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 POMC/AgRP and MCH neurons are born during embryonic life  Differentiation of POMC/AgRP and MCH neurons is controlled by transcription factors, morphogen proteins, and epigenetic modulators  POMC/AgRP and MCH wiring occurs pre-

Introduction

The hypothalamus is an essential component of neuroendocrine and pre-autonomic circuits that regulate a variety of physiological and behavioral functions, such as energy homeostasis. Empirical experiments using physical or chemical lesions of specific hypothalamic loci and studies using genetic neuron-and circuit-specific approaches have revealed that the hypothalamic regulation of energy homeostasis involves a distributed and interconnected neural network that contains specialized neurons located in the arcuate nucleus (ARH), the ventromedial nucleus (VMH), the dorsomedial nucleus (DMH), the paraventricular nucleus (PVH), and the lateral hypothalamic area (LHA) [START_REF] Bouret | Gene-Environment Interactions Controlling Energy and Glucose Homeostasis and the Developmental Origins of Obesity[END_REF]. The ARH is the primary site for integrating nutrient signals and hormonal cues such as leptin, insulin, and ghrelin. The best-studied ARH neuronal populations are neurons that co-express agouti-related peptide (AgRP) and neuropeptide Y (NPY) and neurons that produce pro-opiomelanocortin (POMC). These two neuronal populations compose the melanocortin system. Notably, mutations of components of the melanocortin system (i.e., POMC or its downstream receptor MC4-R) are the most common monogenic disorders that cause obesity in humans [START_REF] Coll | The Hormonal Control of Food Intake[END_REF]. A discrete population of POMC neurons is also found in the nucleus of the solitary tract (NTS) in the brainstem. POMC and AgRP/NPY exert antagonistic effects on food intake regulation: AgRP/NPY neurons are orexigenic, whereas POMC neurons are anorexigenic. Both NPY/AgRP-and POMC-containing neurons send extensive axonal projections to other hypothalamic nuclei, including the PVH, DMH, and LHA that in turn project to other intra-and extra-hypothalamic sites to regulate feeding. Projections to the PVH are particularly important because this nucleus is the most thoroughly characterized hypothalamic interface between the endocrine, autonomic and somatomotor systems that influence feeding behavior and energy metabolism [START_REF] Sawchenko | Toward a new neurobiology of energy balance, appetite, and obesity: the anatomists weigh in[END_REF][START_REF] Sawchenko | The organization of forebrain afferents to the paraventricular and supraoptic nuclei of the rat[END_REF]. MCH neurons in the LHA represent a key neuronal interface relaying information between the hypothalamus and the hippocampus and midbrain to regulate cognitive aspects of feeding and food reward, respectively [START_REF] Diniz | The Melanin-Concentrating Hormone as an Integrative Peptide Driving Motivated Behaviors[END_REF]. In this chapter, we will describe the major steps and molecular factors underlying the development of POMC, AgRP/NPY, and MCH neurons.

Ontogenesis of hypothalamic neuropeptidergic systems involved in metabolic regulations

Ontogenesis of POMC and AgRP/NPY neurons

The hypothalamic primordium arises from cells located in the ventral tube of the diencephalon at embryonic day (E) 9 in the mouse and E10 in the rat. Cells that compose hypothalamic nuclei are primarily derived from precursor cells located in the proliferative zone, which is in the inner and the lower portion of the third ventricle and is also known as the neuroepithelium of the third ventricle [START_REF] Sauer | Mitosis in the neural tube[END_REF]. Birth dating approaches using the thymidine analog bromodeoxyuridine 5-bromo-2′-deoxyuridine (BrdU) indicated that the majority of POMC and AgRP/NPY neurons in the mouse ARH are born primarily on E11-E12 [START_REF] Khachaturian | Development of hypothalamic opioid neurons: A combined immunocytochemical and [3H]thymidine autoradiographic study[END_REF][START_REF] Padilla | Pomc-expressing progenitors give rise to antagonistic neuronal populations in hypothalamic feeding circuits[END_REF]. However, some POMC neurons, located more laterally in the ARH, are generated as late as E13.

Gene expression studies showed that neurons in the presumptive ARH begin to express Pomc mRNA on E10-E12, whereas Npy mRNA expression is not observed until E13-E14 [START_REF] Díaz | Ontogenesis of peptidergic neurons within the genoarchitectonic map of the mouse hypothalamus[END_REF][START_REF] Padilla | Pomc-expressing progenitors give rise to antagonistic neuronal populations in hypothalamic feeding circuits[END_REF]. These observations suggest an early determination of Pomc cell fate. Intriguingly, genetic cell lineage tracing studies revealed that only a portion of embryonic Pomc-expressing precursors adopts a POMC fate in adult mice. About half of the Pomc-expressing precursors acquire a non-POMC fate in adult mice, and nearly one-quarter of the mature NPY neurons in the ARH share a common progenitor with POMC cells [START_REF] Padilla | Pomc-expressing progenitors give rise to antagonistic neuronal populations in hypothalamic feeding circuits[END_REF]. These data show the unique property of Pomc-expressing progenitors with respect to giving rise to antagonistic neuronal populations.

The development of axonal projections from the arcuate nucleus begins prenatally. As early as E14, there are long descending POMC-immunopositive projections that follow a longitudinal route towards the upper thoracic spinal cord (Figure 1). It is possible that these projections develop earlier than E14 because levels of melanocortin receptor (Mc4r) mRNA increased significantly in the upper thoracic spinal cord at E12 (Figure 1). Intra-hypothalamic ARH projections develop postnatally with arcuate inputs found in the DMH and PVH between postnatal day (P) 6 and P10 in mice (Bouret et al., 2004a). A mature pattern of innervation of the LHA by arcuate axons is first apparent at P12. Immunohistochemical techniques confirmed that projections immunopositive for AgRP are immature at birth and develop mainly during the second week of postnatal life in rats [START_REF] Grove | Postnatal development of the hypothalamic neuropeptide Y system[END_REF]. The same temporal pattern was observed for the development of intra-hypothalamic POMC projections in mice (Nilsson et al., 2005b). Electrophysiological studies reported an age-dependent increase in the neurophysiological response of specific sets of PVH neurons to melanocortins, with a maximal response observed at P28-P35. These observations suggest that synapses between POMC and AgRP axons and PVH target neurons continue to build until puberty [START_REF] Melnick | Developmental switch in neuropeptide Y and melanocortin effects in the paraventricular nucleus of the hypothalamus[END_REF].

Ontogenesis of MCH neurons

MCH neurons have a relatively long neurogenic period. The majority of MCH neurons are born at E12-13 in rats and E10 in mice, but some as late as E16 in rats and E14 in mice (Brischoux et al., 2001b;[START_REF] Croizier | A Comparative Analysis Shows Morphofunctional Differences between the Rat and Mouse Melanin-Concentrating Hormone Systems[END_REF]. MCH neurons are generated in two waves showing an outside-in gradient, with MCH neurons located next to the third ventricle generated after those located close to the cerebral peduncle (Brischoux et al., 2001a) [START_REF] Risold | The development of the MCH system[END_REF] (Croizier et al., 2011b). In addition, pro-MCH mRNA and MCH immunoreactivity are detected in the LHA as early as E13 in rats and E11 in mice, consistent with an early determination of MCH cell fate [START_REF] Díaz | Ontogenesis of peptidergic neurons within the genoarchitectonic map of the mouse hypothalamus[END_REF]. MCH neurons in the LHA begin to send axonal projections embryonically around E11-12 (Croizier et al., 2011b), including descending projections towards the upper thoracic spinal cord, a region enriched in the MCH receptor Mchr1 (Figure 1).

Adult neurogenesis

Although adult neurogenesis was originally thought to be restricted to the hippocampus and the subventricular zones including the olfactory bulbs [START_REF] Gage | Neurogenesis in the adult brain[END_REF], accumulating evidence now indicates that constitutive neurogenesis can also be observed in the adult hypothalamus [START_REF] Kokoeva | Neurogenesis in the Hypothalamus of Adult Mice: Potential Role in Energy Balance[END_REF][START_REF] Kokoeva | Evidence for constitutive neural cell proliferation in the adult murine hypothalamus[END_REF]. These newly-generated neurons arise from at least two types of glial cells: the radial glia-like ependymal cells that are lining the wall of the 3 rd ventricle, also called tanycytes [START_REF] Lee | Tanycytes of the hypothalamic median eminence form a diet-responsive neurogenic niche[END_REF][START_REF] Rizzoti | Pivotal role of median eminence tanycytes for hypothalamic function and neurogenesis[END_REF][START_REF] Robins | α-Tanycytes of the adult hypothalamic third ventricle include distinct populations of FGFresponsive neural progenitors[END_REF], and from 'reprogrammed' astrocytes [START_REF] Griffiths | Adult neurogenesis from reprogrammed astrocytes[END_REF]. These newborn neurons play an essential role in health as blocking adult hypothalamic neurogenesis causes altered metabolic outcomes, including increased body weight [START_REF] Kokoeva | Neurogenesis in the Hypothalamus of Adult Mice: Potential Role in Energy Balance[END_REF][START_REF] Lee | Tanycytes of the hypothalamic median eminence form a diet-responsive neurogenic niche[END_REF]. A subset of these newborn neurons become leptin-sensitive cells [START_REF] Kokoeva | Neurogenesis in the Hypothalamus of Adult Mice: Potential Role in Energy Balance[END_REF], but it is still unknown whether they also acquire a POMC, AgRP/NPY, or MCH phenotype. Of note, adult cell proliferation is induced in the hypothalamus of a mouse model in which AgRP neurons undergo progressive neurodegeneration due to deletion of mitochondrial transcription factor A, and some of these newly generated cells differentiate into AgRP neurons [START_REF] Pierce | De Novo Neurogenesis in Adult Hypothalamus as a Compensatory Mechanism to Regulate Energy Balance[END_REF]. required for this developmental process [START_REF] Acampora | Progressive impairment of developing neuroendocrine cell lineages in the hypothalamus of mice lacking the Orthopedia gene[END_REF][START_REF] Kimura | The T/ebp null mouse: thyroid-specific enhancer-binding protein is essential for the organogenesis of the thyroid, lung, ventral forebrain, and pituitary[END_REF][START_REF] Wang | The murine Otp homeobox gene plays an essential role in the specification of neuronal cell lineages in the developing hypothalamus[END_REF]. The homeobox gene Nkx2-1, also known as thyroid transcription factor 1 (Ttf-1), plays a particularly important role in ARH specification.

Molecular programs of hypothalamic neurons development

Ablation of Nkx2-1 impairs the formation of the ventral hypothalamic primordium resulting in the absence of ARH formation [START_REF] Kimura | The T/ebp null mouse: thyroid-specific enhancer-binding protein is essential for the organogenesis of the thyroid, lung, ventral forebrain, and pituitary[END_REF][START_REF] Marín | Patterning of the basal telencephalon and hypothalamus is essential for guidance of cortical projections[END_REF].

Expression of Nkx2-1 in postmitotic cells suggests that it further plays a role in the differentiation and maintenance of ARH neurons in the ventral portion of the hypothalamus [START_REF] Sussel | Loss of Nkx2.1 homeobox gene function results in a ventral to dorsal molecular respecification within the basal telencephalon: evidence for a transformation of the pallidum into the striatum[END_REF][START_REF] Yee | Arcuate nucleus expression of NKX2.1 and DLX and lineages expressing these transcription factors in neuropeptide Y+, proopiomelanocortin+, and tyrosine hydroxylase+ neurons in neonatal and adult mice[END_REF]. Supporting this idea, deficiency in

Nkx2.1 prior to the onset of Pomc expression markedly reduces Pomc cell numbers [START_REF] Orquera | The Homeodomain Transcription Factor NKX2.1 Is Essential for the Early Specification of Melanocortin Neuron Identity and Activates Pomc Expression in the Developing Hypothalamus[END_REF]. However, the number of NPY neurons is not affected in Nkx2.1 knockout mice, and POMC neuronal cell number is not affected if Nkx2.1 deletion occurs in postmitotic Pomc neurons [START_REF] Orquera | The Homeodomain Transcription Factor NKX2.1 Is Essential for the Early Specification of Melanocortin Neuron Identity and Activates Pomc Expression in the Developing Hypothalamus[END_REF]. The LIM-homeodomain transcription factor Islet 1 (Isl1) is up-regulated in hypothalamic Nkx2.1 progenitor cells at E10, i.e., just before the onset of neuropeptide expression [START_REF] Lee | The LIM-homeobox transcription factor Isl1 plays crucial roles in the development of multiple arcuate nucleus neurons[END_REF][START_REF] Nasif | Islet 1 specifies the identity of hypothalamic melanocortin neurons and is critical for normal food intake and adiposity in adulthood[END_REF].

Consistent with the role of Isl1 in the phenotypic determination of ARH neurons, loss-offunction studies revealed that Isl1 promotes the terminal differentiation of Pomc, Agrp, and Npy expression [START_REF] Lee | The LIM-homeobox transcription factor Isl1 plays crucial roles in the development of multiple arcuate nucleus neurons[END_REF][START_REF] Nasif | Islet 1 specifies the identity of hypothalamic melanocortin neurons and is critical for normal food intake and adiposity in adulthood[END_REF]. In contrast, deletion of the transcription factors Dlx1/2 in Nkx2.1-expressing progenitors increases Agrp expression without affecting Pomc expression [START_REF] Lee | Dlx1/2 and Otp coordinate the production of hypothalamic GHRH-and AgRPneurons[END_REF]. More in-depth molecular studies revealed that Dlx1/2 controls Agrp expression by binding to and repressing the expression of the homeodomain transcription factor orthopedia (Otp), which is also known to influence ARH morphogenesis [START_REF] Acampora | Progressive impairment of developing neuroendocrine cell lineages in the hypothalamus of mice lacking the Orthopedia gene[END_REF][START_REF] Lee | Dlx1/2 and Otp coordinate the production of hypothalamic GHRH-and AgRPneurons[END_REF][START_REF] Wang | The murine Otp homeobox gene plays an essential role in the specification of neuronal cell lineages in the developing hypothalamus[END_REF]. Thus, the loss of Otp in Agrp neurons results in a dramatic reduction in the number of Agrp mRNA-expressing cells [START_REF] Hu | Development and characterization of an Otp conditional loss of function allele[END_REF]. Notably, Otp expression is absent in the hypothalamus of Isl1 knockout embryos [START_REF] Nasif | Islet 1 specifies the identity of hypothalamic melanocortin neurons and is critical for normal food intake and adiposity in adulthood[END_REF] suggesting that, in addition to Dlx1/2, Isl1 is also required for the expression of Otp in the future ARH. Sonic hedgehog (Shh), SIX Homeobox 3 (Six3), and the retinal anterior neural fold homeobox (Rax) were also identified as critical regulators of ventral hypothalamus development and POMC development. Shh signaling increases Nkx2-1 expression [START_REF] Manning | Regional Morphogenesis in the Hypothalamus: A BMP-Tbx2 Pathway Coordinates Fate and Proliferation through Shh Downregulation[END_REF] and deletion of Shh in Nkx2-1 progenitors affects the development of POMC neurons [START_REF] Shimogori | A genomic atlas of mouse hypothalamic development[END_REF]. Six3 is a regulator of forebrain development, including the hypothalamus [START_REF] Lagutin | Six3 repression of Wnt signaling in the anterior neuroectoderm is essential for vertebrate forebrain development[END_REF][START_REF] Mackay | Embryonic development of the hypothalamic feeding circuitry: Transcriptional, nutritional, and hormonal influences[END_REF], and is required for Shh expression [START_REF] Geng | Haploinsufficiency of Six3 fails to activate Sonic hedgehog expression in the ventral forebrain and causes holoprosencephaly[END_REF]. Finally, Rax is also important for the formation of the ventral neural tube. Mice lacking Rax in Six3expressing cells do not show ventral hypothalamic Nkx2.1 expression and never express POMC [START_REF] Lu | Rax is a selector gene for mediobasal hypothalamic cell types[END_REF].

The Oligodendrocyte transcription factor family (Olig1 and Olig2) are basic helixloop-helix (bHLH) transcription factors highly expressed in the periventricular regions of the brain, such as the hypothalamus [START_REF] Takebayashi | Dynamic expression of basic helix-loop-helix Olig family members: implication of Olig2 in neuron and oligodendrocyte differentiation and identification of a new member, Olig3[END_REF][START_REF] Zhou | Identification of a novel family of oligodendrocyte lineage-specific basic helix-loop-helix transcription factors[END_REF].

Lineage tracing experiments indicated that some POMC and NPY cells derive from Olig1

progenitors [START_REF] Peng | BMP receptor 1A regulates development of hypothalamic circuits critical for feeding behavior[END_REF]. The majority of Olig1 progenitors also express Bone morphogenetic protein receptor 1A (Bmpr1A) [START_REF] Peng | BMP receptor 1A regulates development of hypothalamic circuits critical for feeding behavior[END_REF] [START_REF] Aujla | Notch/Rbpjκ signaling regulates progenitor maintenance and differentiation of hypothalamic arcuate neurons[END_REF][START_REF] Mcnay | Mash1 Is Required for Generic and Subtype Differentiation of Hypothalamic Neuroendocrine Cells[END_REF]. In addition, mice with a constitutively active Notch1 intracellular domain show a complete loss in POMC and NPY neurons [START_REF] Aujla | Notch/Rbpjκ signaling regulates progenitor maintenance and differentiation of hypothalamic arcuate neurons[END_REF], mirroring the effects of Mash1 deficient mice [START_REF] Mcnay | Mash1 Is Required for Generic and Subtype Differentiation of Hypothalamic Neuroendocrine Cells[END_REF].

Research groups successfully differentiated either mouse or human embryonic stem cells (mESCs, and hESCs, respectively) into hypothalamic progenitors expressing NKX2.1, RAX, OTP and SIM1, but not the telencephalic marker FOXG1 [START_REF] Merkle | Generation of neuropeptidergic hypothalamic neurons from human pluripotent stem cells[END_REF][START_REF] Wataya | Minimization of exogenous signals in ES cell culture induces rostral hypothalamic differentiation[END_REF]. Using this approach, they found that these hypothalamic progenitors could give rise to a-MSH (POMC) and AgRP neurons.

Recently, by using the state-of-the-art single-cell transcriptomics performed on hypothalamic Pomc-expressing cells at different embryonic and postnatal ages, Low's group recapitulated the data collected over the years that are described above on hypothalamic gene patterning and POMC neuron differentiation [START_REF] Yu | Developmental single-cell transcriptomics of hypothalamic POMC neurons reveal the genetic trajectories of multiple neuropeptidergic phenotypes[END_REF]. After deep bioinformatic analysis, they identified 8 distinct neuronal clusters, displaying low to high levels of Pomc gene expression, and showed that some of them were somehow related to transcriptomes obtained from adult ARH cells. For instance, cluster 1 showed high expression of Pomc, and notably contained Isl1, Nkx2.1, Prdm12 and Tbx3 expression, and also Nr5a1, Nr0b1 (Dax1) and Shh. This cluster is considered as containing the direct precursors of canonical POMC neurons in adult hypothalamus, with 66% of them projecting to a cluster characterized by Pomc/Ttr expression in adult mice.

Another cluster, showing low Pomc expression, displayed gradual onset of Tac2, Ar, Esr1, Tacr3, Prlr, PDyn, Sox14 and Kiss1 expression. 93% of cells belonging to the latter cluster project to the adult cluster characterized by Kiss1/Tac2 expression, confirming that reproduction-related KNDY neurons arise from Pomc progenitors as already described using in vivo cell lineage tracing [START_REF] Yu | Developmental single-cell transcriptomics of hypothalamic POMC neurons reveal the genetic trajectories of multiple neuropeptidergic phenotypes[END_REF].

MCH neurons

In contrast to arcuate POMC and AgRP/NPY neurons, little is known about the differentiation of LHA neurons, including MCH neurons. In rats, MCH neurons in the LHA are generated in a territory of the germinative neuroepithelium characterized by the expression of Nkx2.1 and Nkx2.2 and under the control of the morphogen protein Shh (Croizier et al., 2011a) (Figure 2). Szabo et al. showed that the number of pmchexpressing neurons is dramatically reduced in mice lacking Shh [START_REF] Szabó | Role of neuroepithelial Sonic hedgehog in hypothalamic patterning[END_REF], Croizier et al. confirmed, using RT-qPCR, that pmch mRNA levels are reduced in Shhdeficient mice at E13 (Croizier et al., 2011a). In addition, they showed that exposing embryos either ex vivo or in vivo to cyclopamine, a Shh pathway inhibitor, causes a significant decrease in pmch mRNA levels (Croizier et al., 2011a). In the paper from Merkle et al. described in 3.1.1, the authors were also able to differentiate hypothalamic progenitors from hESCs into MCH neurons [START_REF] Merkle | Generation of neuropeptidergic hypothalamic neurons from human pluripotent stem cells[END_REF].

Epigenetic modulators (miRNAs and DNA methylation)

As described above, Pomc-expressing progenitors in the ARH have the unique property to differentiate into functional mature NPY neurons [START_REF] Padilla | Pomc-expressing progenitors give rise to antagonistic neuronal populations in hypothalamic feeding circuits[END_REF]. Recent data investigated the molecular mechanisms involved in this developmental switch and identified miR-103/107 as candidates involved in Pomc progenitors differentiation (Figure 2). Loss of the microRNA(miRNA)-processing enzyme Dicer increases the proportion of Pomc progenitors acquiring an NPY phenotype [START_REF] Croizier | Central Dicer-miR-103/107 controls developmental switch of POMC progenitors into NPY neurons and impacts glucose homeostasis[END_REF].

Moreover, miR-103/107 silencing, specifically, decreases the number of Pomcexpressing cells and increases the proportion of Pomc progenitors differentiating into NPY neurons [START_REF] Croizier | Central Dicer-miR-103/107 controls developmental switch of POMC progenitors into NPY neurons and impacts glucose homeostasis[END_REF]. Postnatal maintenance of Pomc and Npy peptidergic identity also depends on the expression of the transcription factor T-box 3 (Tbx3) [START_REF] Quarta | Functional identity of hypothalamic melanocortin neurons depends on Tbx3[END_REF]. miRNAs can regulate gene expression by targeting transcription factors [START_REF] Arora | miRNA-transcription factor interactions: a combinatorial regulation of gene expression[END_REF]. Based on this observation, it would be interesting to study whether there is a link between miRNAs, Tbx3, and Pomc and Npy gene expression.

Other epigenetic mechanisms, such as DNA methylation and histone modifications, can also regulate gene expression and neuronal differentiation [START_REF] Mo | Epigenomic Signatures of Neuronal Diversity in the Mammalian Brain[END_REF]. DNA methylation occurs primarily at cytosine-guanine (CG) dinucleotides (CpG methylation) and is usually associated with condensed heterochromatin and subsequent gene silencing or reduced gene expression [START_REF] Jones | Functions of DNA methylation: islands, start sites, gene bodies and beyond[END_REF]. A widespread increase in CpG methylation has been shown in mouse hypothalamic neurons from birth to weaning, particularly at neurodevelopmental genes, suggesting that DNA methylation plays an active role in hypothalamic development by epigenetically silencing genes [START_REF] Li | Major epigenetic development distinguishing neuronal and non-neuronal cells occurs postnatally in the murine hypothalamus[END_REF]. The importance of epigenetic regulation of POMC neurons in nutritional programming was first demonstrated by Plagemann and colleagues who studied the methylation status of CpG dinucleotides of the Pomc promoter in rats raised in small litters. They found that postnatal overfeeding resulted in higher Pomc promoter methylation, including the CpG dinucleotides within the two Sp1-related binding sequences (Sp1, NF-κB) that are critical for leptin's effects on Pomc gene expression [START_REF] Plagemann | Hypothalamic proopiomelanocortin promoter methylation becomes altered by early overfeeding: an epigenetic model of obesity and the metabolic syndrome[END_REF]. Similarly, an increased Pomc DNA methylation is found in animals from obese dams [START_REF] Marco | Overweight and CpG methylation of the Pomc promoter in offspring of high-fat-diet-fed dams are not "reprogrammed" by regular chow diet in rats[END_REF] [START_REF] Zheng | Maternal and post-weaning high-fat, high-sucrose diet modulates glucose homeostasis and hypothalamic POMC promoter methylation in mouse offspring[END_REF][START_REF] Gali Ramamoorthy | Maternal overnutrition programs epigenetic changes in the regulatory regions of hypothalamic Pomc in the offspring of rats[END_REF]. These animal studies have been confirmed in humans, with a publication

showing that childhood obesity is also associated with Pomc hypermethylation [START_REF] Kuehnen | An Alu Element-Associated Hypermethylation Variant of the POMC Gene Is Associated with Childhood Obesity[END_REF]. The epigenetic mechanism of DNA methylation is established in neurons during the perinatal period by de novo DNA methyltransferases (DNMT) [START_REF] Feng | Dynamic expression of de novo DNA methyltransferases Dnmt3a and Dnmt3b in the central nervous system[END_REF]. Maternal obesity caused a reduction in hypothalamic Dnmt1 expression in the offspring [START_REF] Desai | Programmed hyperphagia in offspring of obese dams: Altered expression of hypothalamic nutrient sensors, neurogenic factors and epigenetic modulators[END_REF]. Moreover, a recent study from MacKay and collaborators showed that the loss of Dnmt3a in AgRP neurons caused a cell type-specific disruption of DNA methylation and developmental gene expression resulting in a lower physical activity set point [START_REF] Mackay | DNA methylation in AgRP neurons regulates voluntary exercise behavior in mice[END_REF]. To our knowledge, there haven't yet been studies that investigated the importance of miRNAs or other epigenetic mechanisms in the developmental regulation of MCH neurons.

Axon wiring molecules

Axons grow by sending out a highly plastic and sensitive structure called a "growth cone," which travels toward the target and trails behind it the elongating neurite. Growing axons must then choose a path to follow and decide the direction to go on this path to innervate the proper nucleus (e.g., the PVH or the spinal cord). The pathways are defined by cell-cell interactions and diffusible chemorepulsive and chemoattractive cues [START_REF] Kolodkin | Mechanisms and molecules of neuronal wiring: a primer[END_REF][START_REF] Tessier-Lavigne | The molecular biology of axon guidance[END_REF].

POMC and AgRP/NPY neurons

The (Nilsson et al., 2005a).

MCH neurons

During fetal development, MCH neurons first send projections towards posterior areas of the brain through the interaction between the chemoattractive protein Netrin1, and its receptor Dcc expressed by MCH neurons (Croizier et al., 2011b). Around E14, when the telencephalic area develop, MCH axons suddenly shift in direction: although MCH axons are attracted by Netrin1 expressed in the ventral telencephalon, they are also pushed out the hypothalamus by Slit2, a repulsive cue that exerts its effects through its binding with Robo2 receptor which is expressed by MCH neurons (Croizier et al., 2011b).

Further studies are required to thoroughly explore how the MCH system develops and assess the functional consequences of developmental alterations of MCH circuits.

Autophagy

Axonal growth involves a dynamic remodeling of cytosolic structures and requires protein degradation and turnover to replace damaged organelles and proteins. The maintenance of cell function and growth is achieved with autophagy, which is an important cellular degradation system that engulfs parts of the cytoplasm and organelles within double-membrane vesicles, known as autophagosomes, to turnover and recycle these cellular constituents [START_REF] Klionsky | Autophagy: from phenomenology to molecular understanding in less than a decade[END_REF]. This cellular process is also critical in the supply of nutrients for survival during starvation [START_REF] Komatsu | Impairment of starvation-induced and constitutive autophagy in Atg7-deficient mice[END_REF]. Constitutive autophagy is detected in the hypothalamus, including in arcuate POMC neurons, during critical periods of axon growth and development [START_REF] Coupe | Loss of Autophagy in Pro-opiomelanocortin Neurons Perturbs Axon Growth and Causes Metabolic Dysregulation[END_REF] (Figure 2). Loss of the autophagy-related protein (Atg) gene Atg7 disrupts the maturation of POMC axonal projections and causes lifelong metabolic perturbations [START_REF] Coupe | Loss of Autophagy in Pro-opiomelanocortin Neurons Perturbs Axon Growth and Causes Metabolic Dysregulation[END_REF]. The adipocyte-derived hormone leptin is a critical neurotrophic factor for POMC circuits [START_REF] Bouret | Distinct Roles for Specific Leptin Receptor Signals in the Development of Hypothalamic Feeding Circuits[END_REF]Bouret et al., 2004b) (see paragraph 3.6), and a direct crosstalk has been described between leptin and hypothalamic autophagy during perinatal life (Park et al., 2020). Moreover, the loss of autophagy in POMC neurons exacerbates the metabolic and neurodevelopmental deficits observed in leptin-deficient ob/ob mice further supporting a role for autophagy in mediating the trophic effects of leptin [START_REF] Park | The endoplasmic reticulum stress-autophagy pathway controls hypothalamic development and energy balance regulation in leptin-deficient neonates[END_REF].

Primary cilia

The primary cilium is a cellular signaling system that plays an important role in brain development and function. It is an organelle found on the cell surface of most mammalian cells, including hypothalamic neurons, to gather information about their environment [START_REF] Fuchs | Neuronal primary cilia: a review[END_REF]. During embryonic development, primary cilia are important mediators of Shh, which is, as described above, a critical regulator of the ventral patterning of the hypothalamus [START_REF] Carreno | Hypothalamic sonic hedgehog is required for cell specification and proliferation of LHX3/LHX4 pituitary embryonic precursors[END_REF]. Moreover, a strong interaction between primary cilia and autophagy has been reported, including in the developing hypothalamus [START_REF] Lee | Primary cilia mediate early life programming of adiposity through lysosomal regulation in the developing mouse hypothalamus[END_REF]. Cilia are observed in hypothalamic neurons as early as at E12, and the number and length of primary cilia gradually increase thereafter to reach an adult-like pattern at P14 [START_REF] Lee | Primary cilia mediate early life programming of adiposity through lysosomal regulation in the developing mouse hypothalamus[END_REF]. Loss of cilia formation in developing POMC neurons, but not in adult POMC neurons, increases body weight, fat mass, and food intake, reduces energy expenditure, and alters glucose homeostasis during adult life [START_REF] Lee | Primary cilia mediate early life programming of adiposity through lysosomal regulation in the developing mouse hypothalamus[END_REF]. A reduction in the number of POMC neurons is observed in juvenile mice lacking primary cilia on POMC neurons, but POMC cell numbers are normal in adult mutant mice. This reduction in POMC cell numbers during the preweaning period is attributed to a decrease in neurogenesis during embryonic development (in opposition to an effect on apoptosis), and the adult normalization in POMC cell number is attributed to a compensatory increase in neurogenesis after weaning [START_REF] Lee | Primary cilia mediate early life programming of adiposity through lysosomal regulation in the developing mouse hypothalamus[END_REF]. A loss of primary cilia also alters axonal and dendritic growth, resulting in a reduced density of POMC fibers innervating the PVH, DMH, and LHA [START_REF] Lee | Primary cilia mediate early life programming of adiposity through lysosomal regulation in the developing mouse hypothalamus[END_REF] (Figure 2). It also blocks the ability of leptin to exert its neurotrophic effects on POMC projections in ob/ob mice [START_REF] Lee | Primary cilia mediate early life programming of adiposity through lysosomal regulation in the developing mouse hypothalamus[END_REF]. Because a subpopulation of Pomc progenitor cells also gives birth to NPY neurons (see above and [START_REF] Padilla | Pomc-expressing progenitors give rise to antagonistic neuronal populations in hypothalamic feeding circuits[END_REF])), it is not surprising that mice lacking primary cilia from embryonic POMC neurons also display a reduction in NPY cell numbers and NPY fibers innervating the PVH [START_REF] Lee | Primary cilia mediate early life programming of adiposity through lysosomal regulation in the developing mouse hypothalamus[END_REF]. Whether primary cilia are also involved in the development of MCH neurons remains to be investigated, but it is worth noting that MCH positively controls cilia beat frequency, specifically in the ventral third ventricle [START_REF] Conductier | Melanin-concentrating hormone regulates beat frequency of ependymal cilia and ventricular volume[END_REF].

Peripheral regulators

Given their anatomical location at the proximity of the median eminence where the peripheral-to-hypothalamus crosstalk takes place, POMC and AgRP/NPY are well known to be the target of a wide variety of peripheral signals such as hormones and nutrients, including during perinatal development. Receptors for metabolic hormones are expressed in the developing hypothalamus, and hormones including leptin, insulin, ghrelin, GLP1, and amylin appear to influence the development of POMC and AgRP/NPY neurons (Figure 2). Postnatal development of POMC and AgRP circuits is disrupted in mice genetically lacking the adipocyte-derived hormone leptin (ob/ob mice) (Bouret et al., 2004b) and the neurotrophic effect of leptin on POMC/AgRP projections requires both leptin receptor->STAT3 and leptin receptor->MAPK/ERK signaling [START_REF] Bouret | Distinct Roles for Specific Leptin Receptor Signals in the Development of Hypothalamic Feeding Circuits[END_REF]. Similarly, administration of the incretin glucagon-like peptide 1 (GLP1) receptor agonist exendin-4 during the first week of postnatal life decreases the density of NPY fibers innervating the PVH while genetic deletion of Glp1r in Sim1 neurons of the PVH reduces AgRP/NPY projections and increases POMC projections to the PVH [START_REF] Rozo | Neonatal GLP1R activation limits adult adiposity by durably altering hypothalamic architecture[END_REF]. The pancreatic hormone amylin also appears to influence the development of POMC neurons. During prenatal development, amylin acts through RMAP1-3 to influence neurogenesis of POMC neurons [START_REF] Li | Amylin receptor insensitivity impairs hypothalamic POMC neuron differentiation in the male offspring of maternal high-fat diet-fed mice[END_REF]. Moreover, the loss of amylin or Ramp1/3 disrupts the postnatal development of POMC and AgRP projections to the PVH [START_REF] Lutz | Amylin Selectively Signals Onto POMC Neurons in the Arcuate Nucleus of the Hypothalamus[END_REF]. Another pancreatic hormone that appears to exert neurotrophic effects on hypothalamic neurons is insulin. Direct exposure of the fetal hypothalamic explants ex vivo with insulin promotes axon growth [START_REF] Toran-Allerand | Estrogen and insulin synergism in neurite growth enhancement in vitro: mediation of steroid effects by interactions with growth factors?[END_REF]. In addition, although the genetic loss of insulin receptors in POMC neurons does alter their development in normal conditions, it prevents the HFD-induced disruption of POMC projections to the pre-autonomic compartment of the PVH [START_REF] Vogt | Neonatal Insulin Action Impairs Hypothalamic Neurocircuit Formation in Response to Maternal High-Fat Feeding[END_REF]. In contrast to leptin, GLP1, amylin, and insulin that all appear to promote the development of POMC and/or AgRP/NPY neurons, the gut-derived hormone ghrelin inhibits POMC and AgRP axon outgrowth. Mice injected with an anti-ghrelin compound neonatally display increased densities of POMC-and AgRP-containing axons innervating the PVH [START_REF] Steculorum | Ghrelin programs development of hypothalamic feeding circuits[END_REF].

Future work is required to determine whether factors, such as glucocorticoids, serotonin, endocannabinoids, and nutrients, which are known to influence POMC and AgRP/NPY neuronal activity and plasticity during adult life [START_REF] Toda | POMC Neurons: From Birth to Death[END_REF]) also alter neonatal development of these neurons.

Synapse formation

The development of functional neuronal circuits involves additional steps with the formation, the maturation and the stabilization of synaptic inputs. Synapses are composed of presynaptic and postsynaptic elements, glial cells processes including those of astrocytes and tanycytes [START_REF] Langlet | Tanycyte-like cells form a blood-cerebrospinal fluid barrier in the circumventricular organs of the mouse brain[END_REF], microglia, and the extracellular matrix [START_REF] Verkhratsky | Astroglial cradle in the life of the synapse[END_REF]. In the rodent hypothalamus, a major wave of synaptogenesis occurs during postnatal ages [START_REF] Matsumoto | Developmental changes in synaptic formation in the hypothalamic arcuate nucleus of female rats[END_REF]) coinciding with astrogliogenesis [START_REF] Pellegrino | GnRH neurons recruit astrocytes in infancy to facilitate network integration and sexual maturation[END_REF], which is known to promote synaptogenesis. These observations suggest that this astroglial cradle could play an essential role in the development of hypothalamic circuits although future studies are required to specifically test this hypothesis.

In the hypothalamus, during the early postnatal period, NPY neurons of the ARH have low numbers of GABAergic synaptic inputs, and the inhibitory tone into NPY neurons increases in adult mice. By P13, the number of excitatory inputs shows similar levels as described in adults [START_REF] Baquero | Developmental changes in synaptic distribution in arcuate nucleus neurons[END_REF], on the contrary of the number of glutamatergic inputs into POMC neurons that gradually increases between P6 and P22 [START_REF] Gervais | EphrinB1 modulates glutamatergic inputs into POMC-expressing progenitors and controls glucose homeostasis[END_REF]. The formation of synapses requires cell-contacting proteins. A recent study by Gervais and colleagues revealed that POMC neurons are enriched in cell-to-cell contact molecules Efnb1 (EphrinB1) and Efnb2 (EphrinB2) during postnatal development. Moreover, they found that the loss of Efnb1 or Efnb2 expression in Pomcexpressing progenitors decreases the amount of excitatory glutamatergic inputs leading to impaired glucose tolerance [START_REF] Gervais | EphrinB1 modulates glutamatergic inputs into POMC-expressing progenitors and controls glucose homeostasis[END_REF] (Figure 2).

Conclusion

The development of functional hypothalamic POMC, AgRP/NPY, and MCH neuronal systems requires the tight regional and cellular regulation of the expression for specific sets of genes during both pre-and postnatal life. This molecular program induces hypothalamic neurogenesis during fetal life and cell fate acquisition and wiring during embryonic and postnatal life. All these developmental events are sensitive to alterations of the environment, such as maternal obesity, gestational diabetes, or maternal stress, that can lead to long-term pathological outcomes. 

Figures and

  Homeobox genes belong to a class of transcription factors that play important roles in regionalization, patterning, and cell differentiation during embryogenesis and organ development. The homeobox genes orthopedia (Otp), Nkx2.1, and Bsx are highly expressed in the ventral hypothalamus during embryonic development (Figure2). Lossof-function studies indicated that Nkx2.1 and Otp are essential for the normal morphological development of the hypothalamus, including the ARH, whereas Bsx is not

Figure 1 .

 1 Figure 1. Prenatal development of POMC and MCH circuits to the upper thoracic spinal cord. A, Schematic representing a sagittal view of an embryo with longitudinal descending projections from POMC neurons in the ARH (red) and from MCH neurons in the LHA (green) towards the upper thoracic spinal cord. B, Confocal image of a sagittal brain section illustrating POMC-positive fibers in E14 mouse embryos. POMC-positive fibers are observed from the ARH nucleus to the ventral part of the pons as early as at E14. C, Confocal image illustrating POMC-positive fibers in the upper thoracic spinal cord. D, E, Microscope images of a sagittal brain section illustrating MCH-positive fibers in E14 embryo. MCH-positive fibers are observed running towards the mesencephalon from the LHA to the ventral part of the pons. F, Mc4r mRNA levels in the upper thoracic spinal cord of E10, E12 and E14 mouse embryos (RT-qPCR analysis). G, Mchr1 mRNA levels in the upper thoracic spinal cord of E10, E12 and E14 mouse embryos (RT-qPCR analysis). * P ≤ 0.05, versus E12 (G), **** P ≤ 0.0001 versus E10 (F, G), ** P ≤ 0.01, versus E10 (G) (two-way ANOVAs). ARH, arcuate nucleus, drg, dorsal root ganglia; HYPO, hypothalamus; LHA, lateral hypothalamic area; lv, lateral ventricle; MESEN, mesencephalon; TELEN, telencephalon.

Figure 2 .

 2 Figure 2. Molecular and cellular signals involved in POMC and MCH neurons development. POMC and MCH neurons are generated during embryonic life in rodents (neurogenesis), and differentiate under the control of a combination of transcription factors and morphogen proteins (patterning). After birth, transcription factors (TBX3) and specific miRNAs (miR103/107) in Pomc progenitors allow them to differentiate into POMC, NPY or KISS neurons (cell fate acquisition).Epigenetic modulators (such as DNA meythylation and histone modification) also influence Pomc gene expression and neuronal differentiation. Then, POMC neurons will send axonal projections to several hypothalamic (PVH, DMH, LHA), and extrahypothalamic (BNST) loci under the control of metabolic hormones (such as leptin, ghrelin, insulin, amylin, and GLP-1), and through the tightly-controlled expression of guidance proteins, notably the class 3 Semaphorin-Neuropilin receptors family (wiring). Synapse formation follows. In particular, the number and function of excitatory synapses in contact with POMC neurons is dependent on EphrinB1 and EphrinB2 expression. Cellular processes such as the primary cilium and autophagy are also involved in the development and wiring of POMC neurons.

  in hypothalamic progenitors, and it plays an opposite role in the specification of Pomc and Npy neurons: while it promotes the embryonic development of Pomc neurons, it inhibits Npy neuronal development[START_REF] Anthwal | Conditional deletion of neurogenin-3 using Nkx2.1iCre results in a mouse model for the central control of feeding, activity and obesity[END_REF][START_REF] Pelling | Differential requirements for neurogenin 3 in the development of POMC and NPY neurons in the hypothalamus[END_REF]. However, not all POMC neurons are derived from Ngn3 progenitors. Using a mouse model of Mash1 deficiency, McNay and colleagues further reported that this bHLH transcription factor has a pro-neural function and acts upstream of Ngn3 to regulate neurogenesis in the ventral hypothalamus[START_REF] Mcnay | Mash1 Is Required for Generic and Subtype Differentiation of Hypothalamic Neuroendocrine Cells[END_REF]. Loss of Mash1 results in a disappearance of Ngn3 expression in ARH progenitors and is

and when Bmpr1A is deleted in Olig1-expressing cells, it decreases and increases the number of POMC and AgRP neurons, respectively

[START_REF] Peng | BMP receptor 1A regulates development of hypothalamic circuits critical for feeding behavior[END_REF]

. Neurogenin 3 (Ngn3) is another bHLH transcription factor expressed associated with a dramatic reduction in the number of POMC and NPY neurons (McNay et al., 2006). The Notch signaling pathway also appears to mediate its developmental effects on POMC and NPY neuronal development through Mash1. Mice lacking Notch signaling in Nkx2.1-expressing cells display an increased number in POMC and NPY neurons associated with an induction in Mash1 expression

  diffusible axon guidance cues Semaphorins are highly expressed in the PVH during postnatal development, and POMC neurons express the semaphorin receptors neuropilin 1 and 2 (van der Klaauw et al., 2019) (Figure 2). A loss of neuropilin 2 receptor's expression in POMC neurons disrupts the normal development of POMC axonal projections to the PVH, but not to other terminal fields of ARH axons (van der Klaauw et al., 2019). These structural alterations are associated with metabolic perturbations, including elevated body weight and glucose intolerance (van der Klaauw et al., 2019). Exome sequencing experiments identified variants in the semaphorin and neuropilin family members associated with severe obesity in humans (van der Klaauw et

al., 2019), demonstrating the translational importance of these findings. Another study showed that mice deficient in contactin, a cell adhesion molecule involved in the formation of axonal projections, display a reduced density of POMC fibers in the PVH during postnatal development
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