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Abstract

Melatonin (MLT) is a biological modulator of circadian and seasonal rhythms and reproduc-

tion. The photoperiodic information is detected by retinal photoreceptors and transmitted

through nerve transmissions to the pineal gland, where MLT is synthesized and secreted at

night into the blood. MLT interacts with two G protein-coupled receptors, MT1 and MT2. The

aim of our work was to provide evidence for the presence of MLT receptors in the ovine

pineal gland and define their involvement on melatonin secretion. For the first time, we iden-

tified the expression of MLT receptors with the specific 2-[125I]-MLT agonistic radioligand in

ovin pinealocytes. The values of Kd and Bmax are 2.24 ± 1.1 nM and 20 ± 6.8 fmol/mg. MLT

receptors are functional and inhibit cAMP production and activate ERK1/2 through pertussis

toxin-sensitive Gi/o proteins. The MLT receptor antagonist/ inverse agonist luzindole

increased cAMP production (189 ± 30%) and MLT secretion (866 ± 13%). The effect of

luzindole on MLT secretion was additive with the effect of well-described activators of

this pathway such as the β-adrenergic agonist isoproterenol and the α-adrenergic agonist

phenylephrine. Co-incubation of all three compounds increased MLT secretion by 1236 ±
199%. These results suggest that MLT receptors are involved in the negative regulation of

the synthesis of its own ligand in pinealocytes. While adrenergic receptors promote MLT

secretion, MLT receptors mitigate this effect to limit the quantity of MLT secreted by the

pineal gland.

Introduction

Melatonin (MLT) is a biological modulator of circadian and seasonal rhythms, sleep, repro-

duction, mood and has antioxidant activity [1–8]. The photoperiodic information is detected

by retinal photoreceptors and transmitted through nerve transmissions to the pineal gland,

where MLT is synthesized and secreted at night into the blood. The synthesis of melatonin is

regulated by α1- and β1-adrenoreceptors which induce the phosphorylation of Aralkylamine

N-Acetyltransferase (AANAT) through cyclic AMP-dependent protein kinase (PKA), a key

enzyme in the synthesis of MLT. The pineal gland is the major site of MLT synthesis in the
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body, but other tissues, such as the retina, salivary glands, platelets, lymphocytes and gastroin-

testinal tract, also synthesize this hormone locally [9–11].

MLT exerts its physiological effects through two G protein-coupled-receptors, MT1 and

MT2 [12, 13], that bind MLT with a high affinity in the pM-nM range, depending on several

factors such as the tissues, cell lines studied and the number of receptors expressed [14–16]. In

addition, a cytoplasmic enzyme named MT3 or QR2, involved in the detoxification of qui-

nones by reduction, also binds MLT, albeit with a lower affinity than MT1 and MT2 receptors

[17, 18].

MT1 and MT2 receptors are mainly coupled with Pertussis toxin -sensitive, Gi/o proteins.

They can also couple to other G proteins such as Gq and to soluble guanylate cyclases [19–21].

MT1 and MT2 receptors have been detected in many different tissues and in various species

such as sheep, a well-adapted species for in vivo studies about MLT action. Numerous data on

MT receptors are focused mainly on the control of seasonal reproductive function, particularly

through receptors located in the hypothalamus, and the pars tuberalis [22–32]. More unex-

pected, RT-PCR studies demonstrated the presence of mRNA encoding MT1 and MT2 recep-

tors in the pineal gland, the site of melatonin synthesis in sheep [33]. This suggests a role of

melatonin on its own synthesis. However, no data reporting the presence of the MT receptors

at the protein level and their functional characteristics in the pineal gland are available unlike

other species such as human [34].

Hence, the aim of our work was to provide evidence for the presence of MT receptors in

the ovine pineal gland and define their functional and pharmacological properties. Moreover,

the involvement of MT receptors on melatonin secretion was investigated.

Materials & methods

Reagents

Antibiotic-antimycotic solution, trypsin-EDTA, Dulbecco’s Modified Eagle Medium/Ham

F12 without phenol red (DMEM /F12), Hank’s balanced salt solution (HBSS), bovine serum

albumin (BSA), fetal bovine serum (FBS) and protease inhibitor cocktail were obtained from

Gibco-Life Technologies (France). Collagenase A was purchased from Roche Diagnostics

(Meylan, France). MLT, forskolin, isoproterenol, propranolol, phenylephrine, prazosin, p-

chlorophenyl alanine (PCPA), reserpine, 3-Isobutyl-1-methylxanthine (IBMX), Triton-X100,

Tween 20, Saponin, Igepal, poly-L-ornithine, DNAse I, L-ascorbic acid and perchloric acid

were obtained from Sigma-Aldrich (Saint Quentin Fallavier, France), and 4P-PDOT and

luzindole from Tocris (Bristol, UK). Hybond-C Extra nitrocellulose and enhanced chemilumi-

nescence (ECL) detection reagents were purchased from GE Healthcare Life Sciences (Vélizy-

Villacoublay, France) and BCA reagents for protein determination from Interchim (Montlu-

çon, France). Radioimmunoassay kit for determining cAMP concentrations was provided by

Immunotech s.r.o (Praha, Czech Republic). The two radioligands 2-[125I]-MLT (specific activ-

ity: 2,200 Ci.mmol-1) and [125I]-S70254 (specific activity: 2,175 Ci.mmol-1) were purchased

from PerkinElmer (Courtaboeuf, France) and ANAWA Trading SA (Wangen/Zürich, Switzer-

land) respectively. S70254 was given by Institut de Recherche Servier (IDRS) (Croissy sur

Seine, France).

Antibodies

Primary antibodies raised against pERK1/2 and ERK 1 were obtained from Cell Signaling

Technology (Leiden, Netherlands) and Santa Cruz Biotechnology (Heidelberg, Germany)

respectively. Rabbit anti-tryptophane-5-hydroxylase antibodies (TPH) were obtained from

Santa Cruz Biotechnology (Heidelberg, Germany). Rabbit and mouse anti-glial fibrillary acidic
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protein antibodies (GFAP) were from Dako and Sigma. Anti-rabbit and anti-mouse biotiny-

lated secondary antibodies were obtained from Vector laboratories (Nanterre, France). The

streptavidin-peroxidase conjugate was purchased to Alpha Diagnostic International (Texas,

USA) and Santa Cruz Biotechnology (Heidelberg, Germany). DyLight 488 Streptavidin was

from Vector laboratories (Nanterre, France). Texas Red anti-rabbit secondary antibodies were

obtained from Jackson Immunoresearch Laboratories (Pennsylvania, USA).

Primary culture of ovine pineal gland cells

The pineal glands of lambs aged 3 to 6 months, from Ile-de-France or Solognote breeds and

mixed sexes (90% males) were obtained from a local slaughterhouse (Perche Vendômois)

throughout the year. Glands were collected at around 5:00 a.m. They were immediately placed

into ice-cold DMEM/F12 without phenol red. After several washes, pineal glands were sliced

into small pieces which were then placed in DMEM/F12 supplemented with antibiotic-anti-

mycotic solution (100 IU/ml penicillin, 100 μg/ml streptomycin and 0.25 μg/ml fungizone),

0.004% DNase I, 0.1% trypsin-EDTA and 0.1% collagenase A for 1 h at 37˚C. To help the enzy-

matic digestion, mechanical disruption of tissue was done every 20 min with hypodermic nee-

dles. The cells were then filtered with a sterile gauze, centrifuged at 250 x g for 5 min at 4˚C,

washed and resuspended in DMEM/F12 supplemented with antibiotic-antimycotic solution

and 10% FBS. To remove astrocytes from the primary cultures, the dissociated cells were

deposited in a Petri dish for 1–2 hours at 37˚C. Pinealocytes remained in suspension while

astrocytes attached to the culture flasks. Then, pinealocytes were seeded in culture wells coated

with 0.01% poly-L-ornithine and cultured for 8 to 12 days in the same medium at 37˚C with

95% O2 / 5% CO2 before starting the assays.

Immunocytochemistry

After washing, 2x105 cells/well were fixed with 4% Paraformaldehyde in PBS. After washes in

PBS, inhibition of endogenous peroxidases was performed with 6% H2O2. Cells were then

incubated in blocking solution (normal sheep serum diluted 1:15 in PBS) containing 0.2% of

saponin and 2% BSA for 1 hour with gentle shaking. Immunostaining was carried out by incu-

bating cells with 1:600 rabbit anti-tryptophane-5-hydroxylase (TPH) or anti-glial fibrillary

acidic protein (GFAP) in PBS buffer containing 0.2% of saponin and 0.5% BSA overnight at

4˚C. After washing, cells were incubated with 1:1000 anti-rabbit biotinylated secondary anti-

body in PBS buffer supplemented with 0.2% of saponin and 0.5% BSA for 90 min at room tem-

perature, followed by incubation with peroxidase conjugated streptavidin for 60 min at room

temperature. Cells were rinsed 3 times for 5 minutes and incubated for 5 min with a 0.05 M

Tris HCl solution pH 7.8 containing 0.02% 3,30-diaminobenzidine tetrahydrochloride (DAB)

and 0.015% hydrogen peroxide (H2O2). After washing, the preparations were observed by

white-light optical microscope. For controls, non-immune normal rabbit serum (d: 1/600) was

substituted to the primary antibodies.

Immunofluorescence labelling was carried out as described above with slight modifications,

mainly regarding antibodies and detection systems. Briefly, fixed and permeabilized cells were

incubated with 1:600 rabbit anti-tryptophane-5-hydroxylase (TPH) or mouse anti-GFAP in

PBS buffer containing 0.2% saponin and 0.5% BSA. To detect anti-TPH antibodies and anti-

GFAP antibodies, cells were incubated with 1:200 texas red conjugated anti-rabbit antibody or

with 1:1000 biotinylated anti-mouse antibody, respectively, for 90 min at room temperature.

This was followed by incubation with 1:300 DyLight 488 streptavidin for 60 min at room tem-

perature. Cells were then mounted on slide with Vectashield mounting medium containing

DAPI (Sigma-Aldrich, Saint Quentin Fallavier, France). As controls, the primary or the
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secondary antibodies were omitted. Immunolabelling was observed with confocal microscopy

(LSM700, Zeiss) with DAPI, DyLight 488 and texas red filter sets. The images were processed

with the ZEN software (version 2010).

Radioligand binding assays

For radioligand assay, 8x105cells were washed with HBSS and incubated with binding buffer

(50 mM Tris-HCl pH 7.4, 5 mM MgCl2, 1 mM EDTA) for 1h at 37˚C. Saturation binding

assays were performed with 2-[125I]-MLT alone or with an excess of unlabelled MLT to evalu-

ate non-specific binding. Similar experiments were done with the MT2 receptor agonist [125I]-

S70254 ± S70254. Briefly, 0.08–1.5 nM radioligands alone or with 10 μM unlabelled ligand

were incubated in binding buffer for 1 h at 37˚C. The reaction was stopped by aspiration of the

medium. Cells were incubated in a cold-acid buffer (50 mM glycine, 150 mM NaCl) for 3 min

at 4˚C and supernatants were stored to quantify the number of radioligands bound on cell sur-

face. Then, cells were lysed in 1 M NaOH for 2 h at 37˚C to measure intracellular ligand-recep-

tor complexes. Radioactivity was measured with a Wizard gamma counter (Perkin Elmer)

Data were analysed by using the PRISM software (GraphPad Software Inc., San Diego, CA,

USA) and results were presented as the mean of duplicate measurements. The density of bind-

ing sites (Bmax) and the dissociation constant of the radioligand (KD) values were calculated

according to the method of Scatchard (F test in GraphPad Prism, version 5).

Depletion of pineal MLT in cell culture

The functional characterization of MT receptors in ovine primary pinealocytes cultures

required the suppression of the pineal MLT secreted into the culture medium. Before each

experiment, cells were washed several times. In details, 24 h before the experiment, the culture

medium was replaced by DMEM/F12 without phenol red. Cells were washed 3 times with

HBSS at 37˚C and incubated with Tris buffer for 1 h at 37˚C. The experiments on the func-

tional activity of the MT receptors were then performed.

cAMP assay

For the measurement of intracellular cAMP accumulation, 1x105 cells were washed several

times with HBSS and incubated in DMEM/F12 supplemented with 100 μM IBMX, 100 mg/ml

L-ascorbic acid and different compounds for 1 h at 37˚C in a 5% CO2 atmosphere. The phar-

macological agents used were 10−7 M MLT, 1 μM forskolin, 10−7 M MLT plus 1 μM forskolin

or 1 μM luzindole. To assay MTR coupling to Gi/o, cells were pre-incubated with 5 ng/ml PTX

for 3 h at 37˚C and then incubated with 1 μM forskolin plus 10-7M MLT for 1 h at 37˚C. After

washes with HBSS, cells were incubated with 50 μl of cold perchloric acid 2N for 30 min at

room temperature. The pH was then neutralized with 50 μl KOH 1N. Culture dishes were cen-

trifuged at 3,000 × g for 10 min at 4˚C. Supernatants were collected and centrifuged at 10,000

× g for 7 min at 4˚C. cAMP accumulation in the supernatant was then measured with a radio-

immunoassay kit.

Phospho- ERK1/2 measurements

Cells (4x105 per well) were starved in serum free DMEM/F12 overnight, then stimulated at

37˚C with 10−7 M MLT for 5 min and lysed overnight at 4˚C in lysis buffer containing 150

mM NaCl, 10 mM Tris pH 7.4, 1 mM EDTA, 1mM EGTA, 1% Triton X-100, 0.5% Igepal, 100

mM sodium fluoride, 10 mM sodium pyrophosphate, 10 mM sodium orthovanadate and pro-

teases inhibitors cocktail. To assay the involvement of protein Gi, starving cells were pre-
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incubated with 5 ng/ml PTX for 3 h at 37˚C and then incubated with 10-7M MLT for 5 min at

37˚C and lysed overnight as described above. For each sample, protein concentration was

determined by BC Assay.

Western blot analysis

Ten μg proteins denatured by heating at 100˚C for 5 min were resolved by 10% SDS/PAGE

and transferred to a Hybond-C nitrocellulose membrane. Membranes were blocked with 5%

non-fat dry milk diluted in PBS supplemented with 0.1% Tween 20 and incubated with anti-

pERK1/2 (1:3,000) or anti-ERK 1 (1:2,000) overnight at 4˚C. After washes, membranes were

incubated with either anti-rabbit horseradish peroxidase-conjugated (1:5,000) or biotinylated

anti-mouse antibody (1:250) plus peroxidase-conjugated streptavidin (1:10,000) for 1 h at

room temperature. Immunoreactivity was revealed using an enhanced chemiluminescence

reaction ECL. Intensity of the bands was quantified by densitometry using the TotalLab

Quantsoftware (TotaLlab, Version 12.2, Newcastle-upon-Tyne, UK).

Measurement of MLT in the culture medium

Cells were seeded at a density of 2x105 cells/well. Before the stimulation, the cells were washed

several times with HBSS to suppress extracellular MLT. Then, the cells were incubated for 1 h

at 37˚C with HBSS supplemented with 50 μM L-ascorbic acid and various compounds. The

pharmacological agents used were forskolin (adenylyl cyclase catalytic activator, 1 μM), isopro-

terenol (β-adrenergic receptor agonist, 1 μM), propranolol (β-adrenergic receptor antagonist,

1 μM), phenylephrine (α1-adrenergic receptor agonist, 1 μM), Prazosin (α1- adrenergic recep-

tor antagonist, 1 μM) and luzindole (MLT receptor antagonist, 1 μM). All the supernatants

were collected and stored at -80˚C.

The MLT concentration was measured in the supernatants by a direct radioimmunoassay

(RIA) using 2-[125I]-MLT as reported previously [35–37]. Briefly, 100 μl of culture superna-

tants were incubated with 300 μl of 2-[125I]-MLT (20,000 c.p.m/tube, 21 pM, specific activity:

2,200 Ci.mmol-1) and 100 μl of rabbit polyclonal anti-MLT diluted at 1:400,000 [37]. After 18

h of incubation at 4˚C, 1 ml of sheep anti-rabbit whole serum diluted at 1:300 was added for 1

h at 4˚C. All reactions were stopped by centrifugation at 2,800 x g for 30 min at 4˚C and radio-

activity was measured using a gamma counter. The sensitivity of the assay was 4 pg/ml and the

mean intra- assay coefficient of variation was 11.3%.

Statistical analyses

All results were analyzed by using the PRISM version 5 software (GraphPad Software Inc., San

Diego, USA). Data were expressed as means ± SEM. Statistical analysis was performed with

Kruskal-Wallis tests followed by the Dunn’s multiple comparison tests with statistical signifi-

cance set at P<0.05. �P<0.05, ��P<0.01, ���P<0.001.

Results

Cytological characterization of primary culture of lamb pineal gland cells

Consistent with the literature, the cells in our primary culture were fusiform with a large cen-

tral nucleus (Fig 1A). After enzymatic dissociation of pineal glands, pinealocytes began to

spread on their support from 4–5 days of culture and were perfectly elongated after 8 days (Fig

1B). Cells were characterized by immunocytochemistry using specific markers of pinealocytes

(tryptophan hydroxylase, TPH) (Fig 1C) and of astrocytes (glial fibrillary acidic protein,

GFAP) (Fig 1D). Immunocytochemistry (Fig 1C–1E) and immunofluorescence (Fig 1F–1I)
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show that the cell cultures were mainly composed of pinealocytes (85–90%). The remaining

cells were glial cells such as astrocytes, as revealed by their starry shape and their long and slen-

der processes. In some instances, pinealocytes were wrapped and intertwined with astrocytes,

as shown by the merged fluorescence (Fig 1I). Conjunctive tissue was also present in our cul-

tures. To avoid overwhelming growth of fibroblasts, that has been shown to occur after 15 days

of culture [38, 39], we chose to explore the MT receptor functionality in cells maintained in

culture for 8 to 12 days.

Binding properties of MT1 and MT2 in pinealocytes

To explore MT receptor functionality in a controlled manner in primary ovine pinealocytes,

we first had to deplete cell media of MLT, since it is constitutively secreted into the medium.

Therefore, cells were washed several times with buffer prior to functional assays. RIA assays

showed that MLT concentration equal to 4 pg/ml (1.7 x 10-11M) were still present in the

medium after extensive washes.

MLT binding sites were identified in pinealocytes by using two radioligands, the classical,

non-selective MT receptor agonist 2-[125I]-MLT [40, 41], and the specific human MT2 agonist

[125I]-S70254 [16, 42]. The 2-[125I]-MLT, known to exhibit a high affinity for both MT1 and

MT2 receptors showed a monophasic saturation curve, a Scatchard linear regression with a Kd

value of 2.24 ± 1.1 nM and a Bmax of 20 ± 6.8 fmol/mg (Fig 2A and 2B). Similar results were

obtained when cells were pre-treated with the PCPA tryptophan hydroxylase inhibitor and

reserpine a blocker of the vesicular monoamine transporter, in order to block the melatonin

synthesis (S1 Fig), suggesting that endogenous MLT production does not influence the bind-

ing characteristics of MT receptors for 2-[125I]-MLT.

The saturation curve obtained with [125I]-S70254 suggested that MT2 receptors are

expressed in pinealocytes (Fig 2C). Even though the dispersion of the values around the regres-

sion curve did not allow to define reliable Kd and Bmax for MT2 receptors, the amount of

MT2 receptors expressed appeared to be lower than the one measured with 2-[125I]-MLT (Fig

2D). Together, these data suggest that both MT1 and MT2 receptors are expressed in our pri-

mary culture of ovine pinealocytes.

Pharmacological characterization of MT receptors in pinealocytes

We next evaluated the impact of MLT on the forskolin-induced cAMP production in pinealo-

cytes. The ability of cells to produce intracellular cAMP via direct activation of adenylate

cyclase was assessed with 1 μM forskolin. The cAMP concentration was 2.5-fold higher than

the one measured in control condition (32 ± 6.2 nM with Fsk vs 13 ± 2 nM). MLT inhibited

approximately 70–90% of the forskolin-induced cAMP production (Fig 3A), which supports

Gi/o coupling of MTRs, as previously reported in other cell types [20, 43–46]. Consistently, the

pre-incubation of cells with 5 ng/ml of pertussis toxin (PTX) to uncouple Gi/o proteins fully

blocked the ability of MLT (10−7 M) to inhibit forskolin–stimulated cAMP production

(91 ± 3% with PTX vs 25 ± 11% with Fsk + MLT) (Fig 3A). Similarly, the activation of ERK1/2

MAP kinases by MLT was transduced, as least in part, through Gi/o coupling of ovine MT

Fig 1. Cytological characterization of primary culture of ovine pineal gland cells. Five (A) and eight days (B) primary culture of ovine pineal

glands were observed by optical microscopy. Cells from ovine pineal glands were immunolabelled with anti-tryptophan hydroxylase (TPH, C)

or anti- glial fibrillary acidic protein (GFAP, D) antibodies and detected by a peroxydase-coupled secondary antibody. Non immun serum (NIS)

was used as a negative control (Fig 1E). Magnification was x400 in A and C, x200 in B and x100 in D. Pinealocyte were labelled with an anti-

TPH antibody (G) detected by a cyanin-coupled secondary antibody, while astrocytes were labelled with an anti-GFAP antibody (H) detected by

fluorescein-coupled secondary antibody. Nuclei were stained with DAPI (F). The merge of the three labelings is shown in I. Maginifcation is

x10. Scale bar 50 μm. Astrocytes (arrow).

https://doi.org/10.1371/journal.pone.0255249.g001
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receptors, since ERK phosphorylation was partially inhibited (72 ± 12% with PTX vs 98 ± 9%

with MLT) by preincubation of pinealocytes with 5 ng/ml PTX (Fig 3B and 3C and S2A and

S2B Fig). Altogether, these results show that the MT receptors expressed in the lamb primary

pinealocyte cultures are coupled with a pertussis toxin-sensitive G protein (Gi/o) and induce

the activation of the ERK1/2 pathway via the stimulation of Gi/o proteins.

The functional expression of MT receptors in the ovine pinealocytes were determined

using the non-selective MT1/2 receptor antagonist, luzindole [19, 47–49] (Fig 4). Incubation of

the cells with 1 μM of luzindole induced a significant increase in the cAMP production

(189 ± 30%). This result confirms the expression of active receptors in ovin pinealocytes.

Secretion of MLT

The synthesis of MLT is well known to be regulated by α1- and β1-adrenergic receptors in the

pineal gland of different species [50–52]. We assessed whether this regulatory system was con-

served and functional in primary cultures of ovine pinealocytes. First, cells were incubated

with isoproterenol (1 μM), a specific agonist of β-adrenergic receptors. Isoproterenol signifi-

cantly increased the level of secreted MLT compared to the basal state (231 ± 29%), and this

effect was completely abolished by the specific β-adrenergic receptor antagonist propanolol

(92 ± 6%) (Fig 5A).

Similarly, the α1-adrenergic receptor agonist phenylephrine enhanced MLT secretion

(186 ± 15%) and this effect was abolished by the co-incubation with prazosin (79 ± 12%), a spe-

cific α1-adrenergic receptor antagonist (Fig 5B). As expected co-incubation of pinealocytes

with both isoproterenol and phenylephrine led to an additive effect on MLT secretion com-

pared to each agonist alone (396 ± 46% vs 231 ± 29% with isoproterenol or 186 ± 15% with

phenylephrine) (Fig 5C).

These data show that both the α1- and β-adrenergic receptors regulate the synthesis of

MLT in primary cultures of pinealocytes, as described in the literature for pineal glands of

mammals [51, 53, 54] and can work in an additive manner. We investigated whether MT

receptors can themselves regulate the synthesis and secretion of MLT in pinealocytes. The use

of the MT receptor antagonists showed that luzindole strongly increased the level of MLT

secretion (866 ± 13%) (Fig 5D). These results suggest that the MT receptors are responsible for

the inhibition of MT synthesis in primary pinealocytes and that the residual MLT present in

the culture after extensive washes and/or induced by adrenergic agonists is exerting a potent

brake on MLT secretion by pinealocytes.

To determine whether adrenergic and MLT receptors might exert a coordinated action on

MLT synthesis, cells were co-incubated with luzindole and either isoproterenol or phenyleph-

rine. Simultaneous β-adrenergic stimulation and luzindole treatment increase the level of

secreted MLT to 879 ± 78% compared to luzindole 533 ± 16% alone or isoproterenol alone

231 ± 29% (Fig 5E). Similar observations were made with the co-addition of the α-adrenergic

agonist phenylephrine and luzindole, reaching the MLT secretion to 708± 51% compared to

phenylephrine alone 186 ± 16% or 533 ± 16% with luzindole only (Fig 5F). Interestingly, when

pinealocytes were incubated simultaneously with the 2 adrenergic receptors agonists with

luzindole, reaching 1236 ± 199% of MLT produced against 396 ± 45% with isoproterenol and

phenylephrine (Fig 5G).

Fig 2. Binding properties of MT1 and MT2 in ovine pinealocytes. Saturation curves performed with 2-[125I]-MLT

(A) and [125I]-S70254 (C) on primary culture of ovine pineal gland cells at 37˚C for 1 h. Specific binding is represented.

Scatchard plot is associated with the saturation curves (B and D). The experiments are performed in duplicates and are

repeated five times.

https://doi.org/10.1371/journal.pone.0255249.g002
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These results suggest that adrenergic receptors on the one hand and MT receptors on the

other hand exert opposite regulations on MLT secretion.

Discussion

Our study identifies for the first time active MT receptors in ovine pinealocytes. Interestingly,

these results highlight a new role for the MT receptors in the pineal gland where they nega-

tively regulate their own ligand synthesis. While stimulation of α and β-adrenergic receptors

elevate intracellular cAMP via a Gs-dependent mechanism to favor MLT secretion, MT recep-

tor activity seems to mitigate this effect to limit the quantity of MLT secreted by the pineal

gland.

MLT-stimulated MT receptors are coupled to PTX-sensitive Gi/o proteins, which results in

decreased intracellular cAMP production and increased Erk1/2 phosphorylation. This type of

coupling is classically described for this family of receptors in all species and in cell lines [21,

43, 46, 55, 56] and native tissues such as pars tuberalis and retina [46, 57].

Fig 3. Coupling of MT receptor to Gi proteins in pinealocytes. (A) Effect of 10−7 M MLT on cAMP production

induced by 1 μM of Forskolin (Fsk). Effect of pre-treatment with Pertussis toxin (PTX; 5 ng/ml; 3 h at 37˚C) on cAMP

accumulation following stimulation with 10−7 M MLT and 1 μM of Fsk (1 h at 37˚C). Each histogram is presented as a

percentage of the maximal response to 1 μM of forskolin (100%). B) Effect of 10−7 M MLT or of a pre-treatment with

Pertussis toxin (PTX; 5 ng/ml; 3 h at 37˚C) and then 10−7 M MLT (5 min) on the level of phosphorylated ErK 1/2. (C)

The Western blot is a representative experiment. Columns and bars represent mean ± s.e.m. values of data obtained

from duplicate determinations of cAMP in 5 different experiments (A) and 3 assays for the phospho-Erk1/2 level (B

and C). �P<0.05 in Kruskal-Wallis tests followed by the Dunn’s multiple comparison tests.

https://doi.org/10.1371/journal.pone.0255249.g003

Fig 4. Inhibition of cAMP production mainly mediated by MT receptors. Effect of 1 μM Forskolin or 1 μM

luzindole on basal cAMP production. Each histogram is presented as a percentage of the basal cAMP accumulation

(control; 100%). Columns and bars represent mean ± s.e.m. values of data obtained from duplicate determinations of

cAMP in 5 different experiments. �P<0.05 in Kruskal-Wallis tests followed by the Dunn’s multiple comparison tests.

https://doi.org/10.1371/journal.pone.0255249.g004
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The two radioligands that were used in this study, 2-[125I]-MLT or [125I]-S70254, bind to a

single high affinity binding site. In the pineal gland, the affinity of MT receptor binding to 2-

[125I]-MLT is in the nanomolar range, and is comparable to the binding affinity described in

rabbit retina [14, 47], another tissue that synthesizes MLT. A picomolar affinity has been

described in cell lines expressing recombinant MT receptors [15, 16, 33, 58], as well as in pars

tuberalis, a native tissues that do not synthesize MLT [24, 26, 59]. We were not able to identify

such a high affinity site in pinealocytes. In our study, [125I]-S70254 did not allow to define a

binding affinity in pinealocyte cells in contrast to 2-[125I]-MLT. Legros and collaborators

encountered the same difficulties in sheep retina cells although this tissue expresses more MT

receptors than pinealocytes. This radioligand dissociates rapidly and completely from hMT2

receptors at 37˚C unlike 2-[125I]-MLT which partially dissociates [16, 20, 42]. Furthermore, the

affinity of this radioligand for ovine MT2 receptors is in the nanomolar range (21.3 nM). All

these characteristics do not seem suitable for obtaining a stable saturation plateau especially

when receptors are weakly expressed. In these conditions, a reproductible and reliable Scatch-

ard analysis is difficult to obtain.

Our results show that MLT binding sites are expressed at a low density in pineal gland.

Unfortunately, we were unable to determine the precise amount of MT2 receptors expressed in

the pineal gland. Cogé and collaborators were the first to detect the presence of the MT2

mRNA by RT-PCR in the ovine pineal gland and found that MT2 is much less abundant than

MT1 [33]. Given the difficulties of several labs to detect MT2 expression in the pineal gland, it

is reasonable to assume that MT1 is also predominant receptor on the protein level. MT recep-

tors are 4 times less expressed in pinealocytes than in ovine pars tuberalis [60]. Noteworthy,

the number of receptors is underestimated because the radioligands used are agonists. They

bind only to the active forms of the receptors. A reliable antagonist would be a necessary tool

to define the total number of receptors expressed in the pinealocytes. A difference of 4 times in

the amount of receptors expressed does not necessarily translate in 4 times lower functional

response. Often maximal effects are already reached at low receptor expression levels due to

the amplification of the initial signal on the level of the signaling pathway. In addition, the

maximal response depends on the cellular context, a phenomenon described as system bias

[21]. It is therefore very difficult to compare the maximal effect of MT receptors between pine-

alocytes and the pars tuberalis. It is well established in different cellular models that MLT

inhibits the production of cAMP via Gi/o-protein-coupled MT receptors and conversely

induces an increase in the level of phosphorylated Erk1/2 [21, 44, 46]. We observed the same

effects with pineal gland cells. The decrease of cAMP production is inhibited by luzindole indi-

cating the involvement of MT1/2 receptors in the MLT-related response. 4-PPDOT is a MT2-

selective antagonist, in particular for human receptors. However, in sheep, 4-PPDOT has only

a 10-fold higher affinity for oMT2 receptors than for oMT1 receptors and shows even the same

efficacy on both receptors [33, 60]. 4-PPDOT is therefore unable to discriminate between the

two ovine receptors. Our data as well as those published for 4-PPDOT, unfortunately do not

allow us to conclude on the relative contribution of oMT1 vs oMT2 in the feedback regulation

of MLT secretion in sheep pinealocytes.

Fig 5. Regulation of MLT synthesis. Effects of adrenergic and/or MT receptors on MLT synthesis. Receptor activity

was stimulated with isoproterenol for β- adrenergic receptors (A), phenylephrine for α1-adrenergic receptors (B), both

isoproterenol and phenylephrine (C), luzindole for MT1/2, both luzindol and isoproterenol for MT and β- adrenergic

receptors (E), both luzindol and phenylephrine for MT and α1-adrenergic receptors (F), and both luzindol,

isoproterenol and phenylephrine for MT and β- and α1-adrenergic receptors (G). Each histogram is presented as a

percentage of the control MLT secretion (Control, 100%). Columns and bars represent mean ± s.e.m. values of data

obtained from duplicate determinations of cAMP in 5 different experiments. �P<0.05 in Kruskal-Wallis tests followed

by the Dunn’s multiple comparison tests.

https://doi.org/10.1371/journal.pone.0255249.g005
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Our data support that primary pinealocytes cells in culture maintained their functional

properties and endogenous regulatory processes. Indeed, they are able to synthesize and

secrete MLT and to regulate this synthesis upon the activation of the α1- and β-adrenergic

receptors. We also show that MLT secretion is higher when both α1- and β-adrenergic recep-

tors are activated. We did not observe any seasonal variability in the capacity of pinealocyte

cultures to produce melatonin upon activation of these receptors. Moreover, concomitant acti-

vation of both adrenergic receptors and inhibition of MT receptors clearly resulted in a

strongly enhanced MLT secretion, confirming an unexpected negative regulatory mechanism

of the MT receptors in MLT secretion. Melatonin synthesis is limited by the activity of 3 main

enzymes: TPH (tryptophan hydroxylase) [61], AA-NAT (arylalkylamine N-acetyltransferase)

[51] and HIOMT (hydroxyindole-O-methyltransferase) [62, 63]. The enzymatic activity of

these enzymes is regulated by adrenergic receptors [61, 64, 65] with cAMP/PKA. Previous

studies have shown in non-rodent mammalian species that phosphorylation of AANAT results

in its association with 14-3-3 protein and in the enhancement of MLT synthesis [66]. Ganguly

and collaborators showed that there are large dynamic pools of AANAT in phosphorylated

and unphosphorylated forms in ovine pinealocytes [67]. Thus, the co-stimulation of cells by

adrenergic receptor agonists and luzindole could increase the number of phosphorylated

AANAT, the formation of AANAT/14-3-3 protein complexes and the MLT synthesis. On

another hand, the protein kinase C (PKC), was also described for the regulation of the activity

of AANAT in bovine pinealocytes [68]. It would be interesting to determine whether PKC and

MAP kinases are also involved in this regulation in ovine cells. The 3 main enzymes are also

regulated by adrenergic receptors with store operated channels (SOCs) [69], calcium influx

through high voltage-activated calcium channels [70], 5-HT secretion and 5-HT2 receptor

activation [71]. The stronger synthesis of MLT in the presence of luzindole suggests that MT

receptors could regulate the same intracellular actors as adrenergic receptors but they would

modulate them differently. The increase of melatonin secretion could also be due to the regula-

tion of other actors. Yamada and colleagues showed that metabotropic glutamate 3 receptors

inhibit MLT synthesis by inhibiting the cAMP cascade induced by adrenergic receptors [72,

73]. These receptors are activated by glutamate which is secreted from ovine pinealocytes fol-

lowing the activation of nicotinic receptors. MT receptors could therefore inhibit MLT synthe-

sis: 1) by regulating the functional activity of nicotinic receptors; 2) by increasing glutamate

secretion from pinealocytes; 3) by activating metabotropic glutamate receptors 3 directly and

inhibit MLT synthesis. So far, the negative regulatory mechanism of the MT receptors in MLT

secretion remains elusive and further analyses are required to identify the regulatory processes

involved.

The culture we developed for the lamb pineal gland is composed of several cell types includ-

ing pinealocytes and interstitial cells as described in the literature for several species [74, 75]. A

single cell transcriptome analysis of rat pineal has showed that 2 types of pinealocytes, called

αand β, could be differentiated by the expression of the Asmt gene, which encodes another

major enzyme in MLT synthesis, Acetylserotonin O-Methyltransferase (ASMT) [75]. The ele-

vated Asmt expression in α-pinealocytes suggests that these cells have an enhanced capacity to

catalyze the formation of MLT from N-acetylserotonin compared to β-pinealocytes [76]. It

would be interesting to assess whether or not these two populations can be observed in our cul-

ture system and, if yes, to study the expression of MT receptors in each of the pinealocyte pop-

ulations and the regulation of MLT synthesis in these populations under different

physiological conditions (day-night, seasonality).

Three types of astrocytes, designated as α, β, and γ, were also identified in the transcrip-

tomic study [75]. In our ovine primary cultures, the astrocytes seem to coat the pinealocytes

suggesting a regulatory, protective or supporting role for these cells as described in the
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literature for neurons [77–80]. Astrocytes play a role in the modulation of MLT synthesis via
catecholamines and glutamate [80, 81]. These effects are important in sheep and human pineal

glands but not in rodents. The effects of glutamate involve paracrine interactions between

pinealocytes and astrocytes through TNF-α release [82]. With that in mind, one can hypothe-

size that astrocytes could regulate extracellular MLT levels around the pinealocytes by trapping

and /or metabolizing MLT as described for glutamate or GABA [83]. As outlined above, the

metabolites regulate the functional activity of MT receptors. Furthermore, the overlapping of

pinealocytes and astrocytes could potentially prevent MLT from accessing its receptors. This

behaviour would probably be dependent on environmental and physiological conditions such

as circadian rhythm (day-night) or seasonal conditions (oestrus-anoestrus). Finally, the func-

tional expression of MT receptors in astrocytes has been suggested since the mRNA encoding

the MT2 receptor is expressed in astrocytes from chick diencephalon [84] and cerebellar Berg-

mann [85, 86].

In conclusion, our results demonstrate the presence of MT1 and MT2 receptors in pineal

gland. They also present evidence for a negative feedback regulation of melatonin on its own

synthesis. MT receptors counteract the action of adrenergic receptors to fine-tune MLT secre-

tion by the pineal gland. Further study is necessary to relate this characteristic with the circa-

dian and seasonal rhythm of melatonin synthesis.
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S1 Fig. Effect of pineal MLT on binding properties of MT1 and MT2 receptors. Saturation

curves were performed with 2-[125I]-MLT at 37˚C for 1 h on ovine pineal gland cells preteated

with 5 nM tryptophan hydroxylase inhibitor (PCPA) and 1 μM reserpine (triangle) or washed

many times with HBSS before the experiments (circle). Specific binding is represented. The

experiments were performed in duplicates and were repeated 2–3 times.

(TIF)

S2 Fig. Expression kinetics of phospho-ERK in the presence of 10−7 M MLT. The Western

blot is a representative experiment (B) and the curve (A) represent mean ± s.e.m. values of

data obtained from duplicate in 3–5 different experiments �P<0.05 in Kruskal-Wallis tests fol-

lowed by the Dunn’s multiple comparison tests.

(TIF)
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Formal analysis: Julie Lépinay, Véronique Bozon.

Funding acquisition: Catherine Taragnat, Philippe Delagrange, Véronique Bozon.
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Véronique Bozon.

Project administration: Véronique Bozon.
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