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Introduction

Serotonin (5-hydroxytryptamine or 5-HT) is a monoamine highly conserved throughout evolution. It is derived from the essential amino acid tryptophan, obtained from dietary sources. As a well-known neurotransmitter in the central nervous system (CNS), 5-HT is involved in cognition, attention, emotion, pain, sleep, and arousal, to name a few examples. Yet only a small percentage of the body's 5-HT (∼5%) can be found in the mature brain of mammals: most (∼95%) is found synthesized in the gastrointestinal tract [START_REF] Erspamer | Experimental research on the biological significance of enterochromaffin cells[END_REF][START_REF] Erspamer | Identification of enteramine, the specific hormone of the enterochromaffin cell system, as 5-hydroxytryptamine[END_REF][START_REF] Spohn | Non-conventional features of peripheral serotonin signalling -the gut and beyond, Nature reviews[END_REF]. The cellular effects of 5-HT are exerted through activation of any of 15 different receptors in 7 different classes (5-HT1 to 5-HT7) [START_REF] Hoyer | Molecular, pharmacological and functional diversity of 5-HT receptors[END_REF]. Through these receptors, 5-HT can produce opposing effects that add to the complexity of the serotonergic system. The activity of 5-HT also depends on its extracellular availability, which is partly modulated by the specific membrane 5-HT transporter (SERT). SERT removes secreted 5-HT from the extracellular medium when it is no longer required. Treatments with selective serotonin reuptake inhibitors (SSRIs) such as fluoxetine, by blocking the action of SERT, lead to increased 5-HT extracellular concentrations and signaling [START_REF] Feighner | Mechanism of action of antidepressant medications[END_REF]. The rate-limiting enzyme tryptophan hydroxylase (TPH) that catalyzes conversion of tryptophan into 5hydroxytryptophan (5-HTP), the immediate precursor of 5-HT, is found only in 5-HT-producing cells [START_REF] Cote | Disruption of the nonneuronal tph1 gene demonstrates the importance of peripheral serotonin in cardiac function[END_REF][START_REF] Walther | Synthesis of serotonin by a second tryptophan hydroxylase isoform[END_REF][START_REF] Gutknecht | Spatio-temporal expression of tryptophan hydroxylase isoforms in murine and human brain: convergent data from Tph2 knockout mice[END_REF].

In 2003, the generation of TPH knockout (KO) mice revealed the existence of two isoforms of the enzyme derived from two different genes with a high degree of homology in their amino acid sequences. Since then, it has been shown that peripheral or nonneuronal 5-HT is mainly-but not only, as we shall see-synthesized by the Tph1 isoform in enterochromaffin cells of the gastrointestinal tract, whereas Tph2 participates in neuronal 5-HT synthesis. Because 5-HT does not cross the blood-brain barrier, it is believed that each pool has a discrete set of functions [START_REF] Cote | Disruption of the nonneuronal tph1 gene demonstrates the importance of peripheral serotonin in cardiac function[END_REF][START_REF] Walther | Synthesis of serotonin by a second tryptophan hydroxylase isoform[END_REF].

An important key to the understanding of 5-HT functions and advances in our knowledge was the generation of the Tph1 and Tph2 KO murine models. For the last 15 years, the mouse model selectively deficient in peripheral 5-HT (Tph1 -/-or Tph1 KO), but having normal brain 5-HT levels, has led to the discovery of complete serotonergic systems in unexpected locations and the identification of unforeseen roles of 5-HT, from early development to adult life [START_REF] Cote | Disruption of the nonneuronal tph1 gene demonstrates the importance of peripheral serotonin in cardiac function[END_REF][START_REF] Walther | Synthesis of serotonin by a second tryptophan hydroxylase isoform[END_REF][START_REF] Kim | Serotonin regulates pancreatic beta cell mass during pregnancy[END_REF][START_REF] Paulmann | Intracellular serotonin modulates insulin secretion from pancreatic beta-cells by protein serotonylation[END_REF][START_REF] Stunes | Adipocytes express a functional system for serotonin synthesis, reuptake and receptor activation[END_REF][START_REF] Matsuda | Serotonin regulates mammary gland development via an autocrineparacrine loop[END_REF][START_REF] Chabbi-Achengli | Decreased osteoclastogenesis in serotonin-deficient mice[END_REF][START_REF] Nocito | Platelets and platelet-derived serotonin promote tissue repair after normothermic hepatic ischemia in mice[END_REF][START_REF] Omenetti | Paracrine modulation of cholangiocyte serotonin synthesis orchestrates biliary remodeling in adults, American journal of physiology[END_REF]. This review will focus on peripheral 5-HT, discussing 5-HT synthesis under physiological and pathological states, its role on stem and progenitor cells during development and after, and more specifically its role on hematopoiesis. We will discuss whether modulating 5-HT synthesis and signaling could be a novel tool for the regulation of normal and pathological hematopoiesis.

5-HT synthesis under normal and pathological states

5-HT synthesis

Enterochromaffin cells are scattered throughout the enteric epithelium and, as previously mentioned, produce over 95% of the body's 5-HT. Although earlier studies suggested that enterochromaffin cell activation promotes the release of 5-HT, thereby stimulating gut contractility, Tph1 -/-mice do not experience much difference in gut contractility [START_REF] Li | Essential roles of enteric neuronal serotonin in gastrointestinal motility and the development/survival of enteric dopaminergic neurons[END_REF]. In fact, removal of the mucosa from the colon and hence all release of 5-HT from enterochromaffin cells does not block peristalsis or other major neurogenic motor patterns in the colon [START_REF] Keating | Release of 5-hydroxytryptamine from the mucosa is not required for the generation or propagation of colonic migrating motor complexes[END_REF][START_REF] Spencer | Mechanisms underlying distension-evoked peristalsis in guinea pig distal colon: is there a role for enterochromaffin cells?[END_REF]. This proves that Tph1 dependent 5-HT synthesis and release from the mucosa is not required for the generation of peristalsis. This leaves fundamental unanswered questions about the role played by the prodigious quantities of 5-HT synthesized in enterochromaffin cells. Once synthesized and released by these cells, 5-HT is secreted into the bloodstream, where it is taken up by and accumulates in platelet-dense granules. These granules constitute the main 5-HT reservoir in the organism. As such, 5-HT can be considered a pleiotropic hormone. Although blood platelets contain a large amount of 5-HT, they do not have the ability to synthesize it. Several studies have demonstrated that 5-HT is released by circulating platelets in response to signals including contact with damaged endothelium or ischemia [START_REF] Cote | Recent advances in understanding serotonin regulation of cardiovascular function[END_REF]. Others have suggested that enterochromaffin cells are used to detect luminal stimuli and couple this to the release of 5-HT [START_REF] Bertrand | Serotonin release and uptake in the gastrointestinal tract[END_REF][START_REF] Bulbring | The effect of intraluminal application of 5-hydroxytryptamine and 5-hydroxytryptophan on peristalsis; the local production of 5-HT and its release in relation to intraluminal pressure and propulsive activity[END_REF][22][START_REF] Kidd | Luminal regulation of normal and neoplastic human EC cell serotonin release is mediated by bile salts, amines, tastants, and olfactants, American journal of physiology[END_REF][START_REF] Tsukamoto | Luminally released serotonin stimulates colonic motility and accelerates colonic transit in rats, American journal of physiology[END_REF].

Recently, Bellono and colleagues [START_REF] Bellono | Enterochromaffin Cells Are Gut Chemosensors that Couple to Sensory Neural Pathways[END_REF] have demonstrated that enterochromaffin cells express specific chemosensory receptors that modulate 5-HT-sensitive primary afferent nerve fibers to transduce environmental, metabolic, and homeostatic information from the gut directly to the nervous system. However, this conclusion was based on the use of a 5-HT3 antagonist and 5-HT3 receptors have been shown to exhibit constitutive activity [START_REF] Hu | The 5-HT3B subunit confers spontaneous channel opening and altered ligand properties of the 5-HT3 receptor[END_REF] and potently contribute to the excitability of neurons in the intestinal wall, even when all endogenous 5-HT has been depleted [START_REF] Spencer | Constitutively Active 5-HT Receptors: An Explanation of How 5-HT Antagonists Inhibit Gut Motility in Species Where 5-HT is Not an Enteric Neurotransmitter?[END_REF]. So, direct evidence that endogenous 5-HT release from enterochromaffin cells acts on any sensory nerves in the gut wall is still lacking.

Thorough analysis of the Tph1 -/-mouse model has demonstrated that 5-HT can also be released by other TPH1-expressing cells, such as pancreatic β cells [START_REF] Kim | Serotonin regulates pancreatic beta cell mass during pregnancy[END_REF][START_REF] Paulmann | Intracellular serotonin modulates insulin secretion from pancreatic beta-cells by protein serotonylation[END_REF], adipocytes [START_REF] Stunes | Adipocytes express a functional system for serotonin synthesis, reuptake and receptor activation[END_REF], aortic smooth muscle cells [START_REF] Ni | The existence of a local 5hydroxytryptaminergic system in peripheral arteries[END_REF], breast cells [START_REF] Matsuda | Serotonin regulates mammary gland development via an autocrineparacrine loop[END_REF], and osteoclasts [START_REF] Chabbi-Achengli | Decreased osteoclastogenesis in serotonin-deficient mice[END_REF]. Emerging evidence emphasizes the importance of these "microserotonergic systems" (Figure 1). Under some conditions, locally restricted 5-HT synthesis may play a predominant role [START_REF] Spohn | Non-conventional features of peripheral serotonin signalling -the gut and beyond, Nature reviews[END_REF], in contrast to the traditional view of gut derived 5-HT as a pleiotropic hormone.

5-HT synthesis and hypoxia

It is well known that neuronal 5-HT is involved in anxiety and psychological stress control [29][START_REF] Olivier | Serotonin: a never-ending story[END_REF][START_REF] Jacobs | Structure and function of the brain serotonin system[END_REF]. In light of this, it is intriguing that the importance of peripheral 5-HT has mostly been revealed under local stress conditions, for which its synthesis serves an adaptive purpose. Hence it is tempting to consider peripheral 5-HT a stress sensor or adapter.

The mucosa of the gastrointestinal tract is physiologically subject to large variation in blood perfusion and therefore partial pressure of oxygen as a function of daily dietary intake [START_REF] Taylor | Hypoxia and gastrointestinal disease[END_REF]. Hypoxiainducible factor 1 α (HIF1α) plays a central role in regulating the cellular and systemic homeostatic response to hypoxia [START_REF] Semenza | Life with oxygen[END_REF]. HIF1α isoforms are present in enterochromaffin cells [START_REF] Haugen | Differential signal pathway activation and 5-HT function: the role of gut enterochromaffin cells as oxygen sensors, American journal of physiology[END_REF], suggesting that hypoxia is a physiological process at baseline. In enterochromaffin cells, a hypoxia-responsive element (HRE) has been identified in the TPH1 promoter region [START_REF] Pocock | Hypoxia activates a latent circuit for processing gustatory information in C. elegans[END_REF][START_REF] Rahman | Molecular cloning, characterization and expression of two tryptophan hydroxylase (TPH-1 and TPH-2) genes in the hypothalamus of Atlantic croaker: down-regulation after chronic exposure to hypoxia[END_REF], and 5-HT production and secretion are upregulated through a HIF1α-sensitive mechanism [START_REF] Pocock | Hypoxia activates a latent circuit for processing gustatory information in C. elegans[END_REF]. On the other hand, hyperoxia induced by increasing oxygen to 100% in enterochromaffin cells inhibited HRE-mediated signaling and Tph1 transcription, reduced 5-HT secretion, and significantly lowered HIF1α levels [START_REF] Haugen | Differential signal pathway activation and 5-HT function: the role of gut enterochromaffin cells as oxygen sensors, American journal of physiology[END_REF]. Beyond physiological conditions, in mice models of intestinal ischemia, 5-HT secretion is upregulated through a HIF1α-related mechanism associated with nuclear factor kappa B (NF-κB) pathway activation [START_REF] Brønstad | Hypoxia and gut neuroendocrine cells: the role of HIF-1α, NfκB and serotonin production from enterochromaffin cells in intestinal ischemia[END_REF].

Increased 5-HT secretion [START_REF] Bishop | Increased populations of endocrine cells in Crohn's ileitis[END_REF][START_REF] El-Salhy | Colonic endocrine cells in inflammatory bowel disease[END_REF] and decreased levels of SERT have been observed [START_REF] Coates | Molecular defects in mucosal serotonin content and decreased serotonin reuptake transporter in ulcerative colitis and irritable bowel syndrome[END_REF], while the number of enterochromaffin cells also increases and most cells exhibit HIF1α [START_REF] Kyosola | Rectal mucosal adrenergic innervation and enterochromaffin cells in ulcerative colitis and irritable colon[END_REF].

Neuroepithelial bodies (NEBs) in lungs are bronchopulmonary neuroendocrine cells that are the pulmonary counterparts of enterochromaffin cells. Like enterochromaffin cells, they have chemomechanical functions and serve as airway chemoreceptors [START_REF] Haugen | Differential signal pathway activation and 5-HT function: the role of gut enterochromaffin cells as oxygen sensors, American journal of physiology[END_REF]. When exposed to hypoxia, NEBs synthesize and release 5-HT, which activates vagal afferents and participates in the peripheral autonomous regulation of breathing [START_REF] Cutz | Pulmonary neuroendocrine cell system in pediatric lung disease-recent advances, Pediatric and developmental pathology : the official journal of the[END_REF]. In a rabbit model of lung transplantation for an ischemiareperfusion study, high levels of 5-HT were released during the first 15 minutes after lung harvesting and could be antagonized by 5-HT2B/2C receptor (5-HT2B/2C R) antagonists [START_REF] Arreola-Ramirez | 5-HT Receptor Antagonism Attenuates the Ischemia-Reperfusion Injury After Rabbit Lung Preservation[END_REF]. It is noteworthy that Tph1 alteration is observed as early as 15-30 minutes after hyper-or hypoxia, suggesting that the serotonergic system acts as a first-line adapter [START_REF] Haugen | Differential signal pathway activation and 5-HT function: the role of gut enterochromaffin cells as oxygen sensors, American journal of physiology[END_REF].

Altogether, 5-HT appears to be a local rapid oxygen sensor that may have broad implications in normal and pathological conditions.

5-HT synthesis and tissue injury

Peripheral 5-HT has been involved in numerous biological processes, including vasoconstriction and vasodilatation, changes in metabolic rate, temperature control, inflammation, and fibrosis [START_REF] Berger | The expanded biology of serotonin[END_REF].

Consequently, the restorative regeneration of a functional tissue after injury, which most of these biological processes may require, has been linked to 5-HT synthesis and local secretion.

The adult mammalian liver is a highly regenerative organ that has been used to study 5-HT synthesis and action after tissue injury. In a partial hepatectomy model, peripheral 5-HT is rapidly mobilized in the remnant liver and enhances regeneration of hepatocytes via 5-HT2AR signaling [START_REF] Nocito | Platelets and platelet-derived serotonin promote tissue repair after normothermic hepatic ischemia in mice[END_REF][START_REF] Yokoyama | Regeneration of mouse liver after partial hepatectomy[END_REF]. Platelet-derived 5-HT is involved in the initiation of liver regeneration through the 5-HT2A and 5-HT2B receptors on hepatocytes [START_REF] Lesurtel | Plateletderived serotonin mediates liver regeneration[END_REF], and it plays a key role in hepatic proliferation after major tissue loss. Surprisingly, the cholangiocytes of the hepatic biliary tract have been reported to synthesize 5-HT [START_REF] Omenetti | Paracrine modulation of cholangiocyte serotonin synthesis orchestrates biliary remodeling in adults, American journal of physiology[END_REF] that may be a local source for hepatocyte proliferation. In addition, a complete serotonergic system has been described in sinusoidal hepatic stellate cells that express SERT and release and respond to 5-HT via autocrine and paracrine routes [START_REF] Ruddell | A role for serotonin (5-HT) in hepatic stellate cell function and liver fibrosis[END_REF]. The available data obtained from Tph1 -/-, 5-HT2BR KO, or pharmacological agonists and antagonists suggest that 5-HT/5-HT2AR signaling in hepatocytes is proregenerative, whereas 5-HT2BR signaling via hepatic stellate cells in a fibrogenic environment is antiregenerative [START_REF] Ebrahimkhani | Stimulating healthy tissue regeneration by targeting the 5-HT(2)B receptor in chronic liver disease[END_REF].

Several respiratory diseases characterized by pulmonary fibrosis have been linked to 5-HT deregulation. However, in some conditions, like acute postoperative pulmonary arterial hypertension (PAH), it has been reported that NEBs may be the major source of 5-HT [START_REF] Johnson | Pulmonary neuroendocrine cells. Their secretory products and their potential roles in health and chronic lung disease in infancy[END_REF]. Additionally, Tph1 expression in pulmonary epithelial cells is higher in patients with idiopathic PAH, and it has been hypothesized that activation of extracellular signal-regulated kinases (ERKs) and reactive oxygen species following 5-HT internalization promotes the proliferation of arterial fibroblasts and pulmonary arterial smooth muscle cells [START_REF] Maclean | The serotonin hypothesis of pulmonary hypertension revisited[END_REF][START_REF] Launay | Function of the serotonin 5-hydroxytryptamine 2B receptor in pulmonary hypertension[END_REF]. Whether hypoxia or other factors-including certain drugs (e.g., methysergide, a 5-HT1R agonist and 5-HT2R antagonist [START_REF] Ramirez Rosas | Activation of 5hydroxytryptamine1B/1D/1F receptors as a mechanism of action of antimigraine drugs[END_REF], methotrexate [START_REF] Takano | Methotrexate causes a change in intestinal 5-hydroxytryptamine metabolism in rats[END_REF] or bleomycin [START_REF] Fabre | Modulation of bleomycin-induced lung fibrosis by serotonin receptor antagonists in mice[END_REF], mostly 5-HT2R family antagonists-are triggers of modified 5-HT signaling remains unknown.

However, these reports highlight that 5-HT is particularly sensitive to local tissue injury in several models.

5-HT, embryogenesis and stem cells

5-HT and embryogenesis

In mice, once they have formed in the aorta-gonad-mesonephros (AGM) region by embryonic day 10.5 (E10.5), hematopoietic stem/progenitor cells migrate to the yolk sac and later to the placenta, expanding in the fetal liver before colonizing the bone marrow prior to birth [START_REF] Dzierzak | Placenta as a source of hematopoietic stem cells[END_REF][START_REF] Taoudi | Functional identification of the hematopoietic stem cell niche in the ventral domain of the embryonic dorsal aorta[END_REF][START_REF] Mikkola | The journey of developing hematopoietic stem cells[END_REF]. The placenta has been recognized as a site of hematopoiesis supporting the development of hematopoietic stem cells (HSCs) [START_REF] Lee | Placenta as a newly identified source of hematopoietic stem cells[END_REF][START_REF] Gekas | The placenta is a niche for hematopoietic stem cells[END_REF]. But as an animal matures, bone marrow assumes the task of forming the majority of blood cells for the organism as a whole. The extrinsic and intrinsic regulatory factors controlling hematopoietic stem/progenitor cells development are still not completely understood. It is also not clear whether such factors act in a locally restricted paracrine fashion, or if stem cell production and homeostasis can be remotely modulated-for instance, hormonally. Finally, the search for novel regulators is an ongoing challenge for the development of therapeutic approaches in regenerative medicine.

Among its many roles, 5-HT is a powerful mitogen that has been shown to promote neuro- [START_REF] Vitalis | The role of serotonin in early cortical development[END_REF][START_REF] Deneris | Serotonin neuron development: shaping molecular and structural identities, Wiley interdisciplinary reviews[END_REF][START_REF] Khodanovich | Effects of Fluoxetine on Hippocampal Neurogenesis and Neuroprotection in the Model of Global Cerebral Ischemia in Rats[END_REF] and angiogenesis [START_REF] Nemecek | Stimulation of aortic smooth muscle cell mitogenesis by serotonin[END_REF][START_REF] Zamani | Serotonin activates angiogenic phosphorylation signaling in human endothelial cells[END_REF]. During embryonic development in mice, where the mitogenic action of 5-HT is particularly important, several studies have reported the presence of components of the serotonergic system [START_REF] Shuey | Serotonin and morphogenesis. Transient expression of serotonin uptake and binding protein during craniofacial morphogenesis in the mouse[END_REF][START_REF] Cote | Maternal serotonin is crucial for murine embryonic development[END_REF], including 5-HT2BR and SERT as early as E8 [START_REF] Walther | Synthesis of serotonin by a second tryptophan hydroxylase isoform[END_REF] and E9 [START_REF] Hoyer | Molecular, pharmacological and functional diversity of 5-HT receptors[END_REF]. These data indicate that 5-HT is needed by the embryo before the latter is capable of synthesizing it. It has also been shown that serotonergic drugs have the ability to interfere with development [START_REF] Shuey | Serotonin as a regulator of craniofacial morphogenesis: site specific malformations following exposure to serotonin uptake inhibitors[END_REF]. For instance, 5-HT dose-dependently stimulates the migration of neural crest cells in culture through the 5-HT1A and 5-HT2B receptors in mice. In addition, 5-HT uptake inhibitors have been shown to inhibit neural crest cell migration and ectomesenchyme proliferation in complete embryos cultured in vitro, causing severe craniofacial malformations and suggesting that 5-HT acts as a morphogen [START_REF] Shuey | Serotonin as a regulator of craniofacial morphogenesis: site specific malformations following exposure to serotonin uptake inhibitors[END_REF]. Some reports argue for a role played by maternally derived 5-HT during development, whereas others suggest a role played by placentally derived 5-HT [START_REF] Cote | Maternal serotonin is crucial for murine embryonic development[END_REF][START_REF] Bonnin | A transient placental source of serotonin for the fetal forebrain[END_REF][START_REF] Kliman | Pathway of Maternal Serotonin to the Human Embryo and Fetus[END_REF]. Recently, Laurent and colleagues used immunohistochemistry to demonstrate that villous and extravillous cytotrophoblasts, syncytiotrophoblasts, and fetal capillaries expressed TPH1 in mouse and human placenta throughout pregnancy [START_REF] Laurent | Human placenta expresses both peripheral and neuronal isoform of tryptophan hydroxylase[END_REF]. Within an organ, the presence of 5-HT synthesis, uptake, and receptors is proposed as a complete serotonergic system. The data therefore demonstrated the presence of such a system in the placenta and de novo placental synthesis of 5-HT throughout pregnancy. Whether 5-HT is of maternal (paracrine) or placental (autocrine) origin during embryonic development-and whether an interaction between these two sources exists-is still a subject of debate.

5-HT and stem cells

There are a large variety of stem cells. Having the potential to self-renew and the ability to differentiate, stem cells play essential roles at multiple stages of development. In the early embryo, pluripotent stem cells are progenitors of all tissues; whereas, later in development, tissue-restricted stem cells give rise to cells with highly specialized functions. Stem cells are the focus of fascinating investigations in science and medicine because of their potential to regenerate and repair damaged tissue [START_REF] Mahla | Stem Cells Applications in Regenerative Medicine and Disease Therapeutics[END_REF]. And in hematology, stem cells are widely used for treatments such as bone marrow or peripheral stem cell transplantation [START_REF] Gratwohl | Hematopoietic stem cell transplantation activity in Europe[END_REF]. As mentioned before, 5-HT plays a role in embryogenic development, and it also seems to have broad regenerative properties, as discussed below [START_REF] Lesurtel | Plateletderived serotonin mediates liver regeneration[END_REF][START_REF] Seuwen | Serotonin as a growth factor[END_REF][START_REF] Fanburg | A new role for an old molecule: serotonin as a mitogen[END_REF].

Matsuda et al. demonstrated that mouse mammary glands are able to synthesize 5-HT and contain a complex serotonergic regulatory system [START_REF] Matsuda | Serotonin regulates mammary gland development via an autocrineparacrine loop[END_REF]. This local serotonergic system appears to play an important role in the development of mammary gland and homeostatic control of lactation.

Another cell-autonomous serotonergic system can be found in bone, where Chabbi-Achengli et al.

identified 5-HT as a regulator of osteoclast differentiation and function [START_REF] Chabbi-Achengli | Decreased osteoclastogenesis in serotonin-deficient mice[END_REF]. Interestingly, they found that 5-HT was synthesized by osteoclast precursors, suggesting that 5-HT may be important not only for mature cells, but also for precursor cells.

Similarly, Ayme-Dietrich et al. established the role of 5-HT in cardiac valve remodeling through bone marrow mobilization of endothelial progenitors that express 5-HT2BR, in mice and humans [START_REF] Ayme-Dietrich | The role of 5-HT2B receptors in mitral valvulopathy: bone marrow mobilization of endothelial progenitors[END_REF].

These cells can be recruited in the cardiac valve, where they are responsible for valve lesions. This discovery parallels findings concerning pulmonary hypertension, in which a similar mechanism involving bone marrow progenitors had previously been demonstrated [START_REF] Launay | Serotonin 5-HT2B receptors are required for bone-marrow contribution to pulmonary arterial hypertension[END_REF].

In a mice model of multiple sclerosis, Ghareghani et al. found that the SSRI fluvoxamine significantly increased cell viability and proliferation of neural stem cells [START_REF] Ghareghani | Fluvoxamine stimulates oligodendrogenesis of cultured neural stem cells and attenuates inflammation and demyelination in an animal model of multiple sclerosis[END_REF]. Physiological concentrations of fluvoxamine induced remarkably efficient differentiation of neural stem cells into oligodendrocytes, astrocytes, and neurons.

Moreover, in mouse pulp-derived stem cell lines and in a rat model of pulp injury, Baudry et al. described a major role for 5-HT in stem cell-mediated dental repair through the 5-HT2 and 5-HT7 receptors [START_REF] Baudry | Essential Roles of Dopamine and Serotonin in Tooth Repair: Functional Interplay Between Odontogenic Stem Cells and Platelets[END_REF]. They demonstrated that pulp-derived stem cells were able to synthesize, catabolize, and store 5-HT, even though a bulk release of 5-HT by platelets upon pulp injury seemed essential for pulpal stem cell-based dental repair. They suggested that within the pulp, 5-HT and dopamine receptor-dependent signaling act in concert to impose stem cell quiescence and/or regulate the balance between self-renewal and differentiation. In response to pulp injury, and through a systemic 5-HT/dopamine "damage" signal, receptor-bearing stem cells involved in dentin reparation would be forced to leave their quiescent state and differentiate in order to participate in dentin repair.

5-HT and hematopoiesis

5-HT and hematopoietic stem cells

Little is known regarding the mechanism of action of 5-HT during hematopoiesis. As discussed below, it was long ago hypothesized that 5-HT had a strong erythropoietic effect in mice through stimulation of the 5-HT2 receptor family [START_REF] Lowy | Stimulation by serotonin of erythropoietin-dependent erythropoiesis in mice[END_REF][START_REF] Noveck | Erythropoietic effects of 5-hydroxytryptamine[END_REF]. Since then, several studies have considered its action on hematopoietic stem/progenitor cells. Some suggested a molecular interrelation of neuronal and hematopoietic signaling mechanisms in primary human CD34 + hematopoietic stem and progenitor cells [START_REF] Steidl | Primary human CD34+ hematopoietic stem and progenitor cells express functionally active receptors of neuromediators[END_REF]. In particular, the presence of the 5-HT1FR on CD34 + cells suggested a possible neuronal regulation of immature hematopoietic progenitors [START_REF] Skurikhin | Role of the central nervous system in hemopoiesis regulation during experimental neuroses[END_REF].

Along that line, during embryogenesis, 5-HT has been found to impact HSCs in mice [START_REF] Lv | 5-hydroxytryptamine synthesized in the aorta-gonadmesonephros regulates hematopoietic stem and progenitor cell survival[END_REF] and zebrafish [START_REF] Kwan | The Central Nervous System Regulates Embryonic HSPC Production via Stress-Responsive Glucocorticoid Receptor Signaling[END_REF]. Surprisingly, in zebrafish, Kwan et al. showed that 5-HT synthesis induced by a stress signal in the brain promoted the formation of blood at a rather distant site (dorsal aorta) [START_REF] Kwan | The Central Nervous System Regulates Embryonic HSPC Production via Stress-Responsive Glucocorticoid Receptor Signaling[END_REF]. During early zebrafish development, hematopoietic stem/progenitor cells proliferation may be modulated by distant neurotransmitter activity, such as a hypoxic stress-induced central serotonergic neurotransmitter acting on Tph2 via the hypothalamic-pituitary-adrenal/interrenal (HPA/I) axis and local glucocorticoid-glucocorticoid receptor activity. Lv et al., using the Tph2 -/-mouse model, proposed that 5-HT synthesized by Tph2 in the AGM regulates hematopoietic stem/progenitor cells survival [START_REF] Lv | 5-hydroxytryptamine synthesized in the aorta-gonadmesonephros regulates hematopoietic stem and progenitor cell survival[END_REF].

Both studies argue that a Tph2 neuronal signal was responsible for the development of hematopoietic stem/progenitor cells during early embryonic development. In contrast, Kirouac et al reported that HSC expansion correlated with G-protein-coupled receptor neurotransmitter signaling (especially the 5-HT2R family), giving further support to the concept of microserotonergic systems. Specifically, an endogenous serotonergic signal of nonneuronal origin produced by hematopoietic progenitor cells may be acting as an autocrine/paracrine factor to regulate the fate of hematopoietic progenitors through 5-HT receptors [START_REF] Kirouac | Dynamic interaction networks in a hierarchically organized tissue[END_REF].

In vitro stimulation with 5-HT is able to induce the expansion of cultured human umbilical cord blood CD34 + cells, yielding early stem/progenitors (CD34 + , CFU-GEMM) and multi-lineage-committed progenitors (BFU-E/CFU-E, CFU-GM, CFU-M) [START_REF] Yang | Promoting effects of serotonin on hematopoiesis: ex vivo expansion of cord blood CD34+ stem/progenitor cells, proliferation of bone marrow stromal cells, and antiapoptosis[END_REF]. Additionally, 5-HT stimulates bone marrow stromal cell formation [START_REF] Yang | Promoting effects of serotonin on hematopoiesis: ex vivo expansion of cord blood CD34+ stem/progenitor cells, proliferation of bone marrow stromal cells, and antiapoptosis[END_REF]. A few studies have further shown that neurotransmitters such as dopamine or 5-HT can improve in vitro proliferation and in vivo engraftment of hematopoietic stem/progenitor cells [START_REF] Kirouac | Dynamic interaction networks in a hierarchically organized tissue[END_REF][START_REF] Yang | Promoting effects of serotonin on hematopoiesis: ex vivo expansion of cord blood CD34+ stem/progenitor cells, proliferation of bone marrow stromal cells, and antiapoptosis[END_REF][START_REF] Spiegel | Stem cell regulation via dynamic interactions of the nervous and immune systems with the microenvironment[END_REF][START_REF] Spiegel | Catecholaminergic neurotransmitters regulate migration and repopulation of immature human CD34+ cells through Wnt signaling[END_REF]. In a xenograft model, 5-HT has been shown to increase proliferation and mobility of human CD34 + cells derived from cord blood or circulating blood after mobilization with granulocytecolony stimulating factor (G-CSF) [START_REF] Spiegel | Catecholaminergic neurotransmitters regulate migration and repopulation of immature human CD34+ cells through Wnt signaling[END_REF], suggesting an additional role for 5-HT in HSC mobilization.

5-HT and hematopoietic progenitors

Erythroid progenitors and megacaryocytes

It has been assumed for a long time that progenitors for platelets (megakaryocytes) and erythroid cells (Burst-Forming Unit and Colony Forming Unit aka BFU-E and CFU-E) differentiate from a shared precursor, namely the megakaryocyte-erythroid progenitor (MEP). Although recently immunophenotyping strategies have permitted the identification of specific intermediate progenitor populations in erythro-megakaryopoiesis [START_REF] Seuwen | Serotonin as a growth factor[END_REF], it is tempting to suggest that the serotonergic system may be implicated in the two lineages. In fact, the first hematopoietic cells studied in connection with the serotonergic system were megakaryocytes, due to the well-known link between 5-HT and platelets. In mice and humans [START_REF] Yang | Serotonin stimulates megakaryocytopoiesis via the 5-HT2 receptor, Blood coagulation & fibrinolysis : an international[END_REF][START_REF] Yang | Serotonin uptake, storage and metabolism in megakaryoblasts[END_REF], it was found that 5-HT promoted mitogenesis in megakaryocytes through 5-HT2 receptors and exerted an antiapoptotic effect on the megakaryocyte lineage [START_REF] Yang | Promoting effects of serotonin on hematopoiesis: ex vivo expansion of cord blood CD34+ stem/progenitor cells, proliferation of bone marrow stromal cells, and antiapoptosis[END_REF]. Further studies demonstrated that 5-HT promoted megakaryopoiesis and proplatelet formation through ERK signaling and F-actin reorganization [START_REF] Ye | Serotonin enhances megakaryopoiesis and proplatelet formation via p-Erk1/2 and F-actin reorganization[END_REF]. The contribution of 5-HT signaling pathways via the 5-HT2BR present on hematopoietic stem cell (c-Kit+) in the bone marrow also revealed an intrinsic role on c-Kit+ progenitors in the context of hypoxia-induced vascular remodeling as observed in pulmonary hypoxia [START_REF] Launay | Serotonin 5-HT2B receptors are required for bone-marrow contribution to pulmonary arterial hypertension[END_REF][START_REF] Gambaryan | Targeting of c-kit+ haematopoietic progenitor cells prevents hypoxic pulmonary hypertension[END_REF].

The hypothesis that 5-HT could play a role in erythropoiesis was proposed decades ago. In 1970, Lowly et al. demonstrated that subcutaneous administration of 5-HT in mice led to an increase in hematocrit that was erythropoietin (EPO)-dependent [START_REF] Lowy | Stimulation by serotonin of erythropoietin-dependent erythropoiesis in mice[END_REF]. More recently, studies have also suggested the presence of Tph1 in erythroid progenitors, promoting their self-renewal [START_REF] Zhang | ZFP36L2 is required for selfrenewal of early burst-forming unit erythroid progenitors[END_REF][START_REF] Kolbus | Cooperative signaling between cytokine receptors and the glucocorticoid receptor in the expansion of erythroid progenitors: molecular analysis by expression profiling[END_REF][START_REF] Lee | PPAR-alpha and glucocorticoid receptor synergize to promote erythroid progenitor self-renewal[END_REF][START_REF] Flygare | HIF1alpha synergizes with glucocorticoids to promote BFU-E progenitor self-renewal[END_REF]. Analysis of Tph1 -/- mice led to important findings about the role of 5-HT in erythropoiesis and red blood cell (RBC) survival [START_REF] Amireault | Serotonin is a key factor for mouse red blood cell survival[END_REF][START_REF] Amireault | Life without peripheral serotonin: insights from tryptophan hydroxylase 1 knockout mice reveal the existence of paracrine/autocrine serotonergic networks[END_REF][START_REF] Amireault | Ineffective erythropoiesis with reduced red blood cell survival in serotonin-deficient mice[END_REF]. It was demonstrated that as young adults, peripheral 5-HT-deficient mice developed macrocytic anemia due to ineffective bone marrow erythropoiesis, with hampered progression of precursors towards terminal differentiation and shortened survival of mature RBCs [START_REF] Amireault | Ineffective erythropoiesis with reduced red blood cell survival in serotonin-deficient mice[END_REF]. In vitro experiments with isolated Tph1 -/-erythroid precursors showed they have a decreased proliferative capacity that is restored by addition of 5-HT [START_REF] Amireault | Ineffective erythropoiesis with reduced red blood cell survival in serotonin-deficient mice[END_REF], suggesting they possess the capacity to synthesize 5-HT. The local production of 5-HT within bone marrow is an intense field of research. This locally produced 5-HT could act as a paracrine or autocrine agent, possibly activating the 5-HT2A and 5-HT2B receptors identified on erythroid precursors in mice [START_REF] Launay | Serotonin 5-HT2B receptors are required for bone-marrow contribution to pulmonary arterial hypertension[END_REF].

5-HT in hematopoietic diseases and future applications for SSRI therapy

The data discussed above suggest that 5-HT exerts a local effect through microserotonergic systems, that it has regenerative properties possibly arising from a direct role on progenitor or stem cells, and that its action on progenitor or stem cells is required mainly after an injury. As we have seen, all these findings can be applied to the hematopoietic system, in normal and pathological hematopoiesis.

The question that arises is whether the potential source of 5-HT in the bone marrow could be used as a mitogen to regulate hematopoietic stem/progenitor cells maintenance and regeneration after various types of injury. In addition, as it has been demonstrated that 5-HT plays an important role on different hematopoietic lineages, we might wonder whether SSRI treatment could have an impact on the engraftment, function, and/or mobilization of HSCs. We will next discuss the possible role of 5-HT in hematopoietic diseases, as well as potential future applications for SSRI therapy (Figure 2).

5-HT and hematopoietic stem cell stimulation

Autologous or allogeneic hematopoietic stem cell transplantation (HSCT) are major therapies for several hematologic and some non-hematologic malignant disorders. Most autologous and nearly 3/4 of allogeneic HSCT are performed with HSC collected in the peripheral blood after mobilization. It is therefore important to properly mobilize donors, to obtain a sufficient amount of CSH for the transplant. However, up to 30% of healthy donors or patients are failing standard mobilization [START_REF] To | How I treat patients who mobilize hematopoietic stem cells poorly[END_REF].

Interestingly, a report has suggested the involvement of dopaminergic or adrenergic neurotransmitters in the regulation of hematopoietic stem and progenitor cell, precisely on motility, proliferation and repopulation [START_REF] Spiegel | Catecholaminergic neurotransmitters regulate migration and repopulation of immature human CD34+ cells through Wnt signaling[END_REF]. Indeed, norepinephrine has been shown to increase the mobilization of HSC and to induce the downregulation of CXCL12, a chemokine essential for maintaining stem cells within the bone marrow. The use of a β-2-adrenergic agonist augmented this mobilization [START_REF] Spiegel | Catecholaminergic neurotransmitters regulate migration and repopulation of immature human CD34+ cells through Wnt signaling[END_REF].

As discussed before, 5-HT has a role in cardiac valve remodeling through bone marrow mobilization of endothelial progenitors [START_REF] Ayme-Dietrich | The role of 5-HT2B receptors in mitral valvulopathy: bone marrow mobilization of endothelial progenitors[END_REF], and has been shown to increase proliferation and mobility of human CD34 + cells [START_REF] Spiegel | Catecholaminergic neurotransmitters regulate migration and repopulation of immature human CD34+ cells through Wnt signaling[END_REF]. Hence SSRI treatment might have clinical applications on HSCs therapies where increase 5-HT level may help mobilization and/or engraftment of HSCs for autologous or allogeneic HSCT [START_REF] Kirouac | Dynamic interaction networks in a hierarchically organized tissue[END_REF][START_REF] Yang | Promoting effects of serotonin on hematopoiesis: ex vivo expansion of cord blood CD34+ stem/progenitor cells, proliferation of bone marrow stromal cells, and antiapoptosis[END_REF][START_REF] Spiegel | Stem cell regulation via dynamic interactions of the nervous and immune systems with the microenvironment[END_REF][START_REF] Spiegel | Catecholaminergic neurotransmitters regulate migration and repopulation of immature human CD34+ cells through Wnt signaling[END_REF]. SSRI treatment could also help to improve HSC function, since some data suggest a positive impact of 5-HT on HSCs' proliferation or differentiation [START_REF] Yang | Promoting effects of serotonin on hematopoiesis: ex vivo expansion of cord blood CD34+ stem/progenitor cells, proliferation of bone marrow stromal cells, and antiapoptosis[END_REF]. This beneficial effect might also be related to a positive effect of 5-HT on the bone marrow microenvironment [START_REF] Yang | Promoting effects of serotonin on hematopoiesis: ex vivo expansion of cord blood CD34+ stem/progenitor cells, proliferation of bone marrow stromal cells, and antiapoptosis[END_REF]. This could be of importance in several situations leading to a differentiation blockade, such as drug-induced agranulocytosis, or in autoimmune or chemotherapy-induced bone marrow aplasia.

5-HT, anemia and depression

Anemia is a debilitating, highly prevalent condition with heterogeneous causes and widely varying prognoses. As mentioned before, we demonstrated that erythroid precursors are sensitive to 5-HT [START_REF] Amireault | Ineffective erythropoiesis with reduced red blood cell survival in serotonin-deficient mice[END_REF]. In parallel, it is known that 5-HT affects mood, and that low levels are associated with the onset of depression. Furthermore, varying levels of its precursor, tryptophan, are likely to influence 5-HT availability. In addition, it has long been hypothesized that the kynurenine pathway of tryptophan metabolism mediates both genetic and environmental mechanisms of depression. The recent publication by Vulser and colleagues showing a robust association between depression and anemia, is of further support of the emerging link between lower 5-HT levels and anemia [START_REF] Vulser | Association between depression and anemia in otherwise healthy adults[END_REF]. SSRI therapy could therefore find an application in several clinical situations where correction of anemia is challenging, or where anemia impacts the patients' quality of life. The use of SSRI with the aim of correcting both anemia and depression could be a very promising strategy. MDSs were found to be associated with greater tryptophan breakdown and higher kynurenine levels, implying that enhanced tryptophan metabolism and elevated levels of kynurenine metabolites in patients' sera could inhibit hematopoietic progenitor amplification [START_REF] Berthon | Metabolites of tryptophan catabolism are elevated in sera of patients with myelodysplastic syndromes and inhibit hematopoietic progenitor amplification[END_REF]. This enhanced breakdown of tryptophan may have an impact on hematopoiesis through a reduction in 5-HT synthesis, as it has been documented in patients with anemia of inflammation [START_REF] Weiss | Possible role of cytokineinduced tryptophan degradation in anaemia of inflammation[END_REF].

In patients with lower-risk MDSs, where anemia is a major sign, Rivero et al. observed greater overall survival among patients treated with SSRIs, including fluoxetine [START_REF] Li | Significant improvement in overall survival among patients diagnosed with low-risk myelodysplastic syndrome treated with selective serotonin reuptake inhibitors[END_REF]. The authors suggest that SSRI administration could exerts a cytokine regulatory effect leading to improved ineffective hematopoiesis, such that low-risk myelodysplastic patients may benefit from SSRI treatment.

5-HT, myelodysplastic syndromes and inflammation

In MDSs, apoptosis and immune deregulation have been shown to play a role in the development of medullary hypoplasia and cytopenia. SSRI, by decreasing pro-inflammatory cytokines such as IL-6, TNFα and IFNγ, could be beneficial in several situations where inflammation is deleterious, such as MSDs but also other inflammatory diseases.

Consistently, a neuro-inflammatory response is detected in a large number of patients suffering from depression, with features including an increase of pro-inflammatory cytokines (IL-1, IL-6, TNFα) [START_REF] Baranyi | Revisiting the tryptophan-serotonin deficiency and the inflammatory hypotheses of major depression in a biopsychosocial approach[END_REF][START_REF] Dowlati | A meta-analysis of cytokines in major depression[END_REF]. This neuro-inflammatory response, along with the observation that many symptoms developed in chronic inflammation are similar to the symptoms presented by depressive patients (lack of movement, indifference, self-neglect and reduced intake of food), led to the inflammatory and neurodegeneration hypothesis of major depression [START_REF] Baranyi | Revisiting the tryptophan-serotonin deficiency and the inflammatory hypotheses of major depression in a biopsychosocial approach[END_REF][START_REF] Kelley | Cytokineinduced sickness behavior[END_REF]. This data supports the hypothesis that SSRIs could be of interest in various inflammatory diseases.

Discussion and conclusion

Animal models play a crucial role in helping us understand basic cellular biological phenomena.

Since the discovery of the second Tph isoform, an important key to the understanding of 5-HT functions both in the CNS and in the periphery has been the use of KO mice models. Detailed analysis of the mouse model selectively deficient in peripheral 5-HT (Tph1 -/-or Tph1 KO) suggested that local physiological serotonergic networks might exist not exclusively in the gut but also in the placenta and the bone marrow, where they would be involved in hematopoietic stem/progenitor cells proliferation.

However, the possibility that gut-derived 5-HT or neuronal 5-HT exerts an activity on hematopoietic stem/progenitor cells proliferation during early embryonic development is not excluded. Albeit within an organ or a specific cell type, local Tph enzymatic activity, followed by endogenous production of 5-HT and the presence of serotonergic components (receptors, SERT) are of importance and support the view that 5-HT is a monoamine with a paracrine/autocrine function. Hence, a locally derived source of 5-HT acting directly on 5-HT receptors present on HSCs does not require an intermediate signal such as the one observed in zebrafish embryos where 5-HT synthesized by Tph2 in the CNS regulates embryonic HSPC production via a glucocorticoid receptor signaling [START_REF] Kwan | The Central Nervous System Regulates Embryonic HSPC Production via Stress-Responsive Glucocorticoid Receptor Signaling[END_REF].

Whether peripheral 5-HT could be considered as a stress sensor or adapter and whether targeting the serotonergic system could be of therapeutic value are questions of high interest, still some questions remain unanswered. One concern can be how to specifically increase 5-HT concentration locally, for instance in the bone marrow for the development of HSCs. Available molecules include 5-HT receptors specific agonists and antagonists, or SSRI, however whether these drugs could increase extracellular concentrations and signaling of 5-HT in the bone marrow remains unknown. Timing is also an important concern as it seems that 5-HT is critical at specific checkpoints, or after an injury.

Altogether, the serotonergic system may be a promising therapeutic target with broad regenerative capacity to regulate stem cell maintenance and regeneration following various types of injury.
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 35 HT and myelodysplastic syndromes related anemia Myelodysplastic syndromes (MDSs) are a heterogeneous group of clonal hematopoietic stem cell disorders characterized by dysplastic changes in the bone marrow, ineffective hematopoiesis resulting in cytopenias, and an increased risk of developing acute myeloid leukemia. MDSs are sporadic diseases affecting predominantly the elderly, with a median age of diagnosis of over 70 years, and generally having a poor prognosis.
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5-HT synthesis during a specific period may be viewed as a stress sensor or adapter to local injury.

Peripheral 5-HT may be involved in the proliferation/maturation/survival of hematopoietic stem and progenitor cells through a local serotonergic system present in the bone marrow.

Legend Figure 2.

General overview of hematopoiesis and potential benefits of the increase of 5-HT levels by SSRIs.