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Serotonin (5-HT) and 5-HT receptors are present in adrenals from various species. In rat and human, 5-HT mainly stimulates aldosterone secretion through activation of 5-HT7 and 5-HT4 receptors, respectively. The 5-HT-ergic control of adrenal steroidogenesis is strengthened in extreme physiological conditions, like sodium depletion and chronic stress. Especially, the emergence of a 5-HT regulatory loop in glucocorticoid producing cells may be regarded as an adaptive mechanism aimed at potentiating the glucocorticoid response to stress. In human, upregulation of the 5-HT signalling pathway occurs in aldosterone-producing adenomas and cortisolproducing hyperplasias and adenomas in response to overactivation of protein kinase A. These data suggest that the intraadrenal 5-HT-ergic regulatory system represents a potential target for pharmacological treatments of primary adrenocortical diseases.

Introduction

Serotonin (5-hydroxytryptamine, 5-HT) is synthesized from tryptophan which is first converted into 5-hydroxy-tryptophan (5-HTP) by the rate-limiting enzyme tryptophan hydroxylase (TPH). Then, 5-HTP is metabolized into 5-HT by a ubiquitous aromatic L-amino acid decarboxylase. TPH exists as two isoforms, namely TPH1 and TPH2, that differ in their distribution patterns [1,2]. TPH1 is expressed in nonneuronal tissues whereas the presence of TPH2 is restricted to neurons. 5-HT is an important neurotransmitter involved in the regulation of multiple brain functions.

However, only 5% of the endogenous 5-HT body content is found in the central nervous system [1]. In fact, the remaining 5-HT is localized in peripheral organs, especially in enterochromaffin cells of the gastrointestinal tract. In addition, intensive studies performed for the last decade, have demonstrated that 5-HT acts as a paracrine factor to regulate various physiological functions including adaptation of the pancreatic β-cell mass during pregnancy and placental development [3,4]. In both human central nervous system and peripheral organs, 5-HT actions are mediated by 13 receptor subtypes classified in 7 types (5-HT1 to 5-HT7). Six of the seven types of receptors belong to the G protein coupled receptor family [5].

In mammals, the adrenal gland is composed of two distinct structures, i.e. the central medulla formed by chromaffin cells producing catecholamines, and at the periphery, the cortex constituted by steroidogenic cells. In humans, the adult cortex is organized into three distinct layers, named glomerulosa, fasciculata and reticularis zonae. Zona glomerulosa cells synthesize aldosterone, a mineralocorticoid involved in sodium and potassium homeostasis. The zona fasciculata contains cells that produce glucocorticoids essential for glucose homeostasis, stress response and immunomodulation, while zona reticularis cells mainly secrete the androgen dehydroepiandrosterone (DHEA) and its sulfate.

It is well established that adrenal steroidogenesis is stimulated by circulating factors. In particular, production of aldosterone is activated by the renin angiotensin system (RAS), whereas secretion of cortisol is regulated by corticotropin (ACTH) released by pituitary cells in response to corticotropin-releasing hormone (CRH) produced by hypothalamic neurons. Some data have provided evidence that 5-HT also regulates adrenal steroidogenesis through both indirect and direct actions. In particular, clinical trials have revealed that administration of 5-HT precursors, 5-HT or 5-HT reuptake inhibitors to healthy volunteers and/or depressed patients results in an increase in plasma renin activity, that secondarily enhances aldosterone production [6][7][8]. 5-HT also exerts an indirect effect on glucocorticoid secretion by stimulating CRH release from hypothalamic neurons and ACTH secretion by pituitary corticotrophs [9]. In addition, numerous data indicate that 5-HT produced in the adrenal gland directly stimulates steroidogenesis by adrenocortical cells through a paracrine mechanism. Interestingly, reinforcement of the 5-HT signalling pathway has been reported in adrenal lesions responsible for steroid hypersecretion, suggesting that the 5-HT-ergic control of corticosteroidogenesis may play a role in the pathogenesis of primary adrenal diseases [10][11][12][13][14].

The present review summarizes our current knowledge on the implication of 5-HT in the regulation of adrenal steroid hormone production in physiological and pathological conditions. It also discusses the potential interest of targeting the intraadrenal 5-HT-ergic regulatory system for clinical management of patients with adrenocortical disorders.

Physiological role of 5-HT in adrenal steroidogenesis

Occurrence of 5-HT in normal adrenal

The presence of 5-HT in adrenal glands has been demonstrated in various species including fish, frog, mouse, rat, pig, cattle and human [START_REF] Delarue | Immunohistochemical and biochemical evidence for the presence of serotonin in amphibian adrenal chromaffin cells[END_REF][START_REF] Fernández-Vivero | Immunocytochemical distribution of serotonin and neuropeptide Y (NPY) in mouse adrenal gland[END_REF][START_REF] Kong | Differential distribution of neuropeptides and serotonin in pig adrenal glands[END_REF][START_REF] Lefebvre | Production and metabolism of serotonin (5-HT) by the human adrenal cortex: paracrine stimulation of aldosterone secretion by 5-HT[END_REF][START_REF] Lim | Serotonin directly stimulates cortisol secretion from the interrenals in goldfish[END_REF][START_REF] Verhofstad | Immunohistochemical and neurochemical evidence for the presence of serotonin in the adrenal medulla of the rat[END_REF][START_REF] Wojnicz | Simultaneous monitoring of monoamines, amino acids, nucleotides and neuropeptides by liquid chromatography-tandem mass spectrometry and its application to neurosecretion in bovine chromaffin cells[END_REF]. The cell types that contain 5-HT differ among species. For instance, 5-HT is exclusively detected in adrenal subcapsular mast cells in human, whereas the monoamine is localized in chromaffin cells in fish, frog, cattle and pig, in both mast cells and chromaffin cells in rats, as well as nerve fibres in mice [14- [START_REF] Fernández-Vivero | Immunocytochemical distribution of serotonin and neuropeptide Y (NPY) in mouse adrenal gland[END_REF][START_REF] Lim | Serotonin directly stimulates cortisol secretion from the interrenals in goldfish[END_REF][START_REF] Verhofstad | Immunohistochemical and neurochemical evidence for the presence of serotonin in the adrenal medulla of the rat[END_REF][START_REF] Hinson | Adrenal mast cells modulate vascular and secretory responses in the intact adrenal gland of the rat[END_REF] (Figure 1). 5-HT can be taken up from the plasma through the serotonin transporter (SERT) which is expressed in mouse, rat and human adrenals, and/or de novo synthesized by the adrenal tissue from tryptophan under the influence of TPH [14, [START_REF] Linder | Body distribution of infused serotonin in rats[END_REF][START_REF] Brindley | An interplay between the serotonin transporter (SERT) and 5-HT receptors controls stimulus-secretion coupling in sympathoadrenal chromaffin cells[END_REF]. In fact, in vivo experiments have demonstrated that the adrenal 5-HT content is dramatically reduced in SERT-deficient mice or rats [START_REF] Linder | Body distribution of infused serotonin in rats[END_REF][START_REF] Brindley | An interplay between the serotonin transporter (SERT) and 5-HT receptors controls stimulus-secretion coupling in sympathoadrenal chromaffin cells[END_REF]. In addition, internalization of 5-HT in frog adrenal cells has been confirmed in vitro by using fluoxetine, an inhibitor of 5-HT uptake [START_REF] Delarue | Serotonin synthesis in adrenochromaffin cells[END_REF]. Because SERT is predominantly expressed in chromaffin cells, 5-HT uptake mainly occurs in medulla. However, frog chromaffin cells are also able to synthesize 5-HT from 3 H-labelled tryptophan [START_REF] Delarue | Serotonin synthesis in adrenochromaffin cells[END_REF]. Finally, the occurrence of TPH1 and 5-HT has been reported in adrenocortical cells from rats exposed to chronic stress [START_REF] García-Iglesias | Sensitization of restraint-induced corticosterone secretion after chronic restraint in rats: involvement of 5-HT₇ receptors[END_REF].

Role of 5-HT in normal adrenal

5-HT secreted by the different cell types, controls adrenal steroidogenesis through diverse mechanisms. For instance, the monoamine released by nerve fibres or mast cells in the vicinity of blood vessels [START_REF] Fernández-Vivero | Immunocytochemical distribution of serotonin and neuropeptide Y (NPY) in mouse adrenal gland[END_REF][START_REF] Duparc | Mast cell hyperplasia is associated with aldosterone hypersecretion in a subset of aldosterone-producing adenomas[END_REF], modulates blood flow, which is known to influence steroid synthesis [START_REF] Vinson | The mammalian adrenal circulation and the relationship between adrenal blood flow and steroidogenesis[END_REF]. Due to the intermingling of chromaffin and steroidogenic cells in fish and amphibian adrenals, 5-HT secreted by chromaffin cells exerts a paracrine control on steroidogenesis [START_REF] Lim | Serotonin directly stimulates cortisol secretion from the interrenals in goldfish[END_REF] (Figure 1). In this regard, it has been demonstrated that 5-HT stimulates cortisol production in fish, and increases both aldosterone and corticosterone secretion in frog [START_REF] Lim | Serotonin directly stimulates cortisol secretion from the interrenals in goldfish[END_REF][START_REF] Delarue | Serotonin stimulates corticosteroid secretion by frog adrenocortical tissue in vitro[END_REF]. It must be noticed that such intercellular communication system may not occur in higher vertebrates because of the zonation of the adrenal gland and the centripetal direction of the blood flow. Conversely, cell-to-cell interactions exist between mast cells immunoreactive to TPH1 and 5-HT, and aldosterone-producing cells in the human zona glomerulosa [START_REF] Lefebvre | Production and metabolism of serotonin (5-HT) by the human adrenal cortex: paracrine stimulation of aldosterone secretion by 5-HT[END_REF][START_REF] Duparc | Mast cell hyperplasia is associated with aldosterone hypersecretion in a subset of aldosterone-producing adenomas[END_REF]. Indeed, we have observed that mast cell secretory products upregulate expression of CYP11B2, encoding aldosterone synthase, and activate aldosterone secretion by the adrenocortical cell line H295R [START_REF] Duparc | Mast cell hyperplasia is associated with aldosterone hypersecretion in a subset of aldosterone-producing adenomas[END_REF]. The decrease in the aldosterone response to mast cell-conditioned medium induced by concomitant application of 5-HT receptor antagonists has revealed the important contribution of 5-HT to this intercellular communication process [START_REF] Duparc | Mast cell hyperplasia is associated with aldosterone hypersecretion in a subset of aldosterone-producing adenomas[END_REF]. Similarly, experiments conducted ex vivo on explants of human adrenals have demonstrated that degranulation of intraadrenal mast cells stimulates aldosterone production through release of 5-HT [START_REF] Lefebvre | Production and metabolism of serotonin (5-HT) by the human adrenal cortex: paracrine stimulation of aldosterone secretion by 5-HT[END_REF] (Figure 1). Consistently, 5-HT turns out to be more efficient on aldosterone than cortisol or DHEA secretion from cultured adrenocortical cells [START_REF] Duparc | l-Lysine Acts as a Serotonin Type 4 Receptor Antagonist to Counteract In Vitro and In Vivo the Stimulatory Effect of Serotonergic Agents on Aldosterone Secretion in Man[END_REF][START_REF] Louiset | Role of cAMP/PKA pathway and T-type calcium channels in the mechanism of action of serotonin in human adrenocortical cells[END_REF][START_REF] Mestre | Illicit upregulation of serotonin signaling pathway in adrenals of patients with high plasma or intraadrenal ACTH levels[END_REF]. In addition, an increase in adrenal mast cell density precedes aldosterone synthase expression in the human fetal adrenal gland, suggesting that mast cells favour differentiation of aldosterone-producing cells during adrenal development [START_REF] Naccache | Temporal and spatial distribution of mast cells and steroidogenic enzymes in the human fetal adrenal[END_REF]. Finally, it has been reported that the steroidogenic effects of 5-HT on the human adult adrenal is counteracted by monoamine oxidase type A which metabolizes 5-HT into inactive compounds as observed in serotonergic synapses [START_REF] Lefebvre | Production and metabolism of serotonin (5-HT) by the human adrenal cortex: paracrine stimulation of aldosterone secretion by 5-HT[END_REF].

Up to now, the physiological stimulus eliciting 5-HT release by intraadrenal mast cells remains unknown. The observation that nerve fibres establish connections with adrenal mast cells suggests that 5-HT may be produced in response to activation of the sympathetic system [START_REF] Duparc | Mast cell hyperplasia is associated with aldosterone hypersecretion in a subset of aldosterone-producing adenomas[END_REF]. On the other hand, expression of angiotensin 2 receptors (AT2R) by rat mast cells [START_REF] Carvalho | Angiotensin II potentiates inflammatory edema in rats: Role of mast cell degranulation[END_REF] leads us to speculate on a potential role of RAS on 5-HT secretion by adrenal mast cells. In support of this hypothesis, our recent in vivo experiments conducted in mice have revealed that activation of circulating RAS by low sodium diet is associated with adrenal upregulation of Tpsb2 gene encoding tryptase, a mast-cell specific protease which reflects mast cell activation [START_REF] Boyer | Dysregulation of Aldosterone Secretion in Mast Cell-Deficient Mice[END_REF]. Moreover, Tpsb2 transcript level is positively correlated with Cyp11b2 gene expression, suggesting a common mechanism controlling these genes or an interdependent relationship between the two.

Interestingly, the mast cell-deficient Kit W-sh/W-sh mouse strain develops an exaggerated aldosterone response to sodium restriction, consecutive to adrenal renin and angiotensin type 1 receptor overexpression [START_REF] Boyer | Dysregulation of Aldosterone Secretion in Mast Cell-Deficient Mice[END_REF]. Activation of adrenal RAS may be regarded as a compensatory mechanism enhancing aldosterone production in the absence of mast cells. It is not known whether similar regulatory system also occurs in human adrenal. Thus, it would be relevant to evaluate the mineralocorticoid function in response to sodium restriction in patients treated with mast cell stabilizers to prevent allergic disorders, or in subjects with mast cell deficiency due to inactivating KIT mutation (i.e. patients with piedbaldism).

Altogether, the present data indicate that adrenal mast cells contribute to the control of mineralocorticoid synthesis in concert with circulating RAS. Nevertheless, the implication of 5-HT in this regulatory system remains to be investigated. Thus, it would be interesting to examine the aldosterone response to sodium restriction in 5-HT-deficient animals, like TPH inhibitor-treated or TPH1-knockout mice [3]. Similarly, it would be worthy of note to test the effect of peripheral TPH inhibitors, currently used in the treatment of carcinoid syndrome, on plasma aldosterone concentration in healthy volunteers under normal and low sodium diets.

5-HT receptors in normal adrenal

Combinations of RT-PCR, immunohistochemical, and pharmacological experiments have revealed species specificities in the adrenal expression of 5-HT receptor subtypes. In particular, the steroidogenic effect of 5-HT is mediated by 5-HT4 receptors in fish, frog and human, whereas 5-HT7 receptors are involved in the aldosterone response to 5-HT in rat [START_REF] Lim | Serotonin directly stimulates cortisol secretion from the interrenals in goldfish[END_REF][START_REF] Lefebvre | Serotonin-induced stimulation of cortisol secretion from human adrenocortical tissue is mediated through activation of a serotonin4 receptor subtype[END_REF][START_REF] Contesse | Activation of 5hydroxytryptamine4 receptors causes calcium influx in adrenocortical cells: involvement of calcium in 5-hydroxytryptamine-induced steroid secretion[END_REF][START_REF] Lenglet | Activation of 5-HT(7) receptor in rat glomerulosa cells is associated with an increase in adenylyl cyclase activity and calcium influx through T-type calcium channels[END_REF] (Figure 1). In contrast, the 5-HT receptors expressed in mouse adrenal have not yet been identified. In all species studied, both adrenal 5-HT4 and 5-HT7 receptors are positively coupled to AMPc/protein kinase A and membrane calcium channels, two transduction pathways that are known to activate steroidogenesis [START_REF] Louiset | Role of cAMP/PKA pathway and T-type calcium channels in the mechanism of action of serotonin in human adrenocortical cells[END_REF][START_REF] Contesse | Activation of 5hydroxytryptamine4 receptors causes calcium influx in adrenocortical cells: involvement of calcium in 5-hydroxytryptamine-induced steroid secretion[END_REF][START_REF] Lenglet | Activation of 5-HT(7) receptor in rat glomerulosa cells is associated with an increase in adenylyl cyclase activity and calcium influx through T-type calcium channels[END_REF].

In human, the distribution of the 5-HT4 receptor, which is abundant in the zona glomerulosa and weakly expressed in zonae fasciculata and reticularis, explains the higher efficacy of 5-HT to stimulate mineralocorticoid than glucocorticoid and androgen production [11,14,[START_REF] Mestre | Illicit upregulation of serotonin signaling pathway in adrenals of patients with high plasma or intraadrenal ACTH levels[END_REF]. The predominant effect of 5-HT on mineralocorticoid synthesis has been confirmed by clinical trials showing that 5-HT4 receptors agonists, such as metoclopramide, cisapride, zacopride, tegaserod and mosapride, increase plasma aldosterone levels without modifying circulating cortisol concentration in healthy volunteers [START_REF] Edwards | In vivo and in vitro studies on the effect of metoclopramide on aldosterone secretion[END_REF][START_REF] Gale | The effect of repeat dosing of mosapride on plasma aldosterone in healthy Japanese volunteers[END_REF][START_REF] Lefebvre | The serotonin-4 receptor agonist cisapride and angiotensin-II exert additive effects on aldosterone secretion in normal man[END_REF][START_REF] Lefebvre | Effect of the serotonin-4 receptor agonist zacopride on aldosterone secretion from the human adrenal cortex: in vivo and in vitro studies[END_REF]. Inhibition of the plasma aldosterone response to cisapride by piboserod, a 5-HT4 receptor antagonist, gave evidence for expression of functional 5-HT4 receptors in aldosterone-producing cells [START_REF] Bharucha | Effects of a serotonin 5-HT(4) receptor antagonist SB-207266 on gastrointestinal motor and sensory function in humans[END_REF]. Unfortunately, the current lack of specific 5-HT4 receptor antagonists available for clinical use hampers in vivo investigation aimed at understanding the physiological role of adrenal 5-HT4 receptors. This problem could be circumvented by submitting healthy volunteers to a diet enriched with L-lysine which has been shown to act as a weak 5-HT4 receptor antagonist [START_REF] Smriga | L-Lysine acts like a partial serotonin receptor 4 antagonist and inhibits serotonin-mediated intestinal pathologies and anxiety in rats[END_REF]. We observed that L-lysine supplementation expectedly decreased the plasma aldosterone response to the 5-HT4 receptor agonist metoclopramide but had no impact on plasma aldosterone adaptation to low sodium diet and upright position [START_REF] Duparc | l-Lysine Acts as a Serotonin Type 4 Receptor Antagonist to Counteract In Vitro and In Vivo the Stimulatory Effect of Serotonergic Agents on Aldosterone Secretion in Man[END_REF]. Thus, the physiological role of adrenal 5-HT released by mast cell and 5-HT4 receptors remains to be established by conducting clinical studies with potent and selective 5-HT receptor antagonists.

It is possible that a serotonergic control of glucocorticoid synthesis may be activated during specific physiological stimuli. In fact, ectopic synthesis of 5-HT and 5-HT7 receptor overexpression in zona fasciculata has been described in rats submitted to chronic immobilization stress [START_REF] García-Iglesias | Sensitization of restraint-induced corticosterone secretion after chronic restraint in rats: involvement of 5-HT₇ receptors[END_REF] (Figure 1). This process might result from activation of the adrenal cortex by the high plasma ACTH levels related to stress. In agreement with this interpretation, adrenals removed from patients with increased plasma ACTH concentrations, i.e. patients with 21-hydroxylase deficiency, Cushing's disease or paraneoplastic Cushing's syndrome, harbour overexpression of TPH and 5-HT4/6/7 receptors [START_REF] Mestre | Illicit upregulation of serotonin signaling pathway in adrenals of patients with high plasma or intraadrenal ACTH levels[END_REF]. Recent data obtained in the rat adrenal suggest that 5-HT synthesis and 5-HT7 receptor expression in the zona fasciculata may also result from the increase in glucocorticoid production induced by stress [START_REF] Saroj | Effect of chronic corticosterone treatment on expression and distribution of serotonin 5-HT7 receptors in rat adrenal glands[END_REF].

Upregulation of the 5-HT signalling pathway in the adrenal may thus be regarded as an adaptive mechanism aimed at potentiating the glucocorticoid response to stress through recruitment of intraadrenal stimulatory signals whose action adds to that of circulating ACTH (Figure 2). Similar serotonergic paracrine inducible systems have been previously reported in other organs. For instance, prolactin and placental lactogen produced during pregnancy, stimulate production of TPH and 5-HT in βpancreatic cells, a process which results in an increase in β-pancreatic cell mass and activation of insulin secretion [3]. In addition, estrogens upregulate the serotonergic signalling pathway in placenta, as glucocorticoids in adrenals [START_REF] Thibeault | Serotonin-estrogen interactions: What can we learn from pregnancy?[END_REF].

Globally, the observation that the adrenocortical function is controlled by 5-HT in adrenals of all studied species, emphasizes its physiological importance. The action of 5-HT seems to be crucial for mineral and/or metabolic homeostasis in particular conditions linked to extreme events, like sodium depletion or chronic stress.

Pathophysiological role of 5-HT in adrenal tumors

Role of 5-HT in aldosterone-producing adenoma

There is increasing evidence that 5-HT plays a significant role in the aldosterone excess in patients with primary aldosteronism, in whom mineralocorticoid secretion is independent of the RAS. In particular, an increase in mast cell density has been reported in aldosterone-producing adenomas (APA), that likely leads to an enhancement of intraadrenal production of 5-HT [11,[START_REF] Duparc | Mast cell hyperplasia is associated with aldosterone hypersecretion in a subset of aldosterone-producing adenomas[END_REF] (Figure 3). The strengthening of the 5-HT-ergic control of the mineralocorticoid function in APAs is also due to abnormal synthesis of 5-HT by a subpopulation of steroidogenic cells [11]. Furthermore, in vitro and in vivo studies revealed that adenoma cells are overresponsive to 5-HT. Indeed, patients with APA show exaggerated plasma aldosterone responses to the 5-HT4 receptor agonists cisapride, metoclopramide and tegaserod in comparison with healthy volunteers [START_REF] Lefebvre | Characterization of serotonin(4) receptors in adrenocortical aldosterone-producing adenomas: in vivo and in vitro studies[END_REF][START_REF] Zwermann | Screening for membrane hormone receptor expression in primary aldosteronism[END_REF][START_REF] Lampron | Regulation of aldosterone secretion by several aberrant receptors including for glucosedependent insulinotropic peptide in a patient with an aldosteronoma[END_REF][START_REF] Grunenwald | In vivo systematic screening for hormone receptors in primary aldosteronism reveals frequent aberrant hormone responsiveness[END_REF]. Hypersensitivity of APAs to 5-HT4 receptor ligands results from overexpression of 5-HT4 receptors. For instance, many reports have described upregulation of 5-HT4 receptors in APAs [11,[START_REF] Lampron | Regulation of aldosterone secretion by several aberrant receptors including for glucosedependent insulinotropic peptide in a patient with an aldosteronoma[END_REF][START_REF] Ye | G-protein-coupled receptors in aldosterone-producing adenomas: a potential cause of hyperaldosteronism[END_REF][START_REF] Williams | Teratocarcinoma-derived growth factor-1 is upregulated in aldosterone-producing adenomas and increases aldosterone secretion and inhibits apoptosis in vitro[END_REF][START_REF] Azizan | Microarray, qPCR, and KCNJ5 sequencing of aldosterone-producing adenomas reveal differences in genotype and phenotype between zona glomerulosa-and zona fasciculata-like tumors[END_REF][START_REF] Itcho | Aberrant G protein-receptor expression is associated with DNA methylation in aldosteroneproducing adenoma[END_REF], that may be explained by hypomethylation of the promoter region of the HTR4 gene, encoding the 5-HT4 receptor [START_REF] Itcho | Aberrant G protein-receptor expression is associated with DNA methylation in aldosteroneproducing adenoma[END_REF]. Hypersensitivity of APAs tissues to 5-HT4 receptor ligands may also be consecutive to abnormal splicing of HT4R transcripts giving rise to an expression pattern of 5-HT4 receptor isoforms different to that observed in normal adrenals [11]. Collectively, these data suggest that targeting the 5-HT pathway may represent an efficient therapeutic approach to decrease aldosterone production in primary aldosteronism. Especially, clinical trials should be conducted to evaluate the effect of peripheral TPH inhibitors and/or 5-HT4 receptor antagonists (when available for human clinical studies) on plasma aldosterone concentrations in patients with APA. Finally, clinical scientists may also take advantage of overexpression of 5-HT4 receptors in APAs to develop new adrenal imaging methods in vivo aimed at determining the lateralization of aldosterone secretion in primary aldosteronism. In fact, positron emission tomography (PET)-scan imaging with radiolabeled 5-HT4R specific ligands has already been used for functional brain imaging in man and adrenals have been successfully visualized in monkeys through this approach [START_REF] Tavares | In vivo evaluation of 18F-MNI698: an 18F-labeled radiotracer for imaging of serotonin 4 receptors in brain[END_REF].

Role of 5-HT in primary Cushing's syndrome

Due to the weak effect of 5-HT on cortisol synthesis in physiological conditions, it was not expected that a 5-HT-ergic regulatory system could significantly influence glucocorticoid secretion by benign adrenal lesions in patients with primary Cushing's syndrome. However, ectopic 5-HT production has been reported in steroidogenic cells in cortisol-producing adenomas (CPA), primary bilateral macronodular adrenal hyperplasia (PBMAH) and primary pigmented nodular adrenocortical disease (PPNAD), responsible for cortisol overproduction [12,14,[START_REF] Mestre | Illicit upregulation of serotonin signaling pathway in adrenals of patients with high plasma or intraadrenal ACTH levels[END_REF][START_REF] Contesse | Abnormal sensitivity of cortisol-producing adrenocortical adenomas to serotonin: in vivo and in vitro studies[END_REF]. This observation seems to result from local synthesis of the monoamine, as shown by abnormal expression of TPH in the adrenal tissues [14,[START_REF] Mestre | Illicit upregulation of serotonin signaling pathway in adrenals of patients with high plasma or intraadrenal ACTH levels[END_REF].

There is now a growing body of evidence showing that locally-produced 5-HT exerts a paracrine stimulatory tone on glucocorticoid secretion: 1) 5-HT is detectable in the incubation medium of PPNAD tissue explants demonstrating the ability of steroidogenic cells to release the amine [14]; 2) 5-HT dose-dependently increases cortisol synthesis in cultured cells derived from patients with CPA, PBMAH and PPNAD, with higher potency and/or efficacy in comparison with normal adrenal [12,14,[START_REF] Mestre | Illicit upregulation of serotonin signaling pathway in adrenals of patients with high plasma or intraadrenal ACTH levels[END_REF][START_REF] Contesse | Abnormal sensitivity of cortisol-producing adrenocortical adenomas to serotonin: in vivo and in vitro studies[END_REF]; 3) the TPH inhibitor p-chlorophenylalanine reduces cortisol production from CPA and PPNAD tissues in vitro [14,[START_REF] Mestre | Illicit upregulation of serotonin signaling pathway in adrenals of patients with high plasma or intraadrenal ACTH levels[END_REF]; 4) the action of 5-HT can be ascribed to abnormal expression of 5-HT4, 5-HT6 and/or 5-HT7 receptors evidenced by RT-Q-PCR and immunohistochemical studies [14, [START_REF] Mestre | Illicit upregulation of serotonin signaling pathway in adrenals of patients with high plasma or intraadrenal ACTH levels[END_REF][START_REF] Louiset | Expression of serotonin7 receptor and coupling of ectopic receptors to protein kinase A and ionic currents in adrenocorticotropin-independent macronodular adrenal hyperplasia causing Cushing's syndrome[END_REF] In vivo, the role of the 5-HT4 receptor in the control of glucocorticoid production was first evidenced by André Lacroix and coworkers in a patient with PBMAH who showed an abnormal plasma cortisol response to the 5-HT4 receptor agonists cisapride and metoclopramide [10]. Similar observations were subsequently reported in series of patients with CPA and PBMAH associated with subclinical or overt hypercortisolism [12,[START_REF] Bourdeau | Aberrant membrane hormone receptors in incidentally discovered bilateral macronodular adrenal hyperplasia with subclinical Cushing's syndrome[END_REF][START_REF] Dall'asta | Assessing the presence of abnormal regulation of cortisol secretion by membrane hormone receptors: in vivo and in vitro studies in patients with functioning and non-functioning adrenal adenoma[END_REF][START_REF] Feelders | Luteinizing hormone (LH)-responsive Cushing's syndrome: the demonstration of LH receptor messenger ribonucleic acid in hyperplastic adrenal cells, which respond to chorionic gonadotropin and serotonin agonists in vitro[END_REF][START_REF] Mannelli | Cushing's syndrome in a patient with bilateral macronodular adrenal hyperplasia responding to cisapride: an in vivo and in vitro study[END_REF][START_REF] Reznik | Aberrant adrenal sensitivity to multiple ligands in unilateral incidentaloma with subclinical autonomous cortisol hypersecretion: a prospective clinical study[END_REF]. Due to the lack of specific ligands for 5-HT6 and 5-HT7 receptors available for clinical studies, the contribution of these receptor subtypes to cortisol overproduction remains unknown.

Recent studies have focused on the mechanism underlying the formation of illicit 5-HT regulatory loop in adrenal lesions. We have previously mentioned that the 5-HT signalling pathway in zona fasciculata represents an inducible system induced by high plasma ACTH levels. Since ACTH acts through melanocortin 2 receptors (MC2R) positively coupled to the cAMP/PKA pathway, we have hypothesized that chronic stimulation of the cAMP/PKA pathway may also trigger this adaptive process (Figure 4). In this respect, it is well established that CPA, PBMAH or PPNAD are frequently associated with constitutive activation of PKA resulting from germline or somatic mutations affecting proteins of the pathway. These mutations include gain-offunction mutations of MC2R, GNAS, PRKACA, PRKACB genes, and inactivation mutations of the PRKAR1A, PDE11A and PDE8B genes [START_REF] Beuschlein | Constitutive Activation of PKA Catalytic Subunit in Adrenal Cushing's Syndrome[END_REF][64][START_REF] Stergiopoulos | Human tumors associated with Carney complex and germline PRKAR1A mutations: a protein kinase A disease![END_REF]. Stimulation of the cAMP/PKA pathway in PBMAH can also result from activation of both MC2R by locally produced ACTH [START_REF] Louiset | Intraadrenal corticotropin in bilateral macronodular adrenal hyperplasia[END_REF] and illicit receptors by their natural ligands [13]. It is also possible that, as in rat under chronic stress, glucocorticoid overproduction in adrenal lesions may favour the emergence of the local 5-HT regulatory system. This process seems to be particularly probable in PPNAD tissues, in which glucocorticoid receptors are overexpressed [START_REF] Bourdeau | Primary pigmented nodular adrenocortical disease: paradoxical responses of cortisol secretion to dexamethasone occur in vitro and are associated with increased expression of the glucocorticoid receptor[END_REF]. In addition, the presence of glucocorticoid responsive elements in the promoter of the HTR6 gene might lead to its upregulation in cortisol-producing adrenal neoplasia [START_REF] Falkenberg | Identification of a potential molecular link between the glucocorticoid and serotonergic signaling systems[END_REF].

In conclusion, all these data indicate that the illicit paracrine serotonergic mechanism occurring in benign adrenal neoplasias, may play a role in the pathogenesis of corticosteroid excess and consequently represent a potential target for pharmacological treatments of hypercorticisms. In this respect, since different 5-HT receptor types are expressed in cortisol-producing adenomas and hyperplasias, the most efficient therapeutic strategy aimed at counteracting in vivo the 5-HTergic tone on cortisol production would be to reduce 5-HT synthesis by using TPH inhibitors rather than blocking 5-HT receptors by specific antagonists. In contrast, 5-HT4 receptor antagonists may be regarded as new potential antialdosterone drugs for the clinical management of primary aldosteronism. This study was the first to identify 5-HT as a paracrine factor stimulating pancreatic beta cell mass during pregnancy. The pancreatic 5-HT regulatory loop represents an adaptive mechanism linking beta cell mass to insulin need during pregnancy. This study describes a causative link between germline PRKAR1A mutations stimulating protein kinase activity, and occurrence of a 5-HT regulatory loop in adrenals. 
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Figure 1 .

 1 Serotonergic control of adrenal steroidogenesis in different species.A, In fish and amphibian adrenals, serotonin (5-HT) produced by chromaffin cells stimulates steroid secretion through a paracrine mechanism involving the 5-HT4 receptor. B-C, In rodent and human adrenals, 5-HT released by mast cell located in zona glomerulosa (ZG) increases aldosterone synthesis via activation of 5-HT7 and 5-HT4 receptors, respectively. In mice, sodium depletion provokes activation of mast cells which might reinforce 5-HT secretion, and subsequently aldosterone production (B). In mammal adrenals, 5-HT influences little or not glucocorticoid secretion in basal conditions. By contrast, huge and prolonged increase in plasma ACTH concentration, due to chronic stress or Cushing's disease, favours expression of genes encoding the rate-limiting enzyme tryptophan hydroxylase (TPH) and 5-HT4, 5-HT6 and/or 5-HT7 receptors in the zona fasciculata (ZF). Upregulation of the 5-HT signalling pathway may thus represent an adaptive mechanism potentiating the glucocorticoid response to ACTH. ZR, zona reticularis; MC2R, melanocortin type 2 receptor, ACTH receptor; DHEA, dehydroepiandrosterone.

Figure 2 .

 2 Figure 2. The serotonergic signalling pathway as an inducible paracrine process in endocrine tissues. A, In response to chronic stress, the increase in plasma ACTH concentration upregulates the 5-HT signalling pathway in mammalian adrenals. Activation of the 5-HT regulatory loop enhances glucocorticoid synthesis. B, During pregnancy, prolactin and placental lactogen stimulate the expression of TPH and 5-HT receptors in β-cells, a phenomenon which results in increased cell proliferation and insulin secretion. Upregulation of 5-HT synthesis and serotonergic receptors represents an adaptive mechanism aimed to potentiate the glucocorticoid response to stress through recruitment of intraadrenal stimulatory signals, and to enhance insulin production in order to counteract insulin resistance related to pregnancy, respectively.

Figure 3 .

 3 Figure 3. Serotonergic control of aldosterone secretion in primary aldosteronism. In aldosterone-producting adenoma (APA), the intraadrenal 5-HT signalling pathway is enhanced as a result of mast cells proliferation, ectopic synthesis of 5-HT in steroidogenic cells, and overexpression of the 5-HT4 receptor.

Figure 4 .

 4 Figure 4. Serotonergic control of cortisol secretion in primary adrenal Cushing's syndrome.A, In physiological conditions, ACTH produced by pituitary cells stimulates cortisol synthesis through activation of MC2-R positively coupled to the adenylyl cyclase (AC)/protein kinase A (PKA) pathway. PKA is an inactive tetramer composed by regulatory (R1α) and catalytic (Cα or Cβ) subunits. In response to ACTH, cAMP produced by AC, binds to regulatory subunits resulting in the release of catalytic subunits. Catalytic subunits then phosphorylate proteins leading to an increase in cortisol synthesis and transcription of target genes. Phosphodiesterases (PDE) degrade cAMP in order to stop signal transduction. B, In patients with primary adrenal Cushing's syndrome, the adrenal cAMP/PKA pathway is reinforced due to i) gain-of-function mutations of PRKACA, PRKACB genes (encoding Cα and Cβ), ii) inactivating mutations of PRKAR1A, PDE11A, PDE8B genes (encoding R1α and PDEs), iii) intraadrenal ACTH production in PBMAH, iv) activation of illicit receptors (LH or GIP receptors). Reinforcement of the cAMP/PKA pathway stimulates expression of genes encoding TPH, 5-HT4, 5-HT6 and/or 5-HT7 receptors giving rise to an illicit 5-HT stimulatory loop that participates in activation of cortisol synthesis.
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