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ABSTRACT
In mammals, melatonin receptors MT1 and MT2 are high-affin-
ity G protein–coupled receptors and are thought to be involved
in the integration of the melatonin signaling throughout the brain
and periphery. In the present study, we describe a new melato-
nin binding site, named MTx, with a peculiar pharmacological
profile. This site had a low affinity for 2-[125I]-melatonin in satu-
ration assays in hypothalamus and retina (pKD = 9.13 ± 0.05
and Bmax = 1.12 ± 0.11 fmol/mg protein, and pKD = 8.81 ± 0.50
and Bmax = 7.65 ± 2.64 fmol/mg protein, respectively) and a
very high affinity in competition assays for melatonin (pKi =
13.08 ± 0.18) and other endogenous compounds. Using autora-
diography, we showed a preferential localization of the MTx in
periventricular areas of the sheep brain, with a density 3–8
times higher than those observed for ovine MT1. Additionally,
using a set of well characterized ligands, we showed that this
site did not correspond to any of the following receptors: MT1,

MT2,MT3, D1, D2, noradrenergic, and 5-HT2. Based on its affin-
ity for melatonin, MTx did not seem to be implicated in the inte-
gration of cerebral melatonin concentration variations since they
were saturating for MTx. Nevertheless, it remained of prime
importance because of its periventricular distribution, which was
in close contact with the cerebrospinal fluid, and its peculiar
pharmacological profile responding to both melatoninergic and
serotoninergic compounds.

SIGNIFICANCE STATEMENT
Herein a putative new melatonin binding site is described in
sheep brain parts in close contact with the third ventricle. The
characteristics of the pharmacological profile of this site is dif-
ferent from anything previously reported in the literature. The
present work forms the basis of future full pharmacological
characterization.

Introduction
The hormone melatonin (MLT) is mainly secreted in the

bloodstream by the pineal gland and is implicated in many
physiologic functions, including biologic rhythms, reproduc-
tion, neuroprotection, immunity, and synchronization of

circannual rhythms (Arendt, 1995; Pandi-Perumal et al.,
2006). In mammals, three MLT binding sites were described;
two of them, MT1 and MT2, are G protein–coupled receptors
(GPCRs) (Reppert et al., 1994; Reppert et al., 1995), whereas
the third one, MT3, a poor-affinity binding site (Duncan et al.,
1986), has been identified as the cytoplasmic quinone reduc-
tase 2 (NQO2) (Nosjean et al., 2000; Nosjean et al., 2001; Bou-
tin and Ferry, 2019). MLT has recently been described as
potentially having about a dozen more protein targets (Liu
et al., 2019), most of which are poorly described and character-
ized (Boutin and Jockers, 2020), beside the classic membrane
receptors and NQO2.
Molecular cloning of MT1 and MT2 receptors has

revealed a high homology degree among species (Reppert
et al., 1994; Reppert et al., 1995), with a similar
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Celle-l’Evescault, France.
dx.doi.org/10.1124/jpet.121.000785.

ABBREVIATIONS: CSF, cerebrospinal fluid; DA, dopamine; DOI, 1-(2,5-dimethoxy-4-iodophenyl)-aminopropane; GPCR, G protein–coupled
receptor; 5-HT, 5-hydroxytryptamine; 2-I-MLT, 2-iodo-MLT; KD, dissociation constant of the radioligand; Ket, ketanserine; MCA-NAT, 5-
methoxy-carbonylamino-N-acetyltryptamine; MLT, melatonin; NA, noradrenaline; NAS, N-acetyl-serotonin; NQO2, quinone reductase 2; oMT1,
ovine MT1 receptor; oMT2, ovine MT2 receptor; PMH, premammillary hypothalamus; 4P-PDOT, 4-phenyl-2-propionamidotetraline; S 22153, N-
[2-(5-ethylbenzothiophen-3-yl)ethyl]acetamide; S 22958, 4-(8-chloro-7-methoxy-1-naphthyl)-N-ethyl-butanamide; S 27128, 2-iodo-6-nitro-mel-
atonin; S 70643, N-[2-(6-methoxy-4-isoquinolyl)ethyl]acetamide, hydrogen chloride; S 73229, N-[2-(5-methoxy-2-oxo-indolin-3(RS)-yl)ethyl]a-
cetamide; SD 1671, N-[3-(2-amino-5-methoxy-phenyl)-3-oxo-propyl]acetamide; SD 1882, 4-iodo-melatonin; SD 1918, 7-iodo-melatonin.

76

1521-0103/380/1/76–89$35.00 https://doi.org/10.1124/jpet.121.000785
THE JOURNAL OF PHARMACOLOGY AND EXPERIMENTAL THERAPEUTICS J Pharmacol Exp Ther 380:76–89, January 2022
Copyright ª 2021 by The American Society for Pharmacology and Experimental Therapeutics

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://orcid.org/0000-0003-0068-7204
http://orcid.org/0000-0002-7814-9927
http://orcid.org/0000-0003-0068-7204
http://orcid.org/0000-0002-7814-9927
dx.doi.org/10.1124/jpet.121.000785
http://jpet.aspetjournals.org/


subnanomolar affinity for MLT (Dubocovich, 1995).
Extended pharmacological studies on MT1 and MT2 recep-
tors have led to the discovery of some ligands more specific
for one or the other subtype (Audinot et al., 2003; Legros
et al., 2013; Legros et al., 2014b), although the chemical
landscape of MLT ligands is still rather scarce (Boutin
et al., 2020). Both receptors have been now crystallized,
leading to new knowledge in the orientations of the mole-
cules in their receptors (Johansson et al., 2019; Stauch
et al., 2019).
Most species, including rat (Audinot et al., 2008), mouse

(Devavry et al., 2012), or human (Audinot et al., 2003), express
the two MLT receptors. In sheep, the MT2 mRNA is particu-
larly abundant in the retina, pars tuberalis, mammillary bod-
ies, and choroid plexus, whereas it is poorly expressed in the
premammillary hypothalamus (PMH), caudate nucleus, and
pineal gland (Cog�e et al., 2009). PMH was also identified as a
target tissue for a physiologic action of MLT (Malpaux et al.,
1998). In this cerebral area, MLT controls reproductive season-
ality in sheep, and 2-[125I]-MLT binding sites sustain one order-
of-magnitude–higher density than in any other hypothalamic
regions (2 fmol/mg protein vs. 0.2–0.4 fmol/mg protein) (Mal-
paux et al., 1998), although this density is much lower than
those observed in the pars tuberalis (Piketty and Pelletier,
1993; Malpaux et al., 1998). These binding sites were identified
as the ovine MT1 receptor (oMT1) (Mailliet et al., 2004; Migaud
et al., 2005). PMH and other periventricular areas expressing
high-affinity MLT receptors are exposed to high concentrations
of MLT because of the presence of the cerebrospinal fluid of the
third ventricle (Malpaux et al., 1998) and because of the diffu-
sion of MLT from this compartment (Legros et al., 2014a). The
MLT concentrations observed in these areas can be as elevated
as 4100 pg/ml (17.7 nM), whereas they are around 84 pg/ml
(0.4 nM) in more distal areas from the ventricle (Legros et al.,
2014a). These MLT concentrations in the nanomolar range are
saturating for MT1 or MT2 receptors during both the night and
day and thus are not consistent with the alternation of high
and low concentrations, which is critical for the integration of
the cerebral melatoninergic signal.
This particular feature led us to hypothesize that another

MLT binding site, which is critical for the integration of the
day/night alternation in the presence of MLT, might be
expressed in the ovine brain.
To test this hypothesis, we performed a pharmacological char-

acterization of MLT binding sites present in the sheep hypothala-
mus. To characterize the hypothalamic distribution and the
identity of MLT binding sites, two types of experiments were per-
formed: autoradiography with 2-[125I]-MLT on hypothalamic sec-
tions and pharmacological profile on hypothalamus membrane
preparations. These observations led to evidence that a new
MLT binding site exists in sheep brain, which we named MTx.
This binding site has several features dramatically different from
the previously described MLT binding sites (MT1, MT2, Mel1c,
and NQO2). Further work will be necessary to lay the molecular
basis of this new protein, not necessarily a GPCR, to better
understand its role in integrating MLT signaling pathways.

Materials and Methods
Reagents and Ligands. 2-[125I]-MLT (specific activity: 2000

Ci/mmol) was purchased from Amersham Pharmacia Biotech
(Piscataway, NJ). MLT, 2-iodo-MLT (2-I-MLT), N-acetyl-

serotonin (NAS), serotonin[5-hydroxy-tryptamine (5-HT)], 1-(2,5-
dimethoxy-4-iodophenyl)-aminopropane (DOI), and dopamine (DA)
were obtained from Sigma-Aldrich (Saint-Quentin-Fallavier, France).
5-Methoxy-carbonylamino-N-acetyltryptamine (MCA-NAT) and 4-phe-
nyl-2-propionamidotetraline (4P-PDOT) were obtained from Tocris
(Bristol, UK), and ketanserine (Ket) and noradrenaline (NA) were
obtained from Sigma-Aldrich.

Eleven synthetic analogs of MLT were used: 2-I-MLT, N-[2-(5-ethyl-
benzothiophen-3-yl)ethyl]acetamide (S 22153); 4P-PDOT; 4-iodo-mela-
tonin (SD 1882); 7-iodo-melatonin (SD 1918); 2-iodo-6-nitro-melatonin
(S 27128); 4-(8-chloro-7-methoxy-1-naphthyl)-N-ethyl-butanamide (S
22958); N-[2-(5-methoxy-2-oxo-indolin-3(RS)-yl)ethyl]acetamide (S
73229); N-[2-(6-methoxy-4-isoquinolyl)ethyl]acetamide, hydrogen chlo-
ride (S 70643); NAS; and N-[3-(2-amino-5-methoxy-phenyl)-3-oxo-pro-
pyl]acetamide (SD 1671) (Fig. 1). The following ones belong to the
MLT compound library of Les Laboratoires Servier. Their respective
syntheses were previously reported as indicated in the following list: S
22153 (Legros et al., 2019); SD 1883 (Legros et al., 2019); SD 1918
(Legros et al., 2014b); S 27128 (Leclerc et al., 2002); S 22958 (Leclerc
et al., 1998); S 73229 (Lozinskaya et al., 2011); S 70643 (Ettaoussi et
al., submitted manuscript); and SD 1671 (Harth�e et al., 2003). All
compounds were dissolved in DMSO at a stock concentration of 10
mM and stored at �20�C.

Hypothalamus, Pars Tuberalis, and Retina Tissues. Lambs
obtained from the SODEM slaughterhouse (Le Vigeant, France) were
euthanized in the morning (7:00 AM–12:00 PM) between January and
June. Brains were removed from the skull and frozen in isopentane
maintained at �50�C with liquid nitrogen after collecting the pars
tuberalis that were separately frozen in liquid nitrogen vapors. Reti-
nas were dissected from the lamb orbits by reversing the membranes
inside out and scraping the retina surface. Hypothalamus, pars tuber-
alis, and retina were stored at �80�C. The delay between the slaugh-
ter and freezing of collected samples did not excess 10 minutes.

Brains were dissected at 4�C to isolate the hypothalamic area
defined by autoradiography (unpublished data) and used for the mem-
brane preparations (Scheme 1), and brain block was 3-mm thick on
the rostro-caudal axis and centered on the PMH, which was limited
ventrally by the basis of the brain and dorsally by the floor of the lat-
eral ventricles, 3-mm wide on either side of the third ventricle. No tis-
sue from the pars tuberalis was present in the samples.

Autoradiography. Experiments were conducted on two adult
sheep males, which were sacrificed by decapitation (within 2 hours
after lights-on). Brains were quickly removed and frozen in isopentane
maintained at �50�C with liquid nitrogen. Frozen frontal brain sec-
tions (15 mm) were generated by microtome-cryostat (Leitz Cryostat
1720; Biostad Analytical, Saint-Julie, QC) at �20�C. Sections were col-
lected on 3-amino-propyl-ethoxy-silane gel–coated slides (Sigma-
Aldrich) and returned at �80�C until use. Analysis was performed on
sections in the posterior part of the hypothalamus, centered on the
PMH. All procedures were approved by the French Ministry of Agri-
culture and performed by authorized investigators (A37802). To satu-
rate the binding sites with 2-[125I]-MLT, sections were washed with
PBS buffer (0.01 M, 0.1 M NaH2PO4, 154 mM NaCl, pH 7.4) at 4�C,
incubated for 1 hour at room temperature with 100 ml of PBS contain-
ing 2-[125I]-MLT 14–14,250 pM (specific activity of 2000 Ci/mmol),
rinsed twice at 4�C with PBS (2 and 3 minutes), fixed with 4% para-
formaldehyde at 4�C for 10 minutes, and dipped in water for 10
minutes. Adjacent sections were incubated with MLT 10 mM to assess
nonspecific binding as previously described (Malpaux et al., 1998).
Autoradiograms were generated with air-dried sections placed in X-
ray cassettes with hyperfilm BioMax MR (Les Ulis, Amersham,
France). [125I] microscale standards were generated with seven doses
of 2-[125I]-MLT in pure ethanol dispersed on thin-layer chromatogra-
phy silicate gel (Hoerdt, Macherey-Nagel, France). Exposure time was
1 day for high concentrations (730–14,250 pM) and 14 days for lower
concentrations (14–5300 pM) at room temperature. Binding intensity
was assessed by an image analysis system (Biocom Histo 500; Amer-
sham). After nonspecific signal subtraction, mean gray density was
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transformed in counts per minute using the microscale standards, and
data were converted to femtomole per milligram of protein as
described previously (Legros et al., 2014a). MLT binding site density
was assayed in five different areas of the posterior hypothalamus: the
subfornical area of the PMH, the areas bordering the third and lateral
ventricles, the mammillothalamic tract region, and the region between
the third ventricle and lateral ventricles. The binding on the pars
tuberalis was used as control for oMT1 binding.

Membrane Preparations. A total of 1125 brains and about 200
retinas were collected from undetermined sex and age sheep in Sep-
tember, January, June, and April between 6 AM and 11 AM in the
SODEM meat slaughterhouse. Cerebral structures and retinas were
crushed and homogenized with an Ultra-Turrax (Janke-Kunkel;
IMLAB, Boutersem, Belgium) in grinding buffer (5 mM Tris/HCl, 2
mM EDTA, pH 7.4, 4�C). Homogenates were then centrifuged (1000 g,
12 minutes, 4�C), and the supernatants were ultra-centrifuged
(10,000 g, 35 minutes, 4�C). Pellets were suspended in conservation
buffer (50 mM Tris/HCl, 6 mM ascorbic acid, 4 mM CaCl2, 4% glyc-
erol, pH 7.4). Protein quantification was performed according to Bio-
Rad Kit instructions (BioRad SA, Marnes-la-Coquette, France).
Membrane preparations were homogenized with Kinematica Polytron
(Malters, Switzerland), and aliquots at 5 mg protein/ml were stored at
�80�C until use. Seventeen membrane preparations were performed
from the 1125 above-mentioned brains. They were all characterized by
Scatchard/saturation experiments, and under our experimental condi-
tions, a clear two–binding-sites profile was identified.

2-[125I]-MLT Binding Assay. Membranes and ligands were
diluted in binding buffer (50 mM Tris/HCl, 6 mM ascorbic acid, 4
mM CaCl2, pH 7.4), incubated for 4 hours at room temperature
under permanent agitation, and sheltered from light. Proteins
were diluted for a final volume of 500 ml at the concentration of 1
mg/ml. In saturation assays, 2-[125I]-MLT was used with concen-
trations ranging from 1 pM to 2–2.5 nM. In competition assays, 2-
[125I]-MLT was maintained at 35 pM for oMT1 binding and 350
pM for MTx binding, and compounds were used in the range of 10
fM–1 mM. For the experiments performed in presence of MLT ana-
logues SD 1882 and S 27128, compounds were diluted at the final

concentration of 1 pM, for both saturation and competition experi-
ments, and S 22153 at the final concentration of 1 mM, for competi-
tion experiment only. Nonspecific binding was determined with
0.1 mM of cold 2-I-MLT. Reaction was stopped by ultrafiltration
with FilterMate Harvester (Perkin Elmer, Courtaboeuf, France)
or with Brandel Harvester (Gaithersburg, MD) through What-
man GF/B filters (Sigma-Aldrich), which was followed by three
successive washes with ice-cold binding buffer.

Data Analysis. Data were analyzed by using the program PRISM
(GraphPad Software Inc., San Diego, CA). For saturation experiments,
the Bmax and the dissociation constant of the radioligand (KD) values
were calculated according to the Scatchard method. For competition
experiments, because of the high risk of ligand depletion, and to take

Fig. 1. Structures of the melatoninergic compounds used in the experiments.

Scheme 1. Schematic representation of the areas used for hypotha-
lamic membranes. Sheep brain was dissected at 4�C as a piece of tissue
centered on the PMH area, laterally limited by a column of the fornix
(Fx) and the mammillothalamic tract (MT), ventrally limited by the
base of the brain, and dorsally limited by the floor of the lateral ventri-
cle (LV). 3rdV, third ventricle.
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into account not only the radioligand concentration but also the recep-
tor concentration, inhibition constants (Ki) were calculated according
to Jacobs et al. (1975) and described in Zhen et al. (2010).

IC50 ¼ Ki1
Ki
KD

ð Lt½ �1 Rt½ � � 3
2
LRmax½ �Þ,

in which [Lt] is the total concentration of radioligand, [Rt] is the total
concentration of receptor, and [LRmax] is the concentration of recep-
tor-radioligand complex. Relevant statistical models for saturation
and competition, one or two sites, were used (extra sum-of-squares F
test).

Nomenclature of Targets and Ligands. All targets and
ligands used throughout this manuscript conform with the guidelines
outlined by the International Union of Basic and Clinical Pharmacol-
ogy and British Pharmacological Society Guide to Pharmacology
(Alexander et al., 2019). Furthermore, the recommendation for the
description of new MLT targets has been followed (Cecon et al., 2020).

Results
Autoradiographic Observations. In autoradiographic

experiments conducted on sheep brain slices (Fig. 2), we
noticed that the density of specific binding sites increased with

Fig. 2. Distribution and quantification of the binding pattern autoradiography in sheep brain and of the 2-[125I]-MLT binding patterns in
hypothalamic areas and pars tuberalis of the sheep brain. Left panel: pseudo-colored representative autoradiographs obtained at four dif-
ferent concentrations of 2-[125I]-MLT in the absence (left column) and presence (right column) of 10 mM MLT. The color code refers to bind-
ing intensity. Right panel: quantification of total (blue bars) and nonspecific (red bars) binding in brain regions of interest for increasing
concentrations of 2-[125I]-MLT. Data are presented as mean ± S.D. for two animals and at least four autoradiography slices per animal per
structure per concentration. (A) Pars tuberalis, (B) subfornical space, (C) third ventricle, and (D) lateral ventricle. The two different expo-
sure times were because of the rapid saturation of the pars tuberalis autoradiography due to the presence of the classic MLT receptors in
this tissue.
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the concentration of 2-[125I]-MLT up to 272 pM in the pars
tuberalis, which was in line with previous observations (de
Reviers et al., 1989; Morgan et al., 1989; Bittman and Weaver,
1990; Stankov et al., 1991). Typical autoradiograms clearly
show the existence of MLT binding sites in the areas around
the subfornical and third ventricle regions after 14 days’ expo-
sure (Fig. 2). The specificity of the binding site is obvious, since
the nonspecific experiments did not show any matching den-
sity in the same regions, which excluded the possibility of an
artifact due to our experimental conditions.
Binding in Pars Tuberalis. The density of the MLT

binding site was close to 60 fmol/mg protein (Fig. 3A), and no
further increase was observed at higher concentrations of 2-
[125I]-MLT. Furthermore, in pars tuberalis membrane prepa-
rations, saturation tests revealed only one binding site
(Fig. 3B), with KD equal to 13.9 ± 2.5 pM and Bmax equal to
39.5 ± 8.0 fmol/mg protein (Table 1); both results perfectly
match the binding characteristics of the oMT1 (Cog�e et al.,
2009) and ovine MT2 receptor (oMT2) from pars tuberalis
(Mailliet et al., 2004).
Binding in Posterior Hypothalamus. The next steps

were intended to scrutinize, under similar conditions to the
ones described above in pars tuberalis, slices of the subre-
gional hypothalamus. In the five hypothalamic areas studied
(Fig. 4 and Scheme 1), namely the border of the lateral ventri-
cle, the region between the third and lateral ventricles, corre-
sponding to the mammillothalamic tract, the subfornical part
of the PMH, and the border of the third ventricle, one can
observe a first plateau for 2-[125I]-MLT concentrations ranging
between 270 and 3200 pM corresponding to a level of 1.8 fmol/
mg protein, which was followed by an increase in binding
between 5300 and 11,500 pM and a second plateau (Fig. 4).

The highest density of MLT binding sites (>10 fmol/mg pro-
tein) corresponding to this second plateau was observed in a
region close to the lateral ventricles (Fig. 4).
As shown in Fig. 5, the saturation experiments performed

on hypothalamic membranes (n = 17, from 11 different mem-
brane preparations) using 2-[125I]-MLT revealed two binding
sites (F test) in those preparations (Table 1): a high-affinity
binding site (pKD = 10.58 ± 0.07) corresponding to oMT1 and a
second one with a “poorer” affinity (pKD = 9.13 ± 0.05) that we
named MTx for the sake of simplicity in the present work. The
densities of these MLT binding sites were 0.40 ± 0.05 fmol/mg
protein for the oMT1 binding site and 1.12 ± 0.11 fmol/mg pro-
tein for MTx. We identified the first binding site as oMT1 or
oMT2 based on both their previously reported characteristics
(Mailliet et al., 2004; Cog�e et al., 2009) and the present
observations.
Briefly, the net results of these two first sets of experiments

were that, in similar experimental conditions not fundamentally
different from standard MLT binding protocols, we showed the
existence of an extra binding site in a part of the hypothalamus
in close vicinity of the cerebrospinal fluid. Under our experimen-
tal conditions, as mentioned above, the signal-to-noise ratio was
in the 30% range.
Pharmacological Profile of Pars Tuberalis and

Hypothalamic Binding Sites. To further characterize those
binding sites, we performed competition assays in the presence
of 2-[125I]-MLT in pars tuberalis (unpublished data) and in
hypothalamic membranes, following the recommendations for
new MLT binding sites (Cecon et al., 2020). To segregate
between both sites in hypothalamus, we used different satu-
rating concentrations of 2-[125I]-MLT: 35 pM for oMT1/oMT2

and 350 pM for the putative MTx new binding site. Figure 6

Fig. 3. Melatonin binding sites in the pars tuberalis of sheep brain. (A) Evolution of the density of specific MLT binding site (oMT1/oMT2) on the
pars tuberalis in function of the concentration of 2-[125I]-MLT. (B) Saturation curve and corresponding linear regression of specific 2-[125I]-MLT
binding to pars tuberalis membranes (n = 4). In the pars tuberalis, only the oMT1 receptor is present, and saturation is reached for concentrations
>270 pM.

TABLE 1
Data summary from the saturation curves of pars tuberalis and hypothalamic membranes in control conditions and of hypothala-
mus in the presence of 1 pM SD 1882 or S 27128

oMT1/oMT2 MTx

pKD Bmax pKD Bmax

fmol/mg fmol/mg
Pars tuberalis (n = 4) 10.88 ± 0.07 39.5 ± 8.0 — —
Hypothalamus (n = 17) 10.58 ± 0.07 0.40 ± 0.05 9.13 ± 0.05 1.12 ± 0.11
Hypothalamus 1 SD 1882 (n = 3) 10.49 ± 0.20 0.59 ± 0.15 — —
Hypothalamus 1 S 27128 (n = 3) 10.51 ± 0.19 0.60 ± 0.13 — —
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reports the results of these competition assays performed on
those membranes.
At the 35 pM concentration of 2-[125I]-MLT, the competition

assays between 2-[125I]-MLT and MLT or 2-I-MLT revealed
only one binding site with the following characteristics on pars
tuberalis membranes: pKi of 10.38 ± 0.08 for MLT (n = 3) and
pKi of 10.46 ± 0.04 pM for 2-I-MLT (n = 15) (unpublished
data), whereas the following characteristics were recorded
from hypothalamic membranes: pKi of 9.76 ± 0.07 for MLT
(n = 5) and pKi of 10.41 ± 0.06 for 2-I-MLT (n = 18) (Fig. 6
and Table 2). To compare these data with those from oMT1

and oMT2, we investigated the behavior of 16 other com-
pounds (Fig. 1) coming from the standard characterization
of our cloned MLT receptors as reported in recent years for
human (Audinot et al., 2003), rat (Audinot et al., 2008),
mouse (Devavry et al., 2012), sheep (Cog�e et al., 2009) and
hamster MLT receptors (Gautier et al., 2018) as well as
some compounds from the general safety pharmacology pro-
file. Under our experimental protocol, only MCA-NAT, 5-
HT, Ket, DOI, DA, and NA did not compete with the tracer
(n = 2 for pars tuberalis membranes and n = 4 for hypothala-
mus membranes). All the other compounds showed monophasic

Fig. 4. Melatonin binding sites
in the sheep brain. Evolution of
density of specific MLT binding
site on different areas of the
hypothalamus in function of the
concentration of the 2-[125I]-MLT
from autoradiography. Each color
matches with an area of interest
and to a histogram bar as depicted
on the brain scheme in the upper
panel. In the hypothalamus, a
first plateau is obtained for
concentrations between 270
and 3200 pM (saturation of
oMT1 receptor). For higher con-
centrations, the specific bind-
ing increases, which shows a
new low-affinity binding site.
Blue: pars tuberalis (PT), pink:
subfornical space/premammil-
lary hypothalamus (sF.PMH),
green: border of the third ven-
tricle, orange: border of the lat-
eral ventricle (LV), purple:
midregion between lateral ven-
tricle and third ventricle
(3rdV), and yellow: mammillo-
thalamic tract (MT). Fx, fornix.
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curves (Fig. 6 and Table 2). Notably, the binding site charac-
teristics do not fit any of the DA or NA receptors and would
more closely fit an MLT-type profile, essentially because of
the displacement of MLT itself.
As shown on the Fig. 6, competition experiments at higher

concentration of 2-[125I]-MLT (350 pM) were performed on
hypothalamic membranes. Notably, biphasic curves were
recorded for MLT and 2-I-MLT (F test) with a high-affinity
binding site (pKi = 9.77 ± 0.11 and n = 10 for MLT, and pKi =
10.61 ± 0.09 and n = 31 for 2-I-MLT) and a very high–affinity
binding site (pKi = 13.08 ± 0.18 and n = 10 for MLT, and pKi =
13.24 ± 0.14 and n = 31, for 2-I-MLT), as shown in Table 2.
Table 2 summarizes all the binding data obtained for the 18

compounds on pars tuberalis for the oMT1/oMT2 receptors at
35 pM 2-[125I]-MLT and for the hypothalamic oMT1/oMT2 and
MTx receptors at 35 and 350 pM of 2-[125I]-MLT. In competi-
tion assays, 4P-PDOT, SD 1882, SD 1918, S 27128, S 22958,
and S 70643 exhibited curves at 350 pM of 2-[125I]-MLT (n = 4
per ligand) that were best fitted by a two-site rather than a
single-site analysis (F test) corresponding to high-affinity and
very high–affinity binding sites, respectively (Fig. 6 and Table
2). In contrast, MCA-NAT, DOI, Ket, DA, and NA did not
show any affinity on hypothalamic membranes, whereas S
22153, S 73229, 5-HT, NAS, and SD 1671 displayed only one-
site curve on these membrane preparations (oMT1 for S 22153
and MTx for S 73229, 5-HT, NAS, and SD 1671) (Fig. 6 and
Table 2). Comparison of MLT pKis on hypothalamic oMT1/
oMT2 obtained with 35 pM 2-[125I]-MLT with those obtained
with a higher concentration of 2-[125I]-MLT indicated that 1)
4P-PDOT, SD 1882, SD 1918, S 27128, S 22958, and S 70643
competed with MTx, oMT1, and oMT2 expressed in the hypo-
thalamus, and 2) 5-HT bound only on MTx, whereas S 22153
only bound on oMT1/oMT2 (Table 2). Among all the compounds

tested, SD 1882 and S 27128 appeared to be more discrimina-
tory for the two binding sites, with four to five order-of-magni-
tude shifts between the inhibition constants at the MTx
binding sites and the oMT1/oMT2 canonical receptors (Table
2). S 22153 is deprived of any affinity for MTx, thus represent-
ing a specific compound for the oMT1/oMT2 site (Fig. 6 and
Table 2).
MTx Presents an Atypical Pharmacological Profile.

By comparing the Scatchard plots in Fig. 7, D (pars tuberalis
membranes) and A (hypothalamus membranes), one can
notice that the first is monosite (Fig. 7D), whereas the second
shows two sites (Fig. 7A). Hypothalamus is thus a tissue in
which MTx is not detected. The site in hypothalamus clearly
corresponds to oMT, whereas in pars tuberalis, both oMTs and
MTx can be detected. Because SD 1882 or S 27128 showed
specificity at MTx over oMT1/oMT2, we believed they could be
useful tools to segregate between those receptors and binding
site. To address this hypothesis, we added 1 pM of either com-
pound in saturation assays. These additions induced mono-
phasic curves on hypothalamic membranes, with a pKD of
10.49 ± 0.20 and Bmax of 0.59 ± 0.15 fmol/mg protein for SD
1882 and a pKD of 10.51 ± 0.19 and Bmax of 0.60 ± 0.13 fmol/
mg protein for S 27128 (n = 3 for each ligand) (Fig. 7 and
Table 1). This concentration of SD 1882 or S 27128 (1 pM) was
sufficient to inhibit the 2-[125I]-MLT binding at the very high–-
affinity site (MTx) but not at the oMT1 receptor. Thus, both
compounds can be used as efficient competitors of this puta-
tive MTx binding site much more since they both are iodinated
compounds.
Conversely, in competition assays, S 22153 (1 mM), which

showed no affinity for the MTx site, inhibited the displace-
ment of 350 pM 2-[125I]-MLT at the oMT1 receptor expressed
in hypothalamic membranes by both 2-I-MLT and MLT (Fig.

Fig. 5. Melatonin binding sites in the pars tuberalis of sheep brain. Saturation curve and corresponding linear regressions (two-sites model statis-
tically determined in saturation analysis) of specific 2-[125I]-MLT binding to hypothalamic membranes (n = 17). In hypothalamus, a second low-
affinity binding site is present in addition to the oMT1 receptor.
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Fig. 6. Pharmacological profile of the putative binding site, MTx. Dose-displacement curves for inhibition of 2-[125I]-MLT binding to hypothalamic
membranes by various melatoninergic and serotoninergic ligands. Hypothalamic membranes were incubated for 4 hours at room temperature
with 35 pM (circles) or 350 pM (triangles) of 2-[125I]-MLT. The data are plotted as the percentage of specific 2-[125I]-MLT bound vs. the concentra-
tion of competing drug. Each curve represents the mean ± S.E.M. of two (35 pM) or four (350 pM) independent experiments, in triplicate. From
top to bottom and from left to right: 2-iodo-MLT, MLT, SD 1882, S 27128, 4P-PDOT, MCA-NAT, ketanserine, 5-HT, NAS, and S 22153.
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8 and Table 3). On the other hand, addition of 1 pM of SD
1882 or S 27128 inhibited the ability of 2-I-MLT and MLT to
compete with 2-[125I]-MLT binding at MTx, which resulted in
a dose-response monophasic curve showing one binding site
corresponding to oMT1 (pKi = 10.42 ± 0.45 and pKi = 10.44 ±
0.50, respectively for 2-I-MLT, and pKi = 9.80 ± 0.46 and pKi =
10.24 ± 0.79, respectively for MLT). Taken as a whole, these
results indicate that these three compounds behaved as dis-
criminating molecules between oMT1 and MTx: one specific to
oMT1 (S 22153) and the two others specific to MTx (SD 1882
and S 27128).
Saturation Experiments on Retina. To reinforce these

findings, it was necessary to check another tissue for the pres-
ence of the MTx binding site using our similar protocol for
binding. Saturation experiments on sheep retina membrane
preparations with 2-[125I]-MLT concentrations ranging from
0.01–5 nM showed two MLT binding sites (F test) with affini-
ties similar to the ones obtained with hypothalamus mem-
branes. The first site exhibited a high-affinity binding site
(pKD = 10.18 ± 0.20) comparable to the oMT1 affinity and a
second site with a lower affinity (pKD = 8.81 ± 0.50) compara-
ble to MTx affinity. The density of MLT binding sites was 2.47
± 0.43 fmol/mg protein for the oMT1 receptor and 7.65 ± 2.64
fmol/mg protein for the lower-affinity binding site MTx
(Fig. 9). These data suggest the presence of MTx in the retina,
in addition to the oMT1 and oMT2 receptors (Mailliet et al.,
2004; Cog�e et al., 2009), at a higher density than in the hypo-
thalamus, which makes this organ a good candidate for target
deconvolution.

Discussion
MLT exerts its multiple roles in the organism through sev-

eral targets. The main proteins, reported since the early
1990s, are two GPCRs, MT1 and MT2, but several others have

been described, such as MT3/NQO2 (Boutin and Ferry, 2019),
or hypothesized, like the nuclear receptor retinoic acid recep-
tor-related orphan receptor (Jan et al., 2011; Boutin, 2018).
The two cloned GPCRs show a high affinity for MLT [KD =
20–200 pM (i.e., pKD = 10.70–9.70)]. These receptors present
similar pharmacological profiles toward melatoninergic
ligands but also have some selective ligands to differentiate
from each other (Boutin et al., 2017). At pharmacological con-
centrations >1 mM, MLT also binds to other proteins that
probably induce its antioxidative effects, like the cytoplasmic
NQO2 (Calamini et al., 2008).
The tremendous number of pharmaco-therapeutic actions

reported for MLT strongly points at MLT having many more
targets than currently described, even though the concentra-
tions used for those observations are so large that they might
come from unspecific interaction(s) with targets or pathways
(Boutin, 2016, 2018; Boutin and Jockers, 2020). In the present
study, we describe a putative new MLT binding site with a
peculiar pharmacological profile that we propose to name
MTx. In sheep, this binding site was found in both the hypo-
thalamus and retina. It differs from MT1 and MT2 because it
can bind 5-HT, unlike the classic MLT receptors. These two
observations are key elements on the special nature of this
MLT binding site. Furthermore, it discriminates from classic
serotoninergic receptors because it binds MLT. We also identi-
fied two selective ligands for MTx: SD 1882 and S 27128.
Binding experiments performed with melatoninergic ligands
and other neurotransmitters suggest that this new binding
site MTx is not a conventional MLT receptor or a serotoniner-
gic, adrenergic, and dopaminergic receptor (Table 4).
We made different hypotheses concerning this binding site.

The first interpretation is that MTx is a new MLT binding site
with a very high affinity that has never been described before.
The affinity difference between the saturation (nanomolar
range) and competition (picomolar range) experiments was

TABLE 2
Binding affinities at oMT1/oMT2 receptor and MTx binding site in pars tuberalis and hypothalamus membranes
Binding affinities are expressed as mean pKi ± S.E.M. of at least two independent experiments for pars tuberalis and hypothalamus at 35 pM of
2-[125I]-MLT and four independent experiments for hypothalamus at 350 pM of 2-[125I]-MLT in triplicate. (—) indicates no affinity of the molecule
for MLT binding site(s).

35 pM 2-[125I]-MLT 350 pM 2-[125I]-MLT

Pars Tuberalis Hypothalamus Hypothalamus
pKi oMT1/oMT2 pKi oMT1/oMT2 pKi MTx (pM)a

MLT 10.38 ± 0.08 9.76 ± 0.07 9.77 ± 0.11 13.08 ± 0.18
2-I-MLT 10.46 ± 0.04 10.41 ± 0.06 10.61 ± 0.09 13.24 ± 0.14
S 22153 8.16 ± 0.26 7.84 ± 0.10 7.39 ± 0.30 —
4P-PDOT 7.13 ± 0.17 6.59 ± 0.56 6.39 13.27 ± 0.31a

MCA-NAT — — — —
SD 1882 8.51 ± 0.04 7.65 ± 0.14 7.87 ± 0.44 12.78 ± 0.37
SD 1918 7.80 ± 0.09 7.57 ± 0.37 7.16 ± 0.55 12.64 ± 0.36
S 27128 9.07 ± 0.13 9.46 ± 0.09 9.34 ± 0.27 12.86 ± 0.39a

S 22958 8.25 ± 0.10 8.07 ± 0.30 8.12 ± 0.63 13.76 ± 0.26a

S 73229 6.84 ± 0.26 6.91 ± 0.20 — 13.52 ± 0.19a

S 70643 8.62 ± 0.14 8.19 ± 0.02 7.33 ± 0.36 13.52 ± 0.09a

5-HT — — — 14.08 ± 0.52a

NAS 7.30 ± 0.08 6.34 ± 0.41 — 13.55 ± 0.23a

SD 1671 7.73 ± 0.17 7.57 ± 0.09 — 13.66 ± 0.29a

DOI — — — —
Ketanserine — — — —
DA — — — —
NA — — — —

apIC50 values instead, as indicated.
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surprising. Indeed, affinities were expected to be in the same
range as described for the oMT1 receptor. To explain this dif-
ference, we hypothesized that endogenous MLT present in the
membrane might potentially be bound to the MTx site con-
versely to the oMT1 receptor, which displays a lower affinity
for MLT. To validate this hypothesis, endogenous MLT was
assayed in membrane preparations, and its concentration was
in the 40 fM range. In saturation assays, a high concentration
of 2-[125I]-MLT (>3200 pM) is required to shift the binding of

endogenous MLT on the MTx binding site, and thus this site
is characterized by a higher constant of dissociation. Regard-
ing the competition assays, a high concentration of 2-[125I]-
MLT (350 pM) to displace the endogenous MLT is always
required to observe the MTx site. In this case, low quantities
of MLT or other specific ligands (in the picomolar range)
should displace 2-[125I]-MLT from the MTx binding sites. To
summarize, MTx displays a very high affinity for endogenous
MLT, so it requires a high concentration of 2-[125I]-MLT to

Fig. 7. Saturation curves and linear regression for MTx in hypothalamus membranes. Specific 2-[125I]-MLT binding was performed with hypotha-
lamic membranes in the absence (A) or presence of 1 pM of SD 1882 (B, n = 3) or S 27128 (C, n = 3). In hypothalamus, addition of SD 1882 or S
27128 induced the disappearance of the low-affinity binding site without changing oMT1 characteristics, as can be seen by comparing them with
the binding curve from pars tuberalis membranes (D).
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dissociate MLT from MTx to study this new binding site by
autoradiography. To prove the implication of the endogenous
MLT in “saturation affinity shift,” different experiments could
be considered: 1) increase the number of washes of membrane
proteins during the membrane preparation protocol and 2) use
pinealectomized sheep to perform the experiments. However,
neither of these two approaches is fully satisfactory since

increasing the number of washes could reduce the density of
MTx binding sites and result in the loss of a large part of the
specific signal. The use of pinealectomized sheep requires a
difficult surgery and a large number of animals to prepare the
membranes (one brain for one to four points in binding
assays). Moreover, the absence of MLT might influence,
in vivo, the pharmacological parameters of the receptors and
binding sites in terms of density and sensibility.
Another hypothesis concerning this new binding site could

be related to the dimerization (homodimerization or heterodi-
merization) of classic MLT receptors (Ayoub et al., 2004; Jock-
ers et al., 2008; Kamal et al., 2015), which could lead to a new
heterodimeric pharmacological entity. This can be excluded by
the fact that specific ligands of MT1 or MT2 also bind dimers
(Jockers et al., 2008), but MTx does not (unpublished data). In
a recent study, Kamal et al. (2015) showed that the classic
MLT receptors MT2 could dimerize with the 5-HT2c receptor.
Therefore, we wondered whether MTx could be this MT2/
5HT2c heterodimer. We definitively rejected this hypothesis,
since the MT2-specific antagonist 4P-PDOT did not bind to
MTx, although it acts on the heterodimer functionality (Kamal
et al., 2015). Ultimately, one might also hypothesize that MTx

Fig. 8. Differential pharmacological profile of the putative binding site, MTx. Dose-displacement curves for inhibition of 2-[125I]-MLT binding to
hypothalamic membranes by 2-I-MLT (A and C) and MLT (B and D) in the absence (A and B) or presence (C and D) of 1 pM SD 1882 and S
27128 or 1 mM S 22153. Hypothalamic membranes were incubated for 4 hours at room temperature with 350 pM of 2-[125I]-MLT. The data are
plotted as the percentage of specific 2-[125I]-MLT bound vs. the concentration of competing drug. Each curve represents the mean ± S.E.M. of
three independent experiments in triplicate. (C) Squares: 2-I-MLT 1 SD 1882, circles: 2-I-MLT 1 S 27128, and diamonds: 2-I-MLT 1 S 22153.
(D) Squares: MLT 1 SD 1882, circles: MLT 1 S 27128, and diamonds: MLT 1 S 22153.

TABLE 3
Data summary of competition curves on hypothalamic membranes for
the MLT and 2-I-MLT in control conditions or in presence of 1 pM of
SD 1882 and S 27128 or 1 mM of S 22153
Binding affinities are expressed as mean pKi ± S.E.M. of at least three
independent experiments at 350 pM of 2-[125I]-MLT in triplicate.
(–) indicates no affinity of the molecule for MLT binding sites.

pKi MTx (pM) pKi oMT1/oMT2 (pM)

2-I-MLT 13.24 ± 0.14 10.61 ± 0.09
2-I-MLT 1 1 pM SD 1882 — 10.42 ± 0.45
2-I-MLT 1 1 pM S 27128 — 10.44 ± 0.50
2-I-MLT 1 1 mM S 22153 13.15 ± 0.15 —
MLT 13.08 ± 0.18 9.77 ± 0.11
MLT 1 1 pM SD 1882 — 9.80 ± 0.46
MLT 1 1 pM S 27128 — 10.24 ± 0.79
MLT 1 1 mM S 22153 13.15 ± 0.40 —

86 Shabajee-Alibay et al.

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


is not a GPCR but another type of receptor. To rule out a
GPCR hypothesis, we attempted to perform binding in the
presence of GTPNHP, but the compound was without any
effect possibly because of the very low expression of MTx in
membranes (unpublished data) or because it is not a GPCR.
We also put forward a possibility according to which, like

MT3/NQO2, MTX is not a binding site but a catalytic site in
which the association between the substrate (i.e., MLT and
analogs) and the putative protein would not obey the “simple”
rules of Cheng and Prusoff (1973). This feature is naturally
completely different than the one for the ovine MT receptor
behaviors, as shown here in the same sets of experiments.
This question cannot simply be addressed by binding but
would require calorimetric approaches, as we set up for
NQO2 (MT3) once it was cloned (Calamini et al., 2008). It
was basically our reasoning when we attempted the purifi-
cation of MT3 (Nosjean et al., 2000) because the conditions
of binding were so different than the standard conditions
reported for GPCRs. This reasoning was also enforced by
the fact that the binding experiments of MTx were insensi-
tive to GTPcS (see above), which strongly suggested that
MTx was not a GPCR.
In conclusion, our data support MTx as a new MLT bind-

ing site that has never been described before. We hypothe-
sized that this binding site is not one of the described
heterodimers nor one of the other classic neurotransmitter

receptors. Indeed, as we showed using the same tissues,
experimental setup, and compounds, we found a part of the
behavior corresponding beyond any doubt to the standard
ovine MT receptor behavior, as reported by us and others,
whereas part of the observations did not obey the same
pharmacological rules, which pointed out either, unlikely,
at an unconventional GPCR or, more probably, at a protein
that is membrane associated but not a GPCR. It displays a
peculiar pharmacological profile since it also binds 5-HT,
NAS, and other precursors and derivatives of MLT. How-
ever, the role of MTx will not be completely elucidated
until the molecular entity behind this activity is identified.
Based on our data, the retina might be a tissue of interest
to support such a deconvolution effort. The facts that MTx
is detectable and expresses in the retina and the existence
of selective compounds for MTx, such as SD 1882 and S
27128, should facilitate the identification and cloning of
the target protein. As a reminder, it is by that way that we
could purify MT3 (by using a derivative of the MCA-NAT
relatively specific binder of MT3). Both compounds (SD
1882 and S 27153) are iodinated compounds and could be
used as specific binders, which is an approach we previ-
ously described for alternative binding strategies at MLT
receptors (Legros et al., 2013; Boutin et al., 2017).
Subsequently, the unfolding of the physiologic function of

this new binding site will shed some light on MLT actions.

Fig. 9. Saturation curves and linear regression for MTx in sheep
retina. Saturation curve and corresponding Scatchard plot of spe-
cific 2-[125I]-MLT binding to retina membranes (n = 5). In retina, a
second low-affinity binding site (pKD = 8.81 ± 0.5, Bmax = 7.65 ±
2.64 fmol/mg protein) is present in addition to the oMT1 receptor
(pKD = 10.18 ± 0.20, Bmax = 2.47 ± 0.43 fmol/mg protein).

TABLE 4
Summary of the characteristics of the oMT1/oMT2 and the putative new MLT binding site, MTx, from sheep hypothalamus

oMT1/oMT2 MTx

Cellular localization Plasma membranes
Mitochondrial membranesa

Membranes

Tissue expression Pars tuberalis
PMH
Retina

PMH
Retina

Ligands MLT
2-[125I]-MLT

S 22153

pKi = 9.77 ± 0.11
pKi = 10.61 ± 0.09
pKi = 7.39 ± 0.30

MLT
2-[125I]-MLT

5-HT
SD 1882
S 27128

pKi = 13.08 ± 0.18
pKi = 13.24 ± 0.14
pKi = 14.08 ± 0.52
pKi = 12.78 ± 0.37
pKi = 12.86 ± 0.39

Identification methods Autoradiography Autoradiography
Dimerization MT2: pharmacological profile unchanged

5-HT2c: pharmacological profile unchanged
Unknown

aSuofu et al. (2017).
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