receptor
antagonists luzindole and S 20928, by pertussis toxin,
and by blockers of BK, channels (Viswanathan et al.,
1990; Geary et al., 1997; Mahle et al., 1997) (Table 1).
MT; melatonin receptors in cerebral arteries and hip-
pocampal microvasculature seem to regulate blood flow
(Savaskan et al., 2001). It is suggested that melatonin-
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mediated vasoconstriction enhances cerebrovascular au-
toregulation, thereby keeping cerebral blood flow con-
stant in the face of diurnal fluctuations in blood pressure
(Régrigny et al., 1998).

4. Immune System. Melatonin receptors expressed
in lymphoid cells seem to be involved in regulating im-
mune responses (for review, see Guerrero and Reiter,
2002; Skwarlo-Sonta et al., 2003). Luzindole blocks me-
latonin-mediated enhancement of splenic lymphocyte
proliferation in mice independent of time of day (Drazen
et al., 2001). This effect of melatonin seems to be medi-
ated through activation of the MT,, receptor, because the
effect of melatonin on splenocyte proliferation (e.g., cell-
mediated immunity) was also observed in mice with
genetic deletion of the MT; melatonin receptor (Drazen
and Nelson, 2001). In rat microvasculature, MT,, activa-
tion also reduces acute inflammation by inhibiting leu-
kocyte rolling (Lotufo et al., 2001). In human lympho-
cytes MT; receptor activation counteracts the inhibitory
effect of prostaglandin E, on interleukin 2 production
(Carrillo-Vico et al., 2003; Carrillo-Vico et al., 2005).
Activation of MT, receptors modulates immune re-
sponses, providing a mechanism by which endogenous
melatonin may participate in adaptation to seasonal
changes (Table 1).

5. Metabolism. A relationship between the circadian
release of melatonin and energy balance has been de-
scribed (Barrenetxe et al., 2004). Melatonin modulates
glucose homeostasis mainly via changes in insulin se-
cretion and leptin production. Pancreatic islets and
INS-1 insulinoma cells, a model of pancreatic 8 cells,
express high-affinity 2-[*?°IJiodomelatonin binding sites
and MT; and MT, melatonin receptor mRNA (Peschke
et al., 2000, 2002; Kemp et al., 2002). The expression of
MT, and MT, receptors has also been reported for hu-
man pancreatic tissue (Peschke et al., 2007). Activation
of MT; melatonin receptors inhibits cAMP-stimulated
insulin secretion through pertussis toxin sensitive—
G;/G, protein coupling. (Peschke et al., 2000, 2002,
Kemp et al., 2002). In INS-1 insulinoma cells, melatonin
attenuates glucagon-like peptide (GLP-1), forskolin-
stimulated insulin secretion, insulin promoter activity,
and CREB-mediated gene expression (Kemp et al., 2002)
(Table 1).

Prolonged melatonin pretreatment of pancreatic B-cells,
via activation of MT; melatonin receptors and cross-talk
with GLP-1 receptors, sensitizes the cAMP signaling sys-
tem, increasing cAMP production and insulin secretion. In
rat pancreatic islets and INS-1 cells, long-term melatonin
treatment increased basal levels of insulin secretion and
potentiated GLP-1- and forskolin-induced insulin and
cAMP production (Kemp et al., 2002). Endogenous mela-
tonin released during the night seems to sensitize the
cAMP system in B-cells, leading to potentiation of insulin
release upon GLP-1 receptor stimulation by endogenous
incretin (Kemp et al., 2002). The sensitization of the cAMP
system by endogenous melatonin may influence the circa-



372

dian profile for insulin release and could provide a mech-
anism by which high morning levels of insulin facilitate
glucose disposal after nutritional stimuli (Kemp et al.,
2002). Melatonin has also been shown to act via the MT,
receptor in pancreatic B-cells to inhibit cyclic GMP signal-
ing (Stumpf et al., 2008, 2009).

Melatonin receptor activation modulates rat adipocyte
function via activation of MT; and MT, melatonin re-
ceptors expressed in inguinal and epididymal adipocytes
(Zalatan et al., 2001). In epididymal adipocytes, melato-
nin in the presence of insulin increases leptin secretion
and counteracts forskolin-induced inhibition of leptin
secretion and mRNA expression through activation of a
melatonin receptor. This suggests cross-talk between
these hormones to modulate leptin production from adi-
pocytes via MT; receptor activation (Alonso-Vale et al.,
2005). In human adipocytes, activation of MT, melato-
nin receptors modulates glucose uptake (Brydon et al.,
2001). In summary, melatonin seems to modulate glu-
cose homeostasis and energy balance via its direct effect
on pancreatic 8 cells and adipocytes through activation
of MT, and MT, melatonin receptors. Furthermore, mel-
atonin inhibits insulin secretion in isolated islets and
beta cells from rodents and human through activation of
MT, and/or MT, melatonin receptors (Miithlbauer and
Peschke, 2007; Lyssenko et al., 2009; Miihlbauer et al.,
2009). Miihlbauer et al. (2009) reported that insulin
secretion from isolated islets of melatonin receptor MT,,
MT,, and MT,/MT, knockout mice was modulated by
melatonin. Together these data suggest that both the
MT, and MT,, receptor may be involved in the pathogen-
esis of some form of diabetes.

6. Cancer. Melatonin decreased cancer cell growth
by affecting cell proliferation and cytokine secretion,
reducing tumor number and size, increasing tumor
latency, and lowering tumor incidence (for review, see
Pawlikowski et al., 2002; Sanchez-Barcel6 et al.,
2003). Melatonin inhibits cell proliferation through
receptor-mediated effects on the cell cycle (Shiu et al.,
1999), interaction with sex steroid-responsive path-
ways (Sanchez-Barcelé et al., 2003), and/or perhaps in
part via its free radical scavenging potential (Reiter et
al., 2001).

MT, and/or MT,; melatonin receptors are expressed on
LNCaP prostate tumor cells, MCF-7 breast cancer cells
(Xi et al., 2001; Ram et al., 2002), colon 38 cancer cells
(Karasek et al., 2002), human choriocarcinoma JEG-3
cells (Shiu et al., 2000), human gall bladder adenocarci-
noma epithelial cells (Aust et al., 2004), and malignant
breast epithelium cells (Dillon et al., 2002). The onco-
static action of melatonin seems to be mediated primar-
ily through activation of MT; melatonin receptors, but
an action on the MT,, receptors cannot be excluded (Shiu
et al., 1999, 2000). Melatonin inhibited endometrial can-
cer cell growth in in vitro studies with estrogen receptor-
positive Ishikawa cells (Kanishi et al., 2000). It induced
neurite growth in N1E-115 neuroblastoma cells (Bordt
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et al., 2001) and inhibited proliferation of MCF-7 cells
(Ram et al., 2002). Several cellular mechanisms have
been suggested to mediate melatonin’s oncostatic ef-
fects. The best-characterized cellular pathway is the
suppression of linoleic acid uptake and its conversion to
13-hydroxyoctadecadienoic acid, which normally acti-
vates EGFR/MAPK mitogenic signaling (Blask et al.,
2002, 2005a). Endogenous nocturnal levels of melatonin
attenuate linoleic acid uptake, and its conversion to
13-hydroxyoctadecadienoic acid decreases cell prolifera-
tion and cAMP through a melatonin receptor-mediated
effect (Blask et al., 2005a).

MT, melatonin receptor overexpression facilitates me-
latonin-mediated oncostatic action. Melatonin adminis-
tration decreases the weight and volume of S-91 mela-
noma tumors in mice in vivo, and melatonin inhibits
S-91 cell proliferation in vitro (Kadekaro et al., 2004),
which was dramatically potentiated by expression of
MT, melatonin receptors (Kadekaro et al., 2004). Over-
expression of MT; receptor in MCF-7 breast cancer cells
facilitates melatonin-mediated tumor growth inhibition
in vivo and in vitro (Collins et al., 2003) through a
melatonin receptor mediated mechanism (Yuan et al.,
2002). Overexpression of MT; melatonin receptors in
MCF-7 cells seems to suppress tumor formation in vivo,
probably by increasing expression of constitutively ac-
tive MT; receptors (Collins et al., 2003). Together, these
data suggest that oncostatic effects of melatonin occur
primarily through activation of MT; melatonin receptors
and/or enhancement of constitutive receptor activity
(Table 1).

VI. Melatonin receptors as therapeutic targets

Melatonin receptor agonists currently on the mar-
ket or in advanced stages of development are all MT,/
MT,-nonselective melatonin receptor agonists. These
agonists are indicated or being developed for a num-
ber of conditions ranging from insomnia and circadian
entrainment to depression and seasonal affective dis-
order. Melatonin and the synthetic melatonin agonists
are generally devoid of the common side effects fre-
quently observed with sleep medication (e.g., impair-
ment of learning, memory, or motor function).

A. Agomelatine

The nonselective melatonin agonist agomelatine
(S 20098) has been studied extensively using in vitro
and in vivo models (Racagni et al., 2007) (Fig. 7A).
This high-affinity MT,/MT,; melatonin receptor ago-
nist is also a 5-HT,~ serotonin receptor antagonist
(Conway et al., 2000; Audinot et al., 2003; Millan et
al., 2003). The European Medicines Agency recently
granted approval to agomelatine for major depression.
In addition, agomelatine promotes sleep in human
volunteers and phase-shifts circadian rhythms (Ca-
jochen et al., 1997).
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Agomelatine, a novel and efficacious antidepressant,
shows a unique pharmacological profile with high effi-
cacy on sleep, circadian rhythm dysfunction, and de-
pression (Dubocovich, 2006; Ghosh and Hellewell,
2007; Montgomery and Kasper, 2007; Olié and
Kasper, 2007). Agomelatine was found to be signifi-
cantly more effective than placebo in the treatment of
major depression, with significantly reduced depres-
sion scores in the 17-item Hamilton Rating Scale for
Depression and several other criteria (Loo et al., 2002,
2003) after 2 weeks of treatment. Agomelatine showed
higher efficacy than paroxetine, a specific serotonin-
reuptake inhibitor, and both were effective in the
treatment of anxiety symptoms in depression (Léo et
al., 2003). Agomelatine’s profile of adverse effects,
including discontinuation symptoms, is comparable
with that of placebo and less than that of paroxetine
(Judge et al., 2002; Léo et al., 2003; Montgomery et al.,
2004). Agomelatine seems to have an advantage over
other current antidepressant treatments in that it pro-
motes sleep (Cajochen et al., 1997; Guilleminault, 2005),
entrains circadian rhythms (Kréduchi et al., 1997; Quera-
Salva et al., 2005), and shows anxiolytic effects and a
faster onset of therapeutic effectiveness (Loo et al., 2002;
Montgomery et al., 2004; Kennedy, 2005). It also lacks
the prominent side effects shown by most classes of
antidepressants, such as sexual dysfunction, gastroin-
testinal reactions, and discontinuation symptoms (Lbo
et al., 2002; Millan et al., 2003; Montgomery et al.,
2004).

B. Ramelteon

Ramelteon is a novel, high-affinity, nonselective MT,/
MT,, receptor agonist with little affinity for other GPCRs
that was developed for the treatment of insomnia and
circadian sleep disorders (for reviews, see Cajochen,
2005; Miyamoto, 2009) (Fig. 7A). In freely moving cats
(Miyamoto et al., 2004) and monkeys (Yukuhiro et al.,
2004), ramelteon promotes sleep, showing higher effi-
cacy than melatonin. Fisher et al. (2008) demonstrated
that both melatonin and ramelteon administration (10
mg/kg i.p.) had an acute, short-lasting, sleep-promoting
effect in the rat, as determined using implanted radio-
telemetry transmitters to record electroencephalogram
and electromyogram parameters. Ramelteon received
approval from the FDA in 2005 for the treatment of
insomnia characterized by difficulty in sleep onset, and
it is the only hypnotic drug indicated for long-term treat-
ment. Ramelteon does not affect learning, memory, or
motor function and is devoid of rewarding properties
(Meier et al., 1988). In humans with primary chronic
insomnia, this novel melatonin receptor agonist de-
creases the latency to sleep and increases total sleep
time and sleep efficiency (Erman et al., 2006).
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C. PD 6735 (LY 156735)

PD 6735 is a close indole analog of melatonin that
shows high affinity for both MT; and MT, receptors. In
subjects with moderate to severe insomnia, PD 6735
given for 2 consecutive days reduced sleep latency as
determined by polysomnography and reduced subjective
sleep latency (Fig. 7C). PD 6735 did not negatively affect
other sleep parameters or produce morning-after psy-
chomotor impairment (Mulchahey et al., 2004; Zemlan
et al., 2005). PD 6735 did not cause hypothermia, hyper-
tension, or bradycardia.

D. Circadin

Circadin has recently been approved for marketing in
Europe as a prolonged-release melatonin formulation
that mimics the physiological secretion profile of mela-
tonin. The clinical development of Circadin is based on
the controlled clinical studies by Garfinkel et al. (1997),
Leger et al. (2004), and Haimov et al. (1995), which
showed that it improves sleep quality in elderly insom-
nia patients. Circadin was found to be effective in im-
proving quality of sleep and sleep latency and in improv-
ing daytime function. It was not associated with memory
impairment or decreased vigilance, and it had no signif-
icant withdrawal symptoms. In exploratory studies, Cir-
cadin also improved sleep quality in children with sleep-
wake cycle disorders as shown in studies by De
Leersnyder et al. (2003).

VII. Conclusion

This review describes the molecular, pharmacological,
and functional properties of the two mammalian G-pro-
tein-coupled melatonin receptors (i.e., MT; and MT,).
The availability of melatonin receptor ligands with well
defined pharmacological properties and selectivity, ad-
vances in the molecular biology of the melatonin recep-
tors, the discovery of novel cellular and signaling mech-
anisms transducing effector responses, and the creation
of transgenic mice with targeted deletion of the MT,
and/or MT, melatonin receptors have increased our un-
derstanding of the role of melatonin and its receptors in
the modulation of visual, circadian, seasonal, cardiovas-
cular, endocrine, and immune function as well as cancer
cell growth.

The cellular and molecular mechanisms by which cir-
cadian and seasonal changes in melatonin levels regu-
late receptor functioning are not fully understood. Stud-
ies on melatonin regulation of cellular trafficking and
receptor oligomerization will provide new insights into
the hormone signaling pathways. The role of protein-
protein interactions leading to receptor dimerization
and heterodimerization, the presence of intracellular
partners in signal transmission, cross-talk via signal
transduction cascades, and the role of constitutively ac-
tive receptors in effector responses all need to be further
investigated to understand better the physiological role
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of the melatonin receptors and the development of drugs
with therapeutic potential. The identification of novel
targets for the treatment of disorders involving alter-
ations in the melatonin system should provide new op-
portunities for therapeutic targets. Discovery of specific
and selective agonists and antagonists for the MT,; and
MT, melatonin receptors would provide additional tools
for the study of melatonin function and the design of
novel therapeutics. The discovery of constitutively active
MT; melatonin receptors opens up the additional possi-
bility of developing inverse agonists as therapeutic tools.
A unique feature of the melatonin message that must
always be taken into account is that it is time-depen-
dent. Effects of melatonin and melatonin-related drugs
are affected by time of day and duration of exposure,
probably because of changes in the diurnal sensitivity
and/or efficacy of MT; and MT, melatonin receptors.
Treatments mimicking the length of the physiological
nocturnal melatonin profile may differentially regulate
MT, and MT, receptor function. Furthermore, through
activation of distinct receptors types expressed within
the same tissue or perhaps in the same cell, melatonin
may exert distinct and/or opposite physiological re-
sponses. Our current knowledge on the mechanism(s) by
which melatonin affects physiology through activation of
specific membrane receptors is exciting but still in its
infancy. Better understanding of these processes will
facilitate discovery and development of melatonergic
agents for the treatment of sleep, circadian, metabolic,
and endocrine disorders, as well as tumor cell growth.
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