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Abstract

Melatonin, a neuro-hormone released by the pineal gland, has multiple effects in the central nervous system including the
regulation of dopamine (DA) levels, but how melatonin accomplishes this task is not clear. Here, we show that melatonin
MT, and MT, receptors co-immunoprecipitate with the DA transporter (DAT) in mouse striatal synaptosomes. Increased
DA re-uptake and decreased amphetamine-induced locomotor activity were observed in the striatum of mice with targeted
deletion of MT, or MT, receptors. In vitro experiments confirmed the interactions and recapitulated the inhibitory effect of
melatonin receptors on DA re-uptake. Melatonin receptors retained DAT in the endoplasmic reticulum in its immature non-
glycosylated form. In conclusion, we reveal one of the first molecular complexes between G protein-coupled receptors (MT),;
and MT),) and transporters (DAT) in which melatonin receptors regulate the availability of DAT at the plasma membrane,

thus limiting the striatal DA re-uptake capacity in mice.
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Introduction

The dopamine (DA) transporter DAT is a key regulator of
the extrasynaptic DA availability. This transporter mediates
DA re-uptake into the nerve terminals, thus preventing dopa-
minergic hyperactivation. DAT is located on dopaminergic
neurons of the ventral tegmental area, the limbic system,
in the prefrontal cortex, and highly expressed in substantia
nigra projections ending in the striatum formation [1]. DAT
is the unique transporter responsible of DA clearance from
the synaptic cleft.

DAT is down-regulated by addictive compounds such
as cocaine and amphetamine analogues that cause an over-
activation of the dopaminergic circuit, accompanied by
enhanced locomotion and reward feelings [2]. Moreover,
disruptions of dopamine clearance are associated with a
broad spectrum of neuropsychiatric disorders such as Par-
kinson’s disease (PD), schizophrenia, and attention-deficit
hyperactivity disorder [3-5].

DAT surface expression is one of the limiting factors of
the rate of DA uptake. At the level of nerve terminals, DAT
expression is maintained in equilibrium between the cell sur-
face and endosomal vesicles [6]. This equilibrium may be
modulated by post-translational modifications as well as by
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protein—protein interactions [7]. Reduced DAT expression has
been associated with schizophrenia [8] and is observed in the
dopamine transporter deficiency syndrome that is character-
ized by early infantile-onset progressive parkinsonism dystonia
[91.

DAT is known to be phosphorylated in response to the
activation of several kinases such as PKC, PI3 K, MEK1/2,
and p38. DAT also undergoes ubiquitination prior to its down-
regulation via endocytosis downstream of PKC activation.
The target residues of phosphorylation and ubiquitination are
mainly located in the N-terminal domain of DAT, the main
regulatory domain of the transporter [10-12]. Moreover, DAT
activity can be reversed into DA efflux at the cell surface prior
to endocytosis as a result of the phosphorylation of N-terminal
serine residues upon PKC activation [13], which can be medi-
ated by amphetamine treatment [14, 15]. Furthermore, DAT
was reported to interact with several membrane and cytosolic
proteins [16—19]. Some proteins such as GPR37 diminish DA
uptake by decreasing the cell-surface expression of DAT in
mouse synaptosomes [20], others, like the Parkin protein and
the DA D2 receptor and the kappa-opioid receptor, increase
the uptake by enhancing the cell-surface expression of DAT
[21-23].

The DA availability at the synaptic cleft is a result of a
release and uptake process. Several studies report the role of
the neuro-hormone melatonin in the regulation of DA avail-
ability at different regions in the brain [24, 25]. Melatonin is
a neuro-hormone synthesized by the pineal gland during the
night phase and has been shown to regulate various processes
including neuronal functions [26, 27]. Most of these effects are
mediated by two melatonin receptors MT; and MT, belong-
ing to the G protein-coupled receptor (GPCR) super-family
[28]. Melatonin deregulations either at the level of hormone
secretion, receptor polymorphisms or expression are associ-
ated with a large spectrum of diseases and disorders such as
circadian rhythm abnormalities, Parkinson’s and Alzheimer’s
diseases [29, 30], attention-deficit hyperactivity disorder [31],
schizophrenia [32], and type 2 diabetes [33].

In this study, we evaluate the possible functional and physi-
cal interaction between the melatonin and the dopamine sys-
tem on the level of two membrane-bound components of these
systems, namely, the melatonin receptors and DAT. Experi-
ments were performed in vitro by transfection the different
protein components and in vivo by detecting DA uptake in
striatal synaptosomes and monitoring amphetamine-induced
locomotor activity.
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Materials and methods
Compounds

Dihydroxyphenylethylamine-[2,5,6,7,8-3H]-dopa-
mineNET116000), [N-methyl-3H]WIN-35428 (NET10330)
and 2-['*1]-iodomelatonin (NEX2360) were purchased from
Perkin Elmer, S77834 was a generous gift from Servier,
Nitrocefin (484400) and melatonin (CAS 73-31-4) from
Calbiochem, dopamine (H8502) and Nomifensine (N1530)
from Sigma-Aldrich.

Cell culture and transfection

HEK?293T cells were grown in complete medium (Dul-
becco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum, 4.5-g/L glucose, 100-U/mL penicillin,
0.1-mg/mL streptomycin, and 1-mM glutamine) (Invitrogen,
CA). Transient transfections were performed using JetPEI
(Polyplus Transfection, France), according to manufacturer’s
instructions.

DNA constructs

Myc- and Flag-hDAT were kindly donated from Dr M.E.A.
Reith laboratory from New York University School of Medi-
cine—USA [34]; AN1-55-Flag-hDAT and YFP-hDAT from
Dr T.S. Shippenberg laboratory from the National Institute
on Drug Abuse; Baltimore—USA [35]; and B-Lac-hDAT
plasmid was from Dr A. Salahpour (University of Toronto)
[36].

Membrane Yeast two-hybrid (MYTH) screen

The MYTH screens were done as outlined previously [37].
In short, baits were transformed into a Saccharomyces cer-
evisiae strain by the lithium acetate/single-stranded carrier
DNA/polyethylene glycol method as described by [38].
Subsequently, a prey cDNA library in the NubG-X ori-
entation was transformed into these yeast strains contain-
ing MT), receptors by the same method. Putative interac-
tors were selected by growth on synthetic dropout media
lacking the amino acids tryptophan, leucine, adenine, and
histidine (SD-WLAH). Prey plasmids were isolated using
a commercial DNA isolation kit modified for yeast, fol-
lowed by transformation and additional amplification in
Escherichia coli. Final purified plasmids were subjected
to sequencing and BLAST analysis, to identify specific
interactors. To eliminate spurious interactors, the prey
plasmids were once again transformed into yeast harbor-
ing MT), or an artificial bait (the transmembrane segment
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of the human T-cell-surface glycoprotein CD4 linked to
Cub-TF) and interaction was assessed. Any preys that also
interacted with the artificial bait were deemed promiscu-
ous and discarded.

Immunoprecipitation and Western blot

Striata from male mice (8—12 weeks) were homogenized
in 7-ml ice-cold 5-mM HEPES, 0.32-M sucrose, pH 7.4
supplemented with protease inhibitors: leupeptine (1 mg/
ml), pepstatin (1 mg/ml), benzamidine (2 mg/ml), AEBSF
(1 mg/ml), and phosphatase inhibitor: 2-mM Na3VO4,
10-mM NaF (buffer H) and grind in a potter and centri-
fuged (800xg; 7 min; 4 °C). The supernatant was then cen-
trifuged (9200xg; 10 min; 4 °C). The resultant pellet was
resuspended in and then centrifuged (10,000xg; 17 min;
4 °C). The pellet obtained contained synaptosomes and was
solubilised 4 h in the same buffer with 0.5% Brij 96 (Sigma,
P6136) at 4 °C on wheel and centrifuged (14,000xg; 1 h;
4 °C). The soluble fraction was subjected to immunopre-
cipitation using G protein Sepharose beads (Sigma) with
monoclonal antibodies (2 pg/ml) raised against the carboxyl-
terminal tail of mMT, or mMT, (manuscript in preparation).
Pull-down experiments were performed with streptavidin
beads (GE Healthcare Life Sciences) in IP buffer (TEM
buffer supplemented with 75-mM Tris pH 7.5, 2-mM EDTA,
and 12-mM MgCl, with protease inhibitors) overnight.
Samples were denatured overnight at room temperature in
SDS-PAGE loading buffer (62.5-mM Tris/HCI, pH 6.8, 5%
SDS, 10% glycerol, and 0.5% bromophenol blue) and the
protein separated by SDS-PAGE. Immunoblot analysis was
performed with the indicated antibodies (rabbit anti-DAT
antibody (1:800) (AB5802) Millipore preferentially recog-
nizing the mature DAT form and rabbit (H-80) Santa-Cruz
(SC14002) preferentially recognizing the immature form and
immunoreactivity was revealed using secondary antibodies
coupled to 680 or 800 nm fluorophores using the Odyssey
LI-COR infrared fluorescent scanner (ScienceTec, France).

BRET measurement

For BRET donor saturation curves, 30,000 HEK293T cells
were seeded in 96-well white Optiplates (Perkin Elmer
Life Sciences) with 0.125 ng of MT;-Rluc or 1.25 ng of
MT,-Rluc or 0.083 ng of CCR5-Rluc and 0-125 ng of DAT-
YFP plasmids. Cells were then incubated 48 h at 37 °C
before BRET measurements. Luminescence and fluores-
cence were measured simultaneously using plates and were
read on the Mithras LB 940 with 4804+ 10 nm (Rluc) and
540420 nm (YFP) emission filters and BRET ratios calcu-
lated as above.

Synaptosomal preparation

Synaptosomes from striatum, hypothalamus, and cortex
of male mice (8—12 weeks) were prepared as described
in [39]. Briefly, tissues were homogenized in a buffer
containing 320-mM sucrose, 5-mM HEPES, and protease
inhibitors. After centrifugation at 2000xg for 8 min, the
supernatant was centrifuged at 30,000g for 30 min. The
resulting synaptosomal pellet was kept at 4 °C and used
for subsequent analysis within 4 h.

DA uptake and B-CFT binding

HEK293T cells were transfected in poly-L-Lysine-
coated 24 well plates. 48-h post-transfection, cells were
washed with uptake buffer (5-mM Tris-HC1, 7.5-mM
HEPES, 120-mM NacCl, 5.4-mM KCI, 1.2-mM CaCl,,
1.2-mM MgSO,, 5-mM b-glucose, and 1-mM ascor-
bic acid; pH 7.2) and incubated for 5 min with 20 nM
of [*H]-Dopamine. The uptake was terminated by two
washes with ice-cold uptake buffer, and lysed in 0.5 ml
of 1% SDS. Measurement was performed using scintilla-
tion counter. For synaptosomal DA uptake, 100 pg of pro-
teins were subjected to DA uptake test for 5 min. Uptake
was stopped by the addition of 3 ml of ice-cold uptake
buffer, followed by rapid filtration through Whatman fil-
ters and two additional rinses. The DA uptake kinetic test
was performed in the presence of a fixed concentration of
[3H]—d0pamine (20 nM) and increasing DA concentrations
as indicated. B-CFT binding was performed in the presence
of 4 nM of [PH]WIN-35428 for 30 min at room tempera-
ture. Non-specific binding was assessed with 25 nM of
nomifensine.

B-lactamase assay

The p-lactamase assay was performed as previously
described in (33) with minor modifications. Briefly, cells
were plated into individual wells of a poly-p-lysine-coated
96-well plate. The assay was performed 24 h after plating.
Cells were treated or not with PMA (1 uM) for 30 min at
37 °C and then incubated with the f-lactamase substrate
nitrocefin. Absorbance at 492 nm was measured immediately
and then every 5 min for 30 min in a microplate spectropho-
tometer. The reaction rate (slope of the curve in the linear
range) was taken as the readout for this assay.

1251_MLT binding

The assay was performed as previously described [40].
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Homogeneous time-resolved fluorescence
(HTRF)-based cAMP assay

cAMP levels were determined in HEK293T cells by HTRF
using the “cAMP femto2” kit (Cisbio, Bagnols-sur-Céze,
France) as previously described [41].

Hyperactivity induced by p-Amphetamine

Activity of male mice (8—12 weeks) was measured in eight
open fields (actimeters) which are Plexiglas transparent
open-box (42-cm L, 42-cm W, and 40-cm H). The distance
travelled (horizontal activity) was recorded with infrared
photobeams detection systems (Acti-track, LSI Leticca,
Panlab). Open fields were placed in four independent
compartments, under a dim light (10 Lux). Within each
compartment, open fields were visually isolated from the
experimental room.

Animals were individually placed in the open fields
and allowed to move freely for a 90-min session. Their
distance travelled was recorded all long, and at T30 min,
p-Amphetamine (3 mg/kg) or vehicle was injected intra-
peritoneally to mice. The data collected were the spon-
taneous locomotor activity (SLA) taking in account the
distance travelled during the 30-min period before the
injection of D-Amphetamine or its vehicle and the distance
travelled during the 60-min period following the injection.

Immunofluorescence

HeLa cells were fixed with 4% formaldehyde and permea-
bilized with 0.2% Triton X-100. Cells were incubated with
anti-myc rabbit polyclonal (Santa-Cruz sc-789) or anti-
myc mouse monoclonal (Santa-Cruz sc-40) antibodies or
anti-HA mouse monoclonal (Biolegend MMS-101P) or
anti-HA rabbit polyclonal (Cell Signaling #3724) antibod-
ies, followed by staining with TRITC or FITC-conjugated
secondary antibodies (Biotium) in the presence of DAPIL.
Images were taken with a microscope ZEISS Observer
71 with the lense PLAN FLUOR 100 x and analyzed by
Image J software.

Statistical analysis

Results were analyzed by PRISM (GraphPad Software).
Data are expressed as mean + SEM of at least three experi-
ments. One-sample ¢ test and one-way ANOVA test with
Dunnett’s multiple comparisons test were applied for sta-
tistical analysis.

@ Springer

Results

Identification of DAT/melatonin MT, receptor
complexes with MYTH

To identify proteins interacting with the human melatonin
MT, receptor, we applied the recently modified split-ubiq-
uitin Membrane Yeast Two-Hybrid (MYTH) technique
[37]. Full-length receptors were N-terminally tagged with
the yeast mating factor o to encourage plasma membrane
localization and C-terminally tagged with half of ubiquitin
(Cub) fused to an artificial transcription factor compris-
ing LexA and VP16. Successful cell-surface expression of
melatonin receptors in yeast was monitored by immunofluo-
rescence microscopy. Screens were performed in duplicate
against recombinant NubG-prey of human fetal brain cDNA
library, a tissue know to express M T receptors [42]. Forty-
seven high-quality interactions were retained after deleting
false-positive candidates interacting with an artificial bait,
the transmembrane segment of the human T-cell-surface gly-
coprotein CD4 linked to Cub-TF [43]. Among these proteins
was DAT that interacted with MT, receptors (2 clones with
330/620 amino acids) (Table 1).

Melatonin MT, and MT, receptors interact with DAT
in mouse striatum and HEK293T cells

To confirm the existence of DAT/melatonin receptor com-
plexes in the mouse brain, we isolated the synaptosomal
fraction of the hypothalamus, striatum, and cortex from
C57BL/6 mice. In agreement with the previous reports,
our pilot experiments showed the highest DAT expression
and *H-DA uptake in the striatum followed by the cortex
and hypothalamus (Fig. 1a, b) [44]. Expression of mela-
tonin receptors was monitored in 2-['*I]-iodomelatonin
(!I-MLT) binding experiments and found to be highest in
the hypothalamic followed by the striatal and the cortical

Table 1 MT1 receptor interacts with DAT in MYTH screening

Bait Prey MYTH
Melatonin Receptor-Cub-TF Ost1-NubG -
Melatonin Receptor-Cub-TF Ost1-Nubl +++
Artificial Bait-Cub-TF Ost1-NubG -
Artificial Bait-Cub-TF Ost1-Nubl +++
Melatonin Receptor-Cub-TF NubG-DAT +++
Artificial Bait-Cub-TF NubG-DAT -

Interaction results of the melatonin receptor or artificial baits when
tested against negative control, positive control or DAT preys by
MYTH

— no interaction, +++interaction, Ost1-NubG (negative) and -Nubl
(positive) Control preys
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(white arrow head) forms of DAT are present at various levels in
all three brain regions. b *H-DA uptake assay on 100 ug of synap-
tosomes from different brain regions as indicated, in the presence or
absence of 25 nM of nomifensine to define the non-specific uptake.

synaptosomes (Fig. 1c). Based on these findings, the stria-
tum was used for the following experiments. Immunopre-
cipitation of MT, and MT, from lysates of striatal synapto-
somes with monoclonal antibodies recognizing specifically
the mouse MT, and MT, revealed the presence of both
receptors in precipitates of WT but not mice with targeted
deletion of MT, or MT, (MT;-KO; MT,-KO), respectively
(Fig. 1d, e, middle panels). Western blotting of precipitates
with anti-DAT antibodies, recognizing predominantly the
mature form migrating at a molecular weight of 80 kDa over
the immature non-glycosylated 55 kDa form [21] showed
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MT;-KO (d) or MT,-KO (e) mice using anti-MT, (d) or anti-MT,
(e) antibodies for IP and antibodies against DAT (left panels) or non-
glycosylated DAT (n.g. DAT) (right panels) for WB detection. Simi-
lar results were obtained in two additional experiments. Black arrow
head, mature form of DAT; white arrow head, immature form of DAT

a strong band at 55 kDa but none at 80 kDa suggesting an
enrichment of the immature form of DAT in MT), precipi-
tates and to a lesser extend in MT, precipitates (Fig. 1d, e,
left upper panels). As the 55 kDa form of DAT was largely
undetectable in lysates with this antibody, we wanted to
confirm the identity of the DAT band in precipitates with a
second antibody recognizing predominantly the immature
form (anti n.g. DAT) (SC14002). The 55-kDa band was
once again detected with this antibody in MT, precipitates
validating the interaction of MT; with the immature form
of DAT (Fig. 1D, right upper panel). We were unable to
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confirm the 55-kDa band in MT, precipitates, most likely
because the amount of precipitated DAT was below the
detection limit of this antibody (Fig. le, right upper panel).

To further confirm these interactions, we performed bio-
luminescence resonance energy transfer (BRET) donor satu-
ration experiments in cells transfected with the Renilla lucif-
erase (Rluc) energy donor fused to the C-terminus of MT,
and MT, and the yellow fluorescent protein (YFP) energy
acceptor fused to the N-terminus of DAT. The chemokine
receptor CCR5-Rluc fusion protein was included as a nega-
tive control and the respective MT; and MT, homodimer
combinations as positive controls. The co-expression of a
fixed amount of Rluc fusion proteins and increasing amounts
of YFP-DAT resulted in the expected hyperbolic curve [45,
46] reaching an asymptote indicating specific interactions
between DAT and MT, and MT,, similar to the previously
reported MT, and MT, homodimers [47] (Fig. 2a, b). Colo-
calization of DAT with MT, and MT), in transfected HeLa
cells further confirmed the close proximity of DAT and mel-
atonin receptors (Fig. 2c; Supplementary Fig. 1A). Taken
together, co-IP, BRET, and colocalization experiments pro-
vide evidence that DAT interacts with MT,; and MT, in stri-
atal synaptosomes and transfected cells.

Melatonin receptors decrease dopamine uptake
through DAT

To explore potential consequences of melatonin receptors
on DAT function, we measured DA uptake in HEK293T
cells expressing DAT in the absence or presence of recep-
tors. Expression of MT, and MT, decreased DA uptake
by 59+5.9 and 26 +2.8% (n=3), respectively (Fig. 3a).
In agreement with the previous reports, co-expression of
GPR37 decreased DA uptake by 14+ 1.6% (n=3) [20],
while the presence of another GPCR, the CCRS5 receptor,
and the 4-transmembrane-spanning endospanin-1 protein,
known to regulate the cell-surface expression of other mem-
brane receptors [48], did not affect the DAT-promoted DA
uptake (Fig. 3a). Expression of comparable quantities of
DAT and successful expression of the various GPCRs and
endospanin-1 was confirmed in total cell lysates by (Fig. 3a
inset, Supplementary Fig. 1B). Pre-incubation with mela-
tonin (1 uM) for 30 min did not modulate the inhibitory
effect of MT, and MT, receptors on DA uptake in HEK293T
cells and striatal synaptosomes (Fig. 3b, c¢). The absence of
effect of melatonin was confirmed in concentration—response
experiments in striatial synaptosomes (Supplementary
Fig. 1C). Shorter or longer pre-incubation times with mela-
tonin (1 uM) were also without effect (not shown).

Inactivation of Gy, and G, proteins, known to be acti-
vated by melatonin receptors [49], with pertussis toxin
(PTX) or YM-254890, respectively, was unable to abolish
the inhibitory effect of melatonin receptors on DA uptake

@ Springer

arguing against the involvement of constitutive receptor
activity in this effect (Supplementary Fig. 1D, E). This
was further confirmed by treating HEK293 cells with the
melatonin receptor inverse agonist S77834 [50], which was
also unable to elevate the inhibition of DA uptake (Fig. 3b).
S77834 was similarly ineffective in modifying the basal
DA uptake in striatal synaptosomes of WT mice (Fig. 3c).
Successful inhibition of constitutive MT,; and MT, receptor
activity by S77834 under these conditions was shown in the
cAMP accumulation assay (Supplementary Fig. 1F).

The N-terminus of DAT (amino acids 1-62) plays a key
role in DAT function, because it undergoes various post-
translational modifications leading to DAT down-regulation
[10, 12]. It serves as a protein—protein interaction platform
for syntaxin 1A [51], synaptogrin-3 [52] and possibly also
for dopamine D2 receptors [22, 35]. Pull-down experiments
between MT,; and MT, receptors and a DAT mutant deleted
of the first 55 amino acids [35] (AN-Flag-DAT) showed that
the N-terminal DAT domain is not necessary for the inter-
action with melatonin receptors (Supplementary Fig. 1G).
Consistently, a similar inhibition pattern of DA uptake by
melatonin receptors was also observed for the AN-Flag-DAT
mutant at similar DAT expression levels (Fig. 3d, Supple-
mentary Fig. 1H).

To confirm our in vitro finding, we measured DA uptake
in striatal synaptosomes of MT;-KO and MT,-KO mice.
DA uptake was readily measurable in synaptosomal prepa-
rations of WT mice containing all the necessary elements
for the transport of neurotransmitters thus reliably reflecting
in vivo conditions [39]. DA uptake was doubled in MT,-KO
and in MT,-KO mice (Fig. 3e). This enhanced DA transport
capacity is not accompanied by increased DAT expression
levels as monitored by western blot in synaptosomal lysates
(Fig. 3e).

Altogether, these results show that melatonin receptors
inhibit DA uptake through DAT in transfected HEK293T
cells and mice striatal synaptosomes and that this effect is
not regulated by melatonin receptor activation or constitu-
tive activity and does not involve the regulatory N-terminal
domain of DAT.

Melatonin receptors decrease DAT cell-surface
expression

Regulation of DAT-promoted DA uptake may be due to
either a modulation of the affinity of DA for DAT or to a
modification of DAT cell-surface expression [21]. Kinetic
analysis of DAT-mediated DA uptake showed that K
values were similar in HEK293T cells expressing DAT
alone (1.57+0.15 uM) or co-expressing DAT and MT,
(1.07+0.49 uM) or MT, (1.49+0.31 uM) (Fig. 4A).
K, values were comparable to those measured in previ-
ous studies [53]. Maximal DA uptake rates (V,,,,) were

ax
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Fig.3 MT, and MT, constitutively decrease DA uptake in HEK293T
cells and striatal synaptosomes. a DA uptake in HEK293T cells
expressing Flag-DAT alone or with Flag-MT,, Myc-MT,, Myc-
GPR37, HA-CCRS or Myc-Endospaninl (Endol). Inset: dot-blot
analysis of DAT expression with anti-DAT antibodies. b, ¢ DA uptake
in HEK293T cells expressing Flag-MT, or Myc-MT, (b) or on
100 pg of striatal synaptosomes of WT mice (c) pre-incubated or not
with melatonin or the inverse agonist S77834-1 (1 uM each, 30 min).

significantly decreased in cells co-expressing DAT with
MT, (78.39 + 14.17 fmol/mg/min) or MT, (138.20 +12.43
fmol/mg/min) as compared to cells expressing DAT
alone as expected (222.20 +9.38 fmol/mg/min) (N=3; p
value <0.001). Altogether, these results exclude an effect
of melatonin receptors on the affinity of DA for DAT.

To assess the impact of melatonin receptors on DAT cell-
surface expression, we determined the number of DAT at the
cell surface with the radiolabeled cocaine analogue -CFT
[N-methyl->H]WIN-35428. A drop of 50-70% in WIN-
35428-binding sites was observed in cells co-expressing
either MT, or MT, (Fig. 4b). Similar effects were observed
in cells co-expressing DAT and GPR37 recapitulating pre-
viously reported results (Fig. 4b) [20]. Expression of the
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d DA uptake in HEK293T cells expressing AN-Flag-DAT alone or
with Flag-MT, or Myc-MT,. e DA uptake on 100 ug of striatal syn-
aptosomes of the indicated mice strains. Dot-Blot analysis of the syn-
aptosomal fractions using anti-DAT antibodies. Data are expressed
as relative specific uptake compared to DAT alone and are presented
as mean=+ SEM; n=3 (a—c) or n=>5 (d). NS not statistically different.
*P<0.05, ¥*P<0.01 and ***P <0.005, with respect to vehicle (one-
way ANOVA followed by multiple comparison post hoc test)

negative control receptor CCRS5 had no influence on the
number of WIN-35428 binding sites (Fig. 4b). For all con-
ditions, the total amount of expressed DAT did not change
(Fig. 4b, inset). Collectively, these data suggest that mela-
tonin receptors limit the number of DAT expressed at the
cell surface.

Melatonin receptors retain DAT in the biosynthetic
pathway

Decreased DAT cell-surface expression might result from
higher internalization or lower export of DAT in the presence
of melatonin receptors. DAT internalization is known to be
dependent on protein kinase C (PKC) activation, directly by
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Fig.4 MT, and MT, do not affect the affinity of DAT for DA but
decrease DAT cell-surface expression. a DA uptake kinetics were
determined in HEK293T expressing DAT with the indicated receptors
by incubating cells with 20 nM of *H-DA and increasing concentra-
tions of unlabeled DA. Michaelis constants (K) are: 1.57+0.15 uM
(DAT alone), 1.07+0.49 uM (DAT+MT)), 1.49+031 uM
(DAT +MT,); n=3. b Number of DAT expressed at the surface of
HEK?293T cells was determined with the tritiated cocaine analogue
[N-methyl-3H]WIN-35428 (4 nM). Non-specific binding was meas-
ured in the presence of nomifensine (25 uM). Data are presented as
% of control (DAT alone) and are the mean + SEM; n=3. Inset: dot-
blot analysis of cell fractions with anti-DAT antibodies. ¢ p-lac-DAT
fusion protein was expressed alone or with the indicated proteins and

phosphorylating DAT or indirectly by mediating its ubiquit-
ination [7]. Treatment of HEK293T cells for 30 min with the
potent PKC activator, phorbol myristate ester (PMA) [54]
caused the expected decrease of DAT cell-surface expression
of 60% and this effect was not significantly modified by the
co-expression of melatonin receptors (Fig. 4c).

To explore the influence of melatonin receptors on the
retention of DAT in the biosynthetic pathway, cell lysates
were analyzed by western blot for the presence of the imma-
ture, intracellular (55 kDa) DAT form and the mature, cell-
surface-located (80 kDa) form. In the presence of melatonin
receptors, an enrichment of the immature DAT form was

pre-treated or not with PMA (1 uM, 30 min). Data are presented as %
of in the absence of PMA; n=3-6. d Western-Blot analysis reveal-
ing the 80 kDa glycosylated form of DAT (mature) and the 50 kDa
non-glycosylated form of DAT (immature, intracellular) in HEK293T
cells expressing DAT with or without Flag-MT, or Myc-MT,. Simi-
lar results were obtained in two additional experiments. e HeLa cells
expressing Myc-DAT and Flag-MT, or Flag-DAT and Myc-MT,
were permeabilized and the colocalization of DAT and calnexine
(Endoplasmic Reticulum marker) monitored by immunofluorescence
microscopy. Scale bars represent 5 pm. Experiment was performed
at least 2 other times with the same results. NS non-significant,
*#%P <(0.005 using b one-sample ¢ test or ¢ one-way ANOVA test
with Dunnett’s multiple comparisons test

observed, consistent with the retention of DAT in intracel-
lular compartments under this condition (Fig. 4d). Before
further investigations on where this retention occurs, we
checked the presence of Golgi and endoplasmic reticulum
in our synaptosomal preparations using antibodies against
58 K marker and calnexine, respectively (Supplementary
Fig. 3). Then colocalization of DAT with calnexine was only
observed in cells expressing MT; or MT, further confirmed
the intracellular retention of DAT in the presence of mela-
tonin receptors (Fig. 4e). No colocalization was observed
with the 58 K Golgi marker and the GM130 cis-Golgi
marker (Supplementary Fig. 2A, B).
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Taken together, co-expression of melatonin receptors
with DAT decreases its cell-surface expression by retain-
ing DAT in the endoplasmatic reticulum of the biosynthesis
pathway. This observation is also consistent with the co-
immunoprecipitation of the immature, intracellular form of
DAT with melatonin receptors in the striatum.

Mice lacking melatonin receptors are less sensitive
to amphetamine-induced locomotion

MT,-KO and MT,-KO mice show increased DA uptake
capacity in striatal synaptosomes. Therefore, we predicted
decreased synaptic DA concentrations and decreased loco-
motor activity in these mice. Thus, we measured amphet-
amine-induced locomotor activity in WT and KO mice
(Fig. 5a—c). Whereas basal locomotor activity in all three
mouse strains was similar, amphetamine-induced locomo-
tor activity was decreased by half in MT;-KO and MT,-KO
mice compared to WT mice. Amphetamine showed a similar
affinity for DAT in striatal synaptosomes prepared from WT

A e WT-control
m  WT-amphetamine
‘E 6000+ 4 MT,-KO-control
& v MT,-KO-amphetamine
°
@
T 4000 ; $ 1! .
3 injection i
s i il
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Fig.5 Melatonin receptor KO mice are less sensitive to amphetamine
than wild type mice. a—¢ pD-amphetamine was injected (3 mg/kg) in
WT, MT,-KO or MT,-KO mice (arrow on the graph) and the distance
travelled by the mice was recorded during 60 min. ¢ presents cumu-
lative distance travelled during 60 min after p-amphetamine injec-
tion. Data are presented as mean+SEM; N=3. d SH-DA (20 nM)
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and MT;-KO and MT,-KO mice excluding the possibility
that reduced amphetamine-induced locomotor activity is not
due to decreased affinity of amphetamine for DAT (Fig. 5d).

Discussion

In this study, we report that melatonin receptors inhibit DA
uptake by diminishing the cell-surface expression of DAT
in a complex containing melatonin receptors and DAT. This
conclusion is supported by in vitro studies in HEK293T cells
and in vivo studies in melatonin receptor KO mice including
co-immunoprecipitations, DA uptake and locomotor activity.

Initially, DAT was identified as a potential binding part-
ner of the MT, receptor in an MYTH screen suggesting the
binary character of the interaction and arguing towards the
complex formed between MT, and DAT. The high sequence
homology of MT, with MT, prompted us to consider also
the second melatonin receptor for which we observed indeed
similar results as for MT,; receptors: formation of protein
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uptake in striatal synaptosomes of the indicated mice strains in the
presence of increasing p-amphetamine concentrations. LogICs, val-
ues are —4.32+0.10 (WT), —4.03+0.15 (MT;-KO), —3.87+0.14
(MT,-KO); N=3. **P <0.01, using one-way ANOVA test with Dun-
nett’s multiple comparisons test
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complexes and a decrease in DA uptake, although to a lesser
extent. K, values for DA were similar suggesting unmodi-
fied DA transport capacity of DAT in the presence of mela-
tonin receptors. In contrast, maximal transport levels were
significantly reduced. Stimulation of MT; and MT, with a
saturating concentration of melatonin did not modify this
effect. The inability of the melatonin receptor inverse agonist
S77834 to prevent the inhibitory effect of MT, and MT,
on DA uptake excludes also the involvement of constitutive
receptor activity in this effect. Both, melatonin and S77834,
were also ineffective in altering the DA uptake in isolated
striatal synaptosomes. Similarly, the absence of effect of
melatonin and S77834 argues against a direct allosteric
effect of melatonin receptors in the common complex. Taken
together, melatonin receptors inhibit the maximal DA uptake
capacity of the DAT independently of the activation state of
melatonin receptors.

Regulation of DAT surface expression has been previ-
ously identified as a limiting parameter that regulates DA
uptake. Our results indicate that the decreased DA uptake
capacity in the presence of MT; and MT, is caused by the
retention of DAT in intracellular compartments. This is sup-
ported by the retention of DAT in the ER of HEK293T cells
co-expressing MT; or MT,, the enrichment of the immature,
intracellular form of DAT under these conditions and the
co-immmunoprecipitation of the immature 55 kDa form of
DAT with melatonin receptors in the striatum. Although the
precise molecular species of DAT engaged with its interact-
ing partners was not always reported, in many cases, the
mature form of DAT seems to be involved. Interestingly,
co-immunoprecipitation experiments between snapin and
DAT in the striatum suggest the involvement of the imma-
ture form of DAT, similar to our findings [55]. The interac-
tion with the non-glycosylated form of DAT is interesting as
DAT activity depends not only on its membrane expression
but also on its glycosylation status as shown in vitro and by
the differential vulnerability of midbrain DA cells in Parkin-
son’s disease [56].

The dopamine D2 receptor has been shown to increase
DA uptake as a consequence of enhanced DAT cell-surface
expression possibly involving reduced membrane endocy-
tosis and increased in membrane exocytosis [22, 35]. Fur-
thermore, in striatum, activation of the kappa-opioid recep-
tor increased the V,,,, for DAT-mediated DA transport and
DAT surface expression most likely by forming a molecular
protein complex [23]. In the case of the ubiquitin ligase, E3
Parkin increased DAT cell-surface localization is achieved
but by an alternative mechanism. Actually, correctly folded
DAT is stabilized by oligomerization during biosynthesis
in the endoplasmic reticulum, a process that is also neces-
sary for efficient translocation of DAT to the cell surface
[57]. Importantly, incorrectly folded DAT protomers have
dominant negative effects on the WT in these oligomers and

inhibit the cell-surface delivery of DAT. Parkin is shown to
enhance the selective ubiquitination (and thus degradation)
of the miss-folded and/or unglycosylated DAT and cause
the increase in the cell-surface expression of mature forms
of DAT.

The striatum expresses abundant amounts of DAT. The
expression and function of melatonin receptors is much less
established in this brain region. Uz et al. demonstrated in
single-cell PCR experiments that the mRNA coding for the
MT, receptor localizes all over the central dopaminergic
system including the ventral tegmental area, the substantia
nigra and the striatum. Localization of mRNA in the sub-
stantia nigra strongly suggests that the protein is expressed
in the neuron terminals projecting in the striatum confirm-
ing our result [58]. Our finding of '**I-MLT-binding sites in
the striatum (this report and [59]) confirms these results on
the protein level. Interestingly, M T is part of a presynaptic
protein network including synapsin, SNAP25 and 47, the
voltage-gated calcium channel Cav2.2, Munc-18, rabphilin,
and snapin to which DAT has now to be added [59].

Our study shows that MT,; and MT), have a negative role
on the capacity of DAT for DA reuptake. The presence of
melatonin receptors could thus protect neurons from inten-
sive DA reuptake. DA is known to form reactive oxygen
species through enzymatic degradation. Elevated rate of
intra-neuronal DA would thus increase the degeneration
of the dopaminergic neurons characterized in several neu-
rodegenerative illnesses as in Parkinson’s disease, where
melatonin receptors are concomitantly down-regulated [29,
60]. Intriguingly, the effect of MT, and MT, on DA uptake
appears to be completely independent on stimulation of
these receptors by melatonin or any constitutive receptor
activity. This conclusion is further supported by the observa-
tion that ip injection of melatonin had no significant effect
on amphetamine-induced locomotor activity in rats [61].

Melatonin represents the most reliable readout of the cir-
cadian rhythm of the biological master clock. According to
our results, variation of melatonin levels along the circadian
cycle is unlikely to impact on DAT function and the forma-
tion of the melatonin receptor DAT complex. In contrast,
variation of MT, and MT, receptor levels might be impor-
tant as they are submitted to a circadian regulation due to a
negative feedback loop that exists between melatonin and the
expression of its receptors [62]. This regulatory mechanism
might be just one component of a complex network of cir-
cadian regulation of the dopaminergic system that involves
circadian variation of DA levels itself, dopamine D2 and
D4 receptors and diurnal rhythms in quinpirole-induced
locomotor behaviors [63—65]. In turn, DA has also been
shown to regulate major components of the central circadian
clock mechanism like Per2 expression in the dorsal stria-
tum [66]. Melatonin has been suggested to modify the dopa-
minergic system through additional, receptor-independent,
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mechanisms. Long-term treatment with melatonin prevented
DAT down-regulation in a rotenone-induced PD model [67]
and a model of amphetamine-induced hippocampal damage
[68], most likely through its antioxidant properties.

Taken together, our findings establish a new relationship
between melatonin receptors and the control of extracellular
DA levels by regulating the DA transport capacity of DAT,
particularly in the striatum, as indicated by the enhanced DA
uptake in striatal synaptosomes of MT;-KO and MT,-KO
mice. Given the fact that DAT activity is considered to
reflect the general state of dopaminergic circuit, and DAT
alterations go together with dopaminergic deregulations in
many diseases such as Parkinson’s disease [3] and depres-
sion [69], our findings warrant further investigation.
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