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ABSTRACT

The role of gonadotropin-releasing hormone (GnRH) neurons as the master regulators of a complex neural network, mainly in the hypothalamus, controlling the onset of puberty and regulation of fertility is well established. Nonetheless, it is becoming apparent that GnRH may be involved in a variety of non-reproductive functions. Here, we show that GnRH neurons are critical for maintaining cognitive function and olfaction. A first study demonstrates a dysregulated microRNA (miR)-transcription network underlying a progressive loss of GnRH expression in the Ts65Dn mice, a mouse model of Down syndrome. This GnRH loss is concomitant with a cognitive and olfactory decline. Intriguingly, these deficits are reversible by viral-vector-mediated miR-200b overexpression, the restoration of GnRH functionality by grafting wild-type GnRH neurons, or simply delivering pulsatile GnRH. A second study demonstrates mutations in the neuronal nitric oxide (NO) synthase (NOS1) gene as a causal factor of congenital hypogonadotropic hypogonadism and Kallmann syndrome, two genetic disorders rooted in a GnRH deficiency. Similar to human, Nos1 deficient mice do not only show a delayed puberty onset and infertility, but also cognitive and olfactory impairments.

Moreover, the administration of inhaled NO during the late infantile period can restore sexual maturation, cognition and olfaction in this mouse model. Overall, the results of this Ph.D. thesis provide evidence that GnRH plays an unexpected yet critical role in non-reproductive functions such as cognitive function and olfaction and hold novel opportunities for therapeutic strategies against various neurodevelopmental and neurodegenerative disorders. Chapter 2 Table 1. Chronology of the major components observed in the Down syndrome phenotype. 
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CHAPTER 1

The hypothalamic-gonadal-pituitary axis in reproduction

History of hormones and the endocrine role of the hypothalamus

The communication within the body has attracted the interest of scientists since a very long time now. Back in the 1800's, little was known about the body's internal communication until the work of pioneers, such as Arnold Adolphe Berthold and Claude Bernard, led to the concept that different organs in an animal are communicating in a chemical way. The present word 'hormone' was not used until June 1905, when Ernest Starling coined it and defined it as "the chemical messengers which speeding from cell to cell along the blood stream, may coordinate the activities and growth of different parts of the body" [START_REF] Starling | The Croonian Lectures ON THE CHEMICAL CORRELATION OF THE FUNCTIONS OF THE BODY[END_REF]. The introduction of the term 'hormone' initiated a cascade of research that focused on identifying the source and chemical nature of these chemical messengers or so-called hormones. It also led to one of the most important principles of endocrinology, the one stating that hormones are playing a major role in the interplay and feedback between the central nervous and endocrine systems.

This research has been of indescribable value for today's knowledge about the catalytic role of hormones in the regulation of the organism's development, homeostasis, behavior, reproduction and physiologic processes.

The hypothalamus, located at the base of the brain, is one of the most important brain regions as it directly or indirectly regulates all functions of the body. It integrates both vegetative and endocrine regulations controlling the most important body processes, including cardiovascular function, metabolism, thermoregulation, homeostasis, stress, circadian rhythms and reproduction. The hypothalamus contains specialized neuronal cell populations that sense circulating hormones levels and nutrients, and as a response secrete regulatory factors. Some of these regulatory factors, on their turn, exert a stimulatory effect on the secretion of hormones by the pituitary gland that will control the peripheral endocrine glands [START_REF] Clarke | Hypothalamus as an endocrine organ[END_REF]. The ability to act as a chemosensory organ and neuroendocrine gland at the same time contributes to the hypothalamus' regulatory role in all vital body processes.

The hypothalamic-pituitary-gonadal axis

In mammals, three main components form the hypothalamic-pituitary-gonadal axis (HPGaxis), respectively the hypothalamus, pituitary gland and gonads. These three structures interact and depend on one another so closely that they are often referred to as a single system. Together, they create an important connection between the central nervous system (CNS) and periphery that is essential for different body processes, including the function of the immune system, ageing, sexual development, fertility and reproductive function, but also plays a role in many other associated behaviors such as sexual behaviors, territoriality and aggression. Within the interest of this manuscript, the reproductive aspect of the HPG-axis, as well as a plausible role in ageing and age-related cognitive decline will be further discussed.

The key players of the HPG-axis, the gonadotropin-releasing hormone (GnRH) neurons, are mainly located within the hypothalamus. At the level of the median eminence (ME), the interface between the neural and peripheral endocrine systems, GnRH is released in a pulsatile manner into the hypophyseal portal blood to target gonadotropic cells in the pituitary gland. In this way, GnRH regulates the synthesis and secretion of the gonadotropins, specifically luteinizing hormone (LH) and follicle stimulating hormone (FSH), that will mainly act on the gonads. At the level of the gonads, the gonadotropins regulate gonadal maturation, steroidogenesis and the synthesis and release of peripheral sex hormones. These hormones act back on the hypothalamus and pituitary gland, and close the feedback loops to regulate the secretion of GnRH and gonadotropins, respectively (Figure 1). Figure taken from [START_REF] Sisk | The neural basis of puberty and adolescence[END_REF].

The hypothalamus

The hypothalamus is a relatively small region in the brain that is located between the thalamus and the third ventricle (3v), at the base of the diencephalon. It orchestrates its control over the endocrine glands via the secretion of multiple neurotransmitters and neuropeptides. It comprises different specialized neuronal populations that are able to sense the levels of certain hormones and nutrients, and as a response secrete specific hormones in the hypophyseal portal system. This portal vascular system is constituted by fenestrated capillaries, forming two important plexuses. The primary plexus lays within the ME, the level where GnRH neurons and other neurosecretory releasing hormone neurons, such as corticotropin-releasing hormone (CRH), growth hormone-releasing hormone (GHRH) and thyrotropin-releasing hormone (TRH) neurons, release their neurohormone into the portal vasculature. A secondary plexus can be found within the adenohypophysis, where the neurohormones will target the pituitary gland and control the synthesis and release of different pituitary hormones [START_REF] Pantic | Biology of hypothalamic neurons and pituitary cells[END_REF].

The different hypothalamic cell populations are grouped within specific nuclei, which on their turn, are located in three hypothalamic regions:

(1) The rostral or supraoptic region of the hypothalamus includes the supraoptic nucleus (SON), paraventricular nucleus (PVN), the anterior hypothalamic area (AHA) and the preoptic area (POA). Neurons located in the SON and PVN are mainly projecting towards the posterior pituitary or neurohypophysis [START_REF] Everitt | Neuroendocrine anatomy of the hypothalamus[END_REF]. Containing the majority of GnRH neurons, the POA constitutes a crucial region in the control of the reproductive axis.

(2) The medial or tuberal region of the hypothalamus includes the lateral hypothalamic area, arcuate nucleus (ARH), ventromedial nucleus and dorsomedial nucleus. Neurons located within this region project to the level of the ME, where they release their hormones in the hypophyseal portal system and target the anterior pituitary or adenohypophysis [START_REF] Everitt | Neuroendocrine anatomy of the hypothalamus[END_REF].

(3) The caudal region of the hypothalamus that includes the mammillary bodies, that form a part of the limbic system.

The ME lies within the center of the tuber cinereum, and functionally links the hypothalamus and anterior pituitary gland. As already mentioned above, a primary plexus of fenestrated vessels is located within the ME and connects the hypothalamus with the pituitary gland through the pituitary stalk, a very thin tissue layer. The ME is considered as one of the circumventricular organs (CVOs), brain structures characterized by high permeable capillaries and the absence of the blood-brain-barrier (BBB). Its advantageous location and the presence of special ependymal glial cells lining the wall of the 3v support the role of the ME in the communication of the peripheral signals with the hypothalamus and maintain homeostasis [START_REF] Langlet | Tanycyte-like cells form a blood-cerebrospinal fluid barrier in the circumventricular organs of the mouse brain[END_REF].

The pituitary gland and gonadotropins 1.2.2.1 The pituitary gland

The pituitary gland or hypophysis is a small pea-sized endocrine gland located at the base of the brain and protected by the sella turcica of the sphenoid bone. The pituitary gland can be divided in two embryologically and functionally distinct structures, the adenohypophysis and the neurohypophysis [START_REF] Nussey | Endocrinology: An Integrated Approach[END_REF]. The anterior part of the pituitary gland, the adenohypophysis, consists of many endocrine cells and non-endocrine cells.

Immunohistochemical techniques enabled the classification of these endocrine cells as somatotropes (producing growth hormone (GH)), lactotropes (producing prolactin), corticotropes (producing adrenocorticotropic hormone (ACTH)), gonadotropes (producing LH and FSH) and thyrotropes (producing thyroid-stimulating hormone (TSH)). The synthesis and secretion of hormones produced by the aforementioned cells are controlled by hypothalamic hormones that are released in the hypophyseal portal system, the functional link between the hypothalamus and the adenohypophysis. In contrast to the anterior part of the pituitary gland, the posterior part or neurohypophysis is anatomically connected with the hypothalamus.

Some hypothalamic neurons located in the SON and PVN directly project to the neurohypophysis, which is constituted of the hypothalamic axonal processes and their nerve terminals, as well as modified astrocytes. Oxytocin and the antidiuretic hormone (ADH) are synthesized within the SON and PVN and stored within the nerve terminals at the level of the neurohypophysis until electrical excitation triggers their secretion into the general circulation.

The gonadotropins

The gonadotropins LH, FSH and human chorionic gonadotropin (hCG) are glycoprotein hormones [START_REF] Themmen | Mutations of gonadotropins and gonadotropin receptors: elucidating the physiology and pathophysiology of pituitarygonadal function[END_REF] secreted by the gonadotropes of the adenohypophysis and placenta respectively. The heterodimers LH and FSH consist of two non-covalently bound subunits: an identical α-subunit, and a distinct β-subunit that confers their biological specificity. Their function is exerted by binding to G-protein coupled receptors (GPCRs) [START_REF] Ascoli | The lutropin/choriogonadotropin receptor, a 2002 perspective[END_REF] embedded in the cell membrane of the target cells, mainly located at the level of the gonads. The activation of the gonadotropin receptors, the LH receptor (LH-R) and FSH receptor (FSH-R), induces a rise of intracellular cyclic adenosine monophosphate (cAMP) levels via the activation of adenylate cyclase, and results in the activation of protein kinase A (PKA) [START_REF] Szczypka | Dopamine production in the caudate putamen restores feeding in dopamine-deficient mice[END_REF]. It has been demonstrated that the activation of the gonadotropin receptors can additionally activate the phospholipase C (PLC) pathway and induce a rise in intracellular calcium (Ca2) levels [START_REF] Herrlich | Involvement of Gs and Gi proteins in dual coupling of the luteinizing hormone receptor to adenylyl cyclase and phospholipase C[END_REF]. A prolonged stimulation of the LH-R and FSH-R has been reported to desensitize the receptors via the downregulation and functional uncoupling of the G-protein [START_REF] Ferguson | Evolving concepts in G protein-coupled receptor endocytosis: the role in receptor desensitization and signaling[END_REF][START_REF] Rivero-Muller | Di/oligomerization of GPCRs-mechanisms and functional significance[END_REF].

The gonads

The gonads comprise the ovaries in females and the testes in males. Being the primary reproductive organs, the ovaries and testes have two important functions: the synthesis of mature gametes (gametogenesis; oogenesis and spermatogenesis) and the synthesis and secretion of the peptidergic and steroid hormones. These steroid hormones exert a regulatory role on the secretion of GnRH and gonadotropins at the level of the hypothalamus and pituitary gland, respectively, besides exerting their peripheral effects.

In women, the ovaries are responsible for the differentiation and maturation of the fertilizable oocytes, as well as the synthesis and secretion of several sex steroids such as estrogens and progesterone. These processes are controlled by LH and FSH, binding to their respective receptors. LH-Rs are expressed in the ovarian theca cells, interstitial cells, differentiated granulosa cells and luteal cells [START_REF] Ascoli | The lutropin/choriogonadotropin receptor, a 2002 perspective[END_REF], while FSH-Rs are expressed in the granulosa cells of developing follicles [START_REF] Minegishi | Expression of follicle-stimulating hormone receptor in human ovary[END_REF]. During oogenesis, the oocyte increases its size, interstitial cell layer and granulosa cell layer, which is the main source of 17β-estradiol (E2) in females. Accordingly, steroidal hormonal levels change during this maturation process under the changing levels of LH, FSH and other paracrine factors such as insulin-like growth factors and gonadal peptides (inhibins, activins and follistatins), and lead to a surge of LH, triggering the rupture of the ovarian follicle or ovulation [START_REF] Everett | A neurogenic timing factor in control of the ovulatory discharge of luteinizing hormone in the cyclic rat[END_REF][START_REF] Everett | Central Neural Control of Reproductive Functions of the Adenohypophysis[END_REF].

Ovulation happens approximatively every 28 days in women, and every 4 to 6 days in female mice depending on the strain. Cyclic variations in the reproductive activity of rodents can be followed by changes in the vaginal epithelium, which happen as a consequence of changes in the secretion of ovarian steroids.

In men, the testes are responsible for spermatogenesis, the maturation of spermatozoa, and the synthesis and release of androgens. They comprise two distinct compartments, the interstitial and tubular compartment [START_REF] Kerr | Functional cytology of the human testis[END_REF][START_REF] Kerr | CHAPTER 18 -Cytology of the Testis and Intrinsic Control Mechanisms[END_REF], whose interaction is crucial for proper gonadal functioning. The interstitial compartment comprises different cell types, including Leydig cells, immune cells, fibroblasts and endothelial cells [START_REF] Kerr | Functional cytology of the human testis[END_REF][START_REF] Kerr | CHAPTER 18 -Cytology of the Testis and Intrinsic Control Mechanisms[END_REF]. The Leydig cells synthesize and release androgens, such as testosterone (T), in the presence of LH binding to its receptor. Intratesticular T levels play an important role in the stimulation of spermatogenesis, while it needs to be metabolized into dihydrotestosterone or E2 to exert functions at the level of the periphery and CNS respectively. The tubular compartment comprises both Sertoli cells, expressing FSH-Rs, and germ cells [START_REF] Kerr | Functional cytology of the human testis[END_REF][START_REF] Kerr | CHAPTER 18 -Cytology of the Testis and Intrinsic Control Mechanisms[END_REF]. Germ cells will develop into mature spermatozoa under the influence of FSH and T, while Sertoli cells support the development of germ cells [START_REF] Griswold | CHAPTER 19 -The Sertoli Cell. Knobil and Neill's Physiology of Reproduction[END_REF] and synthesize inhibins and activins under the influence of FSH.

The GnRH-system

Distinct forms of GnRH

GnRH was first discovered and isolated from the hypothalamus of mammals in 1971 (Baba et al., 1971, Matsuo et al., 1971, Schally et al., 1971). In the following decades, it was also identified in Chordata and invertebrates [START_REF] Millar | GnRHs and GnRH receptors[END_REF][START_REF] Hasunuma | Two novel gonadotropin-releasing hormones (GnRHs) from the urochordate ascidian, Halocynthia roretzi: implications for the origin of vertebrate GnRH isoforms[END_REF]. As it was believed that distinct hypothalamic hormones were responsible for the secretion of LH and FSH, GnRH was first called luteinizing hormone-releasing hormone (LHRH). This first form of GnRH was found to have an important role in reproduction, and was given the name 'GnRH1' when two paralogous GnRH genes were discovered. GnRH1 and its function will not be reviewed in this paragraph, as it will be extensively described in this manuscript later. The second form of GnRH, named GnRH2, was first found in chickens [START_REF] Miyamoto | Identification of the second gonadotropin-releasing hormone in chicken hypothalamus: evidence that gonadotropin secretion is probably controlled by two distinct gonadotropin-releasing hormones in avian species[END_REF].

The GnRH2-synthesizing neurons are located in the midbrain tegmentum, close to the 3v.

Their projections can be found within the whole brain, though they are mainly focused on the hind-and midbrain with axon terminals ending at the 3v [START_REF] Gonzalez-Martinez | Immunohistochemical localization of three different prepro-GnRHs in the brain and pituitary of the European sea bass (Dicentrarchus labrax) using antibodies to the corresponding GnRH-associated peptides[END_REF]. Both

GnRH1 and GnRH2 act at the level of the pituitary gland, but only GnRH1 is thought to evoke the secretion of gonadotropins [START_REF] Kobayashi | Gonadotropin-releasing hormones of terminal nerve origin are not essential to ovarian development and ovulation in goldfish[END_REF][START_REF] Montaner | Structure and biological activity of gonadotropin-releasing hormone isoforms isolated from rat and hamster brains[END_REF][START_REF] Mongiat | Experimental data supporting the expression of the highly conserved GnRH-II in the brain and pituitary gland of rats[END_REF]. GnRH2, which is absent in mice and rats, is suggested to play a regulatory role in food intake, energy homeostasis and the balance between survival and reproduction in musk shrews [START_REF] Temple | An Evolutionarily Conserved Form of Gonadotropin-Releasing Hormone Coordinates Energy and Reproductive Behavior[END_REF][START_REF] Kauffman | Evidence that the Type-2 Gonadotrophin-Releasing Hormone (GnRH) Receptor Mediates the Behavioural Effects of GnRH-II on Feeding and Reproduction in Musk Shrews[END_REF]. A third form of GnRH, GnRH3, was first discovered in lamprey, and nowadays known to be only present in a part of Actinopterygii.

Their neurons are localized near the olfactory bulb (OB), more specifically in the terminal nerve ganglion [START_REF] Chiba | Immunohistochemical and Ultrastructural characterization of the terminal nerve ganglion cells of the ayu, Plecoglossus altivelis (Salmoniformes, Teleostei)[END_REF], and play a modulatory role on neurons in the forebrain, olfactory epithelium (OE), and modulate olfactory mediated behaviors [START_REF] Wirsig-Wiechmann | Pheromonal activation of vomeronasal neurons in plethodontid salamanders[END_REF]. To summarize, one could state that GnRH1 is the key player in reproduction, whilst

GnRH2 and GnRH3 regulate sexual activity-related behaviors. From this point, GnRH mentioned in this manuscript refers to GnRH1.

GnRH : from gene to protein secretion

The GnRH1 gene is located on the murine chromosome (mmu) 14 and human chromosome (hsa) 8, and the primary ribonucleic acid (RNA) transcript comprises four exons and three introns (Figure 2). Exon 1 encodes the 5' untranslated region (UTR), while exon 2 encodes the GnRH decapeptide, the amidation/proteolytic processing signal and N-terminus of the GAP (GnRH associated protein) sequence. Exons 3 and 4 encode the central part and C-terminus of GAP and the 3' UTR. [START_REF] Selmanoff | Single cell levels of hypothalamic messenger ribonucleic acid encoding luteinizing hormonereleasing hormone in intact, castrated, and hyperprolactinemic male rats[END_REF][START_REF] Gaillard | Characterization of Gonadotropin-Releasing Hormone (GnRH) Genes From Cartilaginous Fish: Evolutionary Perspectives[END_REF].

As many other neuropeptides, the GnRH neurohormone, which consists of 10 high conserved amino acids (aa), is synthesized as a part of a precursor protein. This precursor protein, prepro-GnRH, is composed of 92 aa and undergoes subsequent steps of enzymatic cleavage to form:

(i) the GnRH decapepide, (ii) the N-terminus that consists of 23 aa and regulates intracellular packaging and secretion, (iii) a Gly-Lys-Arg proteolytic processing site, and (iiii) the C-terminus that consists of 56 aa and encodes for GAP, which is secreted together with GnRH from the vesicles. The function of GAP has not completely been determined yet, but it has been thought to regulate both gonadotropin and prolactin secretion from the hypophysis [START_REF] Adelman | Isolation of the gene and hypothalamic cDNA for the common precursor of gonadotropin-releasing hormone and prolactin release-inhibiting factor in human and rat[END_REF][START_REF] Wetsel | Pro-GnRH processing[END_REF].

The amount of biologically available GnRH is controlled at a multitude of biosynthetic stages.

GnRH gene expression is determined by the rate of transcription of its precursor (pro-GnRH), polyadenylation and capping of the RNA, processing of the primary GnRH transcript into the mature messenger RNA (mRNA), and its transport from the nucleus into the cytoplasm.

Subsequently, the rate of mRNA translation into pro-GnRH and further processing into mature GnRH, and further GnRH degradation determine the GnRH levels that will be packed into the large dense core vesicles (LDCVs) of the GnRH neurons that will be secreted in the portal circulation and evoke gonadotropin secretion [START_REF] King | Biosynthesis of LHRH: inferences from immunocytochemical studies[END_REF][START_REF] Gore | Regulation of gonadotropin-releasing hormone gene expression in vivo and in vitro[END_REF][START_REF] Gore | Age-related changes in hypothalamic gonadotropin-releasing hormone and N-methyl-D-aspartate receptor gene expression, and their regulation by oestrogen, in the female rat[END_REF]. All these consecutive regulating steps contribute to the idea that biosynthesis and secretion of GnRH are not closely linked to each other, and that GnRH neurons possess a cytoplasmic reserve of GnRH mRNA. The 22h-30h half-life (t1/2) of GnRH mRNA enables the GnRH neurons to keep a GnRH mRNA pool. This pool could be used for replenishing peptide levels very quickly, as Wang and colleagues suggest happens before a pre-ovulatory surge [START_REF] Wang | Increased GnRH mRNA in the GnRH neurons expressing cFos during the proestrous LH surge[END_REF]. As a result of this whole process starting with the transcription of the GnRH gene and ending with posttranslational modifications, the mature GnRH neurohormone is formed. It is a decapeptide that consists of a pyroglutamate N-terminal residue and a glycine-amide C-terminus, which are thought to play a role in the stabilization of the structure and to slow down the blood degradation [START_REF] Chertow | The role of lysosomes and proteases in hormone secretion and degradation[END_REF].

As demonstrated by electron microscopy, GnRH is stored in LDCVs that can be found within the soma, dendrites, axons and axonal terminals of GnRH neurons [START_REF] Lehman | Ultrastructure and synaptic organization of luteinizing hormone-releasing hormone (LHRH) neurons in the anestrous ewe[END_REF][START_REF] Prevot | Morphine and anandamide coupling to nitric oxide stimulates GnRH and CRF release from rat median eminence: neurovascular regulation[END_REF][START_REF] Prevot | Estradiol coupling to endothelial nitric oxide stimulates gonadotropinreleasing hormone release from rat median eminence via a membrane receptor[END_REF]. These GnRH-containing LDCVs are stored at the level of the axonal terminals and attached to the plasma membrane at the site of exocytosis. Their priming, which may be Ca2 dependent, is controlled by cytoplasmic proteins that regulate the assembling of proteins located on the plasma membrane, the soluble N-ethylmaleimidesensitive factor attachment protein receptor (SNARE). Three SNARE proteins, respectively vesicle-associated membrane protein (VAMP), syntaxin and SNAP-25, form a stable complex [START_REF] Weimbs | A model for structural similarity between different SNARE complexes based on sequence relationships[END_REF] that induces a rearrangement of membranous phospholipids. The reorganization of the membranes results in the creation of a pore, allowing an exchange between the vesicle and the external environment of the neuron (Figure 3). The most abundant expressed VAMP protein in neurons is the VAMP-2 isoform, that is highly expressed in the POA [START_REF] Trimble | Distinct patterns of expression of two VAMP genes within the rat brain[END_REF] and endocrine cells [START_REF] Kasai | Distinct initial SNARE configurations underlying the diversity of exocytosis[END_REF]. and therefore the release of the neurotransmitter or peptide in the synapse. This process requires other molecules as well, for instance Munc13 and phosphatidylinositol diphosphate (PIP2).; CAPS, Ca2-dependent activator protein for secretion; SNAP-25, soluble N-ethylmaleimide-sensitive factor attachment protein receptor 25; PIP2, phosphatidylinositol diphosphate. Picture taken from [START_REF] Martin | Role of PI(4,5)P(2) in vesicle exocytosis and membrane fusion[END_REF].

Clostridium botulinum neurotoxins (BoNTs) are frequently used within the research of SNARE proteins. They are produced by Clostridium botulinum bacteria and cause the fatal disease botulism, inducing a paralysis of the muscles [START_REF] Montecucco | Botulinal neurotoxins: revival of an old killer[END_REF]. These toxins are known to recognize and enzymatically cleave the SNARE proteins [START_REF] Montecucco | Mechanism of action of tetanus and botulinum neurotoxins[END_REF].

It has been demonstrated that the BoNT serotype B (BoNT/B) specifically cleaves the VAMP2 protein, and therefore inhibits the secretion of neurotransmitters and other peptides in the brain [START_REF] Schiavo | Tetanus and botulinum-B neurotoxins block neurotransmitter release by proteolytic cleavage of synaptobrevin[END_REF].

The GnRH receptor

Reproductive function is controlled by GnRH receptors (GnRH-Rs) that are predominantly expressed on the membrane of the pituitary gonadotropic cells [START_REF] Childs | Cytochemical studies of the effects of activin on gonadotropin-releasing hormone (GnRH) binding by pituitary gonadotropes and growth hormone cells[END_REF]. Multiple studies suggested the expression of the GnRH-R gene in other tissues, showing their ability to bind a radioactive GnRH agonist. These tissues comprise specific regions of the CNS, including the hippocampus, the ARH and ventromedial nuclei of the hypothalamus [START_REF] Jennes | Brain gonadotropin releasing hormone receptors: localization and regulation[END_REF].

The GnRH-R is a member of the GPCRs [START_REF] Stojilkovic | Gonadotropin-releasing hormone receptors: structure and signal transduction pathways[END_REF]. The binding of GnRH to the extracellular domain and associated changes in its conformation activate the Gq/11 protein and PLC [START_REF] Millar | Gonadotropin-releasing hormone receptors[END_REF], resulting in an increase of intracellular Ca2 levels and activation of the protein kinase C (PKC), which are essential for the synthesis and secretion of the gonadotropins [START_REF] Conn | The molecular basis of gonadotropin-releasing hormone (GnRH) action in the pituitary gonadotrope[END_REF]. Inactivating mutations in the gene encoding the GnRH-R are known to result hypogonadotropic hypogonadism (HH) [START_REF] De Roux | A family with hypogonadotropic hypogonadism and mutations in the gonadotropinreleasing hormone receptor[END_REF].

The GnRH-R expression determines the ability of the gonadotropic cells of the pituitary gland to respond to GnRH [START_REF] Wise | Effect of number of receptors for gonadotropin-releasing hormone on the release of luteinizing hormone[END_REF], and is regulated by a multitude of factors including gonadal steroid hormones [START_REF] Reeves | Changes in pituitary responsiveness to luteinizing hormone-releasing hormone (LH-RH) in anestrous ewes pretreated with estradiol benzoate[END_REF][START_REF] Laws | Inhibin increases and progesterone decreases receptors for gonadotropin-releasing hormone in ovine pituitary culture[END_REF][START_REF] Yasin | Gonadotropin-releasing hormone (GnRH) pulse pattern regulates GnRH receptor gene expression: augmentation by estradiol[END_REF], activins [START_REF] Braden | Activin-A stimulates the synthesis of gonadotropinreleasing hormone receptors[END_REF] and inhibins [START_REF] Wang | Effect of purified 31K bovine inhibin on the specific binding of gonadotropin-releasing hormone to rat anterior pituitary cells in culture[END_REF]. Besides these regulatory components, one of the most important regulators of GnRH-R expression is GnRH itself. A disconnection of the hypothalamus from the anterior pituitary gland, removing GnRH input, decreases GnRH-R mRNA and the total number of GnRH-Rs in the pituitary gland of ovariectomized (OVX) ewes [START_REF] Clarke | Pituitary receptors for gonadotropin-releasing hormone in relation to changes in pituitary and plasma luteinizing hormone in ovariectomized-hypothalamo pituitary disconnected ewes. I. Effect of changing frequency of gonadotropin-releasing hormone pulses[END_REF][START_REF] Gregg | Direct effects of estradiol-17 beta on the number of gonadotropin-releasing hormone receptors in the ovine pituitary[END_REF]. Moreover, the administration of GnRH in a pulsatile manner restores the number of GnRH-Rs in hypothalamic-pituitary-disconnected (HPD) ewes [START_REF] Clarke | Pituitary receptors for gonadotropin-releasing hormone in relation to changes in pituitary and plasma luteinizing hormone in ovariectomized-hypothalamo pituitary disconnected ewes. I. Effect of changing frequency of gonadotropin-releasing hormone pulses[END_REF][START_REF] Hamernik | Gonadotropin-releasing hormone increases the amount of messenger ribonucleic acid for gonadotropins in ovariectomized ewes after hypothalamic-pituitary disconnection[END_REF], while a continuous exposure decreases GnRH-R mRNA and numbers of GnRH-Rs in the pituitary gland [START_REF] Nett | GnRH-receptor interaction. V. Down-regulation of pituitary receptors for GnRH in ovariectomized ewes by infusion of homologous hormone[END_REF], Turzillo et al., 1995, Turzillo et al., 1995, Turzillo et al., 1995). Depending on the concentrations of a wide variety of regulating components, the density of GnRH-Rs varies during the estrous cycle, and is highest prior to ovulation [START_REF] Nett | GnRH-receptor interaction. V. Down-regulation of pituitary receptors for GnRH in ovariectomized ewes by infusion of homologous hormone[END_REF].

The origin and migration of GnRH neurons 1.3.4.1 Origin of GnRH neurons

GnRH neurons as well as other neuronal populations of the hypothalamus, such as CRH-, GHRH-and TRH-expressing neurons, secrete their neuropeptide into the capillary system and initiate a feedback loop. By using in situ hybridization (ISH), Morales-Delgado and colleagues determined that CRH-, GHRH-and TRH-expressing neurons find their embryonic origin within the peduncular paraventricular domain of the hypothalamus [START_REF] Markakis | Development of the neuroendocrine hypothalamus[END_REF][START_REF] Morales-Delgado | Regionalized differentiation of CRH, TRH, and GHRH peptidergic neurons in the mouse hypothalamus[END_REF]. Unlike these neurons, GnRH neurons do not originate from the embryonic hypothalamus but originate from outside the brain, more specifically from the olfactory placodes (OPs).

The OPs first arise as cell thickenings by the convergence of cellular fields at the border of the anterior neural plate [START_REF] Farbman | Cell Biology of Olfaction[END_REF], a structure that forms simultaneously with the primitive placodal thickening [START_REF] Brunjes | Maturation and plasticity in the olfactory system of vertebrates[END_REF]. As the neural plate starts folding, the primitive placodes separate from the neural crest (NC) and developing CNS. During further embryonic development, cell movements will drive the placodes to invaginate and form the nasal pits. The central part of the nasal pit will give rise to the OE, important for chemosensory olfaction, whilst the medial walls will form the vomeronasal organ (VNO), important for pheromone detection.

The finding that GnRH neurons arise from the OPs dates back to 1989. Using immunohistochemistry (IHC) and ISH, two separate laboratories discovered that the OPs are not only generating olfactory sensory neurons and other support cells, but also GnRHexpressing neurons. These GnRH-expressing neurons were first observed in association with the vomeronasal nerve (VNN) and the nervus terminalis (NT), along whom they migrate through the nasal septum into the forebrain. From there, GnRH-expressing neurons enter the developing hypothalamus following a pathway that is not unravelled yet [START_REF] Schwanzel-Fukuda | Origin of luteinizing hormone-releasing hormone neurons[END_REF], Wray et al., 1989, Wray et al., 1989).

Although decades of research have proven the link between the development of the olfactory and GnRH system, the exact embryonic precursor lineage of the GnRH neurons has yet not been identified due to technical limitations. Further research in different animal models have brought up evidence for the origin laying within the NC, placodal and non-placodal ectoderm [START_REF] Daikoku | Migration of LHRH neurons derived from the olfactory placode in rats[END_REF][START_REF] Kramer | Midline Nasal Tissue Influences Nestin Expression in Nasal-Placode-Derived Luteinizing Hormone-Releasing Hormone Neurons during Development[END_REF]. As it is assumed that GnRH pre-dates the appearance of jawed vertebrates, it is very unlikely that different groups of animals (having a pituitary and hypothalamus) developed different mechanisms for integrating GnRH in the hypothalamus. It is more likely that this mechanism is well-conserved in different species, however, more research is needed to firmly delineate the embryonic origin of these neuroendocrine GnRH neurons.

Migration of GnRH neurons

The migration of GnRH neurons from the OPs into the hypothalamic system is a precise orchestrated journey through different molecular environments, that is completed by birth.

Much research has been conducted to determine the migratory pathway of GnRH neurons, and has led to the characterization of four specific stages of migration [START_REF] Tobet | Developmental aspect of the gonadotropin-releasing hormone system[END_REF][START_REF] Tobet | Minireview: recent progress in gonadotropinreleasing hormone neuronal migration[END_REF]. There may be some species-specific properties, but a similar set of stages are indispensable for GnRH neurons to reach their final destination in the brain and to regulate reproduction via the adenohypophysis.

1) GnRH neurons that arise at the OP from embryonic day (E) 10,5 in the mouse, together with axons of the VNN and/or NT, start migrating across the nasal mesenchyme to the cribriform plate. This first step depends upon the movement of the GnRH neurons and factors that stimulate the adherence of the GnRH neurons to the axons of the VNN and/or NT. The first GnRH neurons begin migrating from the OP at E11,5.

2) At the cribriform plate the VNN divides and forms a branch that turns caudally towards the ventral forebrain, and that is using specific factors to guide the GnRH neurons along. The splitting of the VNN takes place at E12,5, at the point that already more than 50% of the GnRH neurons reached the nasal septum [START_REF] Tobet | Migration of neurons containing gonadotropin releasing hormone (GnRH) in slices from embryonic nasal compartment and forebrain[END_REF].

3) GnRH neurons are guided towards the hypothalamus by the extension of long processes through the basal forebrain. Between E13,5 and E14,5 in mice, GnRH neurons enter the forebrain.

4) After detaching from the axonal guides, the neurons will disperse throughout the hypothalamus to settle in their final location and send projections to the ME. The first GnRH neurons reach the POA of the hypothalamus at E14,5 and detach from the axonal support, before they send out projections towards the ME (Figure 4). [START_REF] Messina | Semaphorin signaling in the development and function of the gonadotropin hormone-releasing hormone system[END_REF].

The onset of puberty

Puberty is the transition period between childhood and adulthood, a period that is hallmarked by physiological and psychological changes to attain sexual maturation and fertility. This transitional period is highly dependent on the HPG-axis, which on its turn is tightly regulated by a complex variety of inhibitory and excitatory factors, both neuronal and non-neuronal.

Puberty is not just depending on chronological age, but requires a complex variety of factors to be adjusted to each other. The GnRH secretory system needs to receive inputs from many different processes, such as growth, the metabolic state and energy balance, and peripheral hormone levels and its regulation can be altered by many factors, including environmental factors [START_REF] Parent | The timing of normal puberty and the age limits of sexual precocity: variations around the world, secular trends, and changes after migration[END_REF] and endocrine-disrupting chemicals (EDCs) [START_REF] Pinson | Neuroendocrine disruption without direct endocrine mode of action: Polychloro-biphenyls (PCBs) and bisphenol A (BPA) as case studies[END_REF].

The main regulatory components of the GnRH neuronal circuit will be discussed in section 1.3.8. Changes or failure of this complex network to synchronize lead to a different timing or absence of puberty onset, and associated disorders (Figure 5). Different disorders in the timing of puberty onset are indicated on this scheme, reflecting dysfunction at the different levels of the HPG-axis. Figure taken from [START_REF] Ebling | The neuroendocrine timing of puberty[END_REF].

Stages of puberty

The inhibitory and activatory inputs that regulate the activity of the HPG-axis change during the different stages of life (Figure 6). The axis gets activated during the embryonic and early postnatal stages, after which its activity gets quenched. Along childhood until puberty, the GnRH neurons are held under the input of inhibitory signals and release a minimal amount of GnRH in the portal blood. At puberty, changes in the regulating network lead to the increase in the pulsatile GnRH secretion from the GnRH neurons of the hypothalamus, essential for an individual to undergo puberty [START_REF] Ojeda | Neuroendocrine mechanisms controlling female puberty: new approaches, new concepts[END_REF]. (Prevot, 2015).

The GnRH system at adulthood

The GnRH neuron population is relatively small, ranging from 800 neurons in rodents to 1000-2000 neurons in human. In rodent species, they can be found scattered all along their migratory path into the brain [START_REF] Wray | A developmental study of the quantitative distribution of LHRH neurons within the central nervous system of postnatal male and female rats[END_REF], but most of the cell bodies are detected at the level of the medial septum and around the organum vasculosum of the lamina terminalis (OVLT), one of the CVOs of the brain. Few neurons can be found in the OBs or on the sides of the 3v at the level of the ME (Figure 7).

As mentioned before, GnRH neurons send out fiber projections towards the ME and release their neurohormone in the fenestrated portal vasculature to target the pituitary gland. At the level of the adenohypophysis, GnRH regulates the synthesis and secretion of LH and FSH, and their secretion in conducted in two distinct manners. It has been demonstrated that a low GnRH pulse frequency favours the secretion of FSH, while a higher GnRH pulse frequency favours the secretion of LH (reviewed by [START_REF] Constantin | Physiology of the gonadotrophin-releasing hormone (GnRH) neurone: studies from embryonic GnRH neurones[END_REF]). The balance of secretory modes of the GnRH neurons emphasizes the importance of correct GnRH functioning for the release of gonadotropins and functioning of the gonads.

! !

The depletion of primary ovarian follicles discharges the hypothalamic and pituitary components of the HPG-axis from the negative feedback loop induced by the ovarian steroids, and evokes an immediate augmentation of LH and FSH levels [START_REF] Yen | The effect of ovariectomy on gonadotropin release[END_REF][START_REF] Monroe | Regulation of human gondotropins. 13. Changes in serum gonadotropins in menstruating women in response to oophorectomy[END_REF][START_REF] Studd | Plasma hormone profiles after the menopause and bilateral oophorectomy[END_REF]. Whether the gonadotropins and the gonadotropin free α-subunit (FAS) increase or decline as a function of age after the onset of menopause remains a point of controversy in the field [START_REF] Chakravarti | Hormonal profiles after the menopause[END_REF][START_REF] Scaglia | Pituitary LH and FSH secretion and responsiveness in women of old age[END_REF][START_REF] Alexander | The effect of aging on hypothalamic function in oophorectomized women[END_REF][START_REF] Kwekkeboom | Serum gonadotropins and alpha-subunit decline in aging normal postmenopausal women[END_REF]. Answering to this controversy, Hall and colleagues stated that the capability to estimate GnRH pulse frequency in the absence of negative feedback from the sex steroids, and plausible age-related changes, may have been hampered by methodological limitations in previous studies [START_REF] Hall | Decrease in gonadotropinreleasing hormone (GnRH) pulse frequency with aging in postmenopausal women[END_REF]. Refining the tools that are used to assess the characteristics of GnRH pulsatility, they demonstrated an age-related decline in LH, FSH and FAS levels and a decrease in the frequency of GnRH pulses after menopause onset [START_REF] Hall | Decrease in gonadotropinreleasing hormone (GnRH) pulse frequency with aging in postmenopausal women[END_REF].

The GnRH pulse generator

Over decades of time, independent investigations have demonstrated that GnRH is secreted in a pulsatile manner into the portal vasculature, and thereby evoking a pulsatile release of the gonadotropin hormone LH. In follicular-phase females, a pulse of LH is observed approximatively every hour. In luteal-phase females and males, a peak of LH is observed every 2 to 3 hours. Altogether, this work led to the concept of a 'GnRH pulse generator', a neural orchestra that regulates the episodic GnRH secretion responsible for the pulsatile character of LH release [START_REF] Goodman | Biological Clocks in Seasonal Reproductive Cycles[END_REF][START_REF] Pohl | The role of the central nervous system in the control of ovarian function in higher primates[END_REF].

The distinct patterns of pulsatile GnRH release observed at the different stages of the ovarian cycle, and especially changes in GnRH pulse frequency, differentially regulate the synthesis and secretion of the pituitary gonadotropins [START_REF] Thompson | GnRH pulse frequency-dependent differential regulation of LH and FSH gene expression[END_REF]. It has been shown that a constant activation of the GnRH-R has been shown to suppress the HPG-axis [START_REF] Belchetz | Hypophysial responses to continuous and intermittent delivery of hypopthalamic gonadotropin-releasing hormone[END_REF], and that an impaired LH pulsatile character contributes to infertility [START_REF] Jayasena | The management of patients with polycystic ovary syndrome[END_REF]. Moreover, fertility in patients with HH (discussed in section 1.4) can be rescued administering GnRH in a pulsatile manner [START_REF] Martin | Clinical review 15: Management of ovulatory disorders with pulsatile gonadotropin-releasing hormone[END_REF]. These findings highlight the importance of the pulsatile character of GnRH secretion. Surprisingly, to maintain a sufficient LH secretion and normal fertility, only 10% of the GnRH population is required [START_REF] Kokoris | Transplanted gonadotropin-releasing hormone neurons promote pulsatile luteinizing hormone secretion in congenitally hypogonadal (hpg) male mice[END_REF][START_REF] Czieselsky | Pulse and Surge Profiles of Luteinizing Hormone Secretion in the Mouse[END_REF]. Until today, little is known about the nature and functioning of the GnRH pulse generator. Two main modes of operation have been proposed; an intrinsic or extrinsic GnRH pulse generator, as reviewed by [START_REF] Herbison | The Gonadotropin-Releasing Hormone Pulse Generator[END_REF].

The idea of an intrinsic GnRH pulse generator arose in 1992, when Weiner and colleagues discovered that GnRH-secreting GT1 cells in culture had the ability to secrete GnRH in a pulsatile manner [START_REF] Weiner | Gonadotropin-releasing hormone neuronal cell lines[END_REF]. This phenomenon was further supported by similar findings in cultured embryonic GnRH neurons of different origins. From then, it was thought that GnRH neurons could be interconnected and synchronize their own activity with a pulsatile character of GnRH secretion as a result. The translation of the in vitro findings to the in vivo situation is challenging, since GnRH neurons are dispersed and cannot take advantage of gap junctions to intercommunicate. Though it is demonstrated that GnRH and co-expressed factors glutamate and galanin regulate the electrical activity of GnRH neurons [START_REF] Herbison | Physiology of the Adult Gonadotropin-Releasing Hormone Neuronal Network[END_REF], a lack of sufficient synaptic intercommunication prevents their synchronization.

Notably, GnRH neuron processes intertwined among themselves, sharing efferent synaptic inputs; therefore, the synchronisation of the GnRH neuron population may be controlled by upstream efferents [START_REF] Campbell | Dendro-dendritic bundling and shared synapses between gonadotropin-releasing hormone neurons[END_REF]. Indeed, no evidence has been found for the synchronization of GnRH neuron firing on brain slice preparations [START_REF] Constantin | Understanding calcium homeostasis in postnatal gonadotropin-releasing hormone neurons using cell-specific Pericam transgenics[END_REF].

Moreover, it has been demonstrated that hypothalamic tissue preparations without GnRH cell bodies exhibit a pulsatile secretion of GnRH for multiple hours [START_REF] Rasmussen | Episodic gonadotropin-releasing hormone release from the rat isolated median eminence in vitro[END_REF], Bourguignon et al., 1997, Purnelle et al., 1997). The only imaginable possibility of an intrinsic GnRH pulse generator lays within the dendron that GnRH neurons project towards the ME. A dendron is a process of the neuron with characteristics of both the dendrite and axon [START_REF] Herde | GnRH neurons elaborate a long-range projection with shared axonal and dendritic functions[END_REF], and can both conduct action potentials and receive synaptic inputs. These dendrons are known to be regulated by various neurotransmitters, and could be the potential location where GnRH neurons synchronize their activity.

The idea of the extrinsic pulse generation, the most plausible, starts from the idea that GnRH neurons receive synchronizing influence from a separate group of neurons. As GnRH neurons receive inputs from at least 17 different brain regions [START_REF] Wintermantel | Definition of estrogen receptor pathway critical for estrogen positive feedback to gonadotropinreleasing hormone neurons and fertility[END_REF], the pulse generating neurons may possible be found in this pool of neuronal populations. Although independent studies demonstrated that the pulse-generating neurons were located within the ARH [START_REF] Blake | Effects of hypothalamic deafferentation on the pulsatile rhythm in plasma concentrations of luteinizing hormone in ovariectomized rats[END_REF][START_REF] Soper | Hypothalamic and extrahypothalamic mediation of pulsatile discharges of luteinizing hormone in the ovariectomized rat[END_REF][START_REF] Wilson | Central electrophysiologic correlates of pulsatile luteinizing hormone secretion in the rhesus monkey[END_REF], the nature of these neurons targeting the distal dendrons of GnRH neurons remains unclear. New studies suggest kisspeptin (Kp) neurons of the ARH as being the GnRH pulse generator, as Kp signalling is critical for puberty and fertility (de Roux et al., 2003, Seminara et al., 2003[START_REF] Gianetti | TAC3/TACR3 mutations reveal preferential activation of gonadotropin-releasing hormone release by neurokinin B in neonatal life followed by reversal in adulthood[END_REF] and Kp receptor (KISS1-R) mutations are associated with an abnormal character of LH pulsatility [START_REF] Tenenbaum-Rakover | Neuroendocrine phenotype analysis in five patients with isolated hypogonadotropic hypogonadism due to a L102P inactivating mutation of GPR54[END_REF]. Recent studies in the mouse have suggested a subpopulation of Kiss1 neurons of the ARH as being the GnRH pulse generator in rodents [START_REF] Clarkson | Definition of the hypothalamic GnRH pulse generator in mice[END_REF]. Despite this ground-breaking work, many mechanistic questions regarding the function of this pulse generator remain unanswered.

The GnRH neuronal circuit

The GnRH neurons are the major players in the neuroendocrine control of puberty onset and reproduction. However, the proper functioning of the HPG-axis depends on the functioning of GnRH neurons, that are controlled by a dynamic network of internal and external signals. In this section, the main components of the GnRH neuronal circuit will be described.

Central regulators 1.3.8.1.1 Kisspeptin

Neuropeptides play an important role in the regulation of puberty onset. A neuropeptide that has been found to be crucial for pubertal activation of the HPG-axis are Kps, encoded by the Kiss1 gene. Multiple studies have shown the importance of Kp in the excitatory network regulating GnRH secretion [START_REF] Dhillo | Kisspeptin-54 stimulates the hypothalamic-pituitary gonadal axis in human males[END_REF][START_REF] Jayasena | Direct comparison of the effects of intravenous kisspeptin-10, kisspeptin-54 and GnRH on gonadotrophin secretion in healthy men[END_REF] and its role in the regulation of puberty and reproductive function has been extensively described in literature (de Roux et al., 2003, Seminara et al., 2003, Clarkson et al., 2009[START_REF] Tena-Sempere | Keeping puberty on time: novel signals and mechanisms involved[END_REF]. Some researchers even suggest "puberty starts with a Kiss" [START_REF] Dungan | Minireview: kisspeptin neurons as central processors in the regulation of gonadotropin-releasing hormone secretion[END_REF]. Recent research proposes that a surge in leptin, observed close to the timing of puberty onset, may promote Kp secretion and therefore GnRH secretion [START_REF] Holmes | Metabolism: kisspeptin signalling linked to obesity[END_REF]. Moreover, it has been shown that GnRH neurons express Kiss1R and that their responsiveness to Kp increases at the time of sexual maturation [START_REF] Han | Activation of gonadotropin-releasing hormone neurons by kisspeptin as a neuroendocrine switch for the onset of puberty[END_REF]. At the same time, an increase in Kiss1 mRNA is observed in the hypothalamus [START_REF] Han | Activation of gonadotropin-releasing hormone neurons by kisspeptin as a neuroendocrine switch for the onset of puberty[END_REF], Clarkson et al., 2009). Supporting the role of Kp and the Kiss1R in sexual maturation and fertility, Kiss1R knockout (KO) mice present an absence of puberty onset and severe dysfunction of the reproductive function at adulthood [START_REF] Teles | New genetic factors implicated in human GnRH-dependent precocious puberty: the role of kisspeptin system[END_REF].

Two important Kiss1 neuronal populations for the control of reproduction are located within the hypothalamus. The first group is located in the ARH and thought to act as the extrinsic GnRH pulse generator and modulate GnRH pulsatility at the level of the ME [START_REF] Popolow | Rostral medial preoptic area lesions' influence on female estrous processes and LHRH distribution[END_REF]. A second group of neurons is located in the AVPV and send projections to the medial POA (mPOA) to regulate the preovulatory GnRH surge [START_REF] Gu | Projections of the sexually dimorphic anteroventral periventricular nucleus in the female rat[END_REF], Wang et al., 2019). ARH Kiss1 neurons were initially thought to mediate the steroid ovarian hormone negative feedback, whereas AVPV Kiss1 neurons were thought to regulate the positive feedback [START_REF] Oakley | Kisspeptin signaling in the brain[END_REF][START_REF] Lehman | Minireview: kisspeptin/neurokinin B/dynorphin (KNDy) cells of the arcuate nucleus: a central node in the control of gonadotropin-releasing hormone secretion[END_REF]. More recent studies suggest that the ARH Kiss1 neuronal population that co-expresses neurokinin B and dynorphin, being redefined as KNDy (Kp, Dynorphin, Neurokinin B (NKB)) neurons [START_REF] Navarro | Regulation of gonadotropin-releasing hormone secretion by kisspeptin/dynorphin/neurokinin B neurons in the arcuate nucleus of the mouse[END_REF][START_REF] Navarro | Interactions between kisspeptin and neurokinin B in the control of GnRH secretion in the female rat[END_REF], controls GnRH pulsatile release through stimulating actions of NKB onto Kiss1 neurons and inhibitory actions of dynorphin to terminate the pulse.

Glutamate and ɣ-aminobutyric acid

Glutamate is one of the most abundant excitatory neurotransmitters in the CNS and widely accepted to play a role in the control of GnRH neuron excitability. It is described that GnRH neurons are responsive to glutamatergic inputs, and that their number gradually increases during the maturation of the HPG-axis and reaches a maximum after puberty onset [START_REF] Goroll | Ontogenic changes in the hypothalamic levels of amino acid neurotransmitters in the female rat[END_REF]. It is believed that glutamatergic signalling is involved in the regulation of GnRH expression, and thereby puberty onset and reproduction [START_REF] Urbanski | A role for N-methyl-D-aspartate (NMDA) receptors in the control of LH secretion and initiation of female puberty[END_REF].

ɣ-Aminobutyric acid (GABA) is the most abundant inhibitory neurotransmitter of the CNS and requires the decarboxylation of glutamate by the glutamic acid decarboxylase (GAD). A gradual increase of GAD mRNA can be observed in the POA during the maturation of the HPGaxis, similar as the observed increase in glutamate content [START_REF] Davis | Sex differences in glutamic acid decarboxylase mRNA in neonatal rat brain: implications for sexual differentiation[END_REF]. GnRH neurons are known to express both types of GABA receptors, and receive inputs from estrogensensitive GABA neurons of the POA. These preoptic GABA neurons are thus thought to be mediators of estrogens to GnRH neurons [START_REF] Curran-Rauhut | Regulation of glutamic acid decarboxylase 65 and 67 gene expression by ovarian steroids: identification of two functionally distinct populations of GABA neurones in the preoptic area[END_REF]. Multiple studies have shown the importance of this inhibitory neurotransmitter in various processes including GnRH neuronal migration, the puberty of onset and controlling the pulsatile release of LH [START_REF] Christian | Estradiol induces diurnal shifts in GABA transmission to gonadotropin-releasing hormone neurons to provide a neural signal for ovulation[END_REF][START_REF] Casoni | SDF and GABA interact to regulate axophilic migration of GnRH neurons[END_REF]. It should be noted that GABA acts as an excitatory factor on the HPG-axis during early stages, and switches to exerting an inhibitory role around the pubertal period [START_REF] Moguilevsky | Sexual maturation modifies the GABAergic control of gonadotrophin secretion in female rats[END_REF][START_REF] Szwarcfarb | Sexual differences in the effect of the GABAergic system on LH secretion and in the hypothalamic ontogenesis of GABAA receptors in prepubertal rats[END_REF]. Directly onto GnRH neurons, the effect of GABA remains excitatory [START_REF] Herbison | Depolarising and hyperpolarising actions of GABA(A) receptor activation on gonadotrophin-releasing hormone neurones: towards an emerging consensus[END_REF].

Nitric oxide

Nitric oxide (NO) is an important gaseous neurotransmitter, synthesized by the NO synthase (NOS) enzyme, for the regulation of neuronal transmission. The expression of the neuronal isoform of NOS (nNOS) has been described to be in close proximity to GnRH neurons in the POA [START_REF] Herbison | Relationship of Neuronal Nitric Oxide Synthase Immunoreactivity to GnRH Neurons in the Ovariectomized and Intact Female Rat[END_REF][START_REF] Clasadonte | Activation of neuronal nitric oxide release inhibits spontaneous firing in adult gonadotropin-releasing hormone neurons: a possible local synchronizing signal[END_REF] and more distant from GnRH fibers at the level of the ME [START_REF] Herbison | Relationship of Neuronal Nitric Oxide Synthase Immunoreactivity to GnRH Neurons in the Ovariectomized and Intact Female Rat[END_REF]. Indeed, the synthesis and secretion of NO is required for proper GnRH/LH secretion [START_REF] Moretto | Nitric oxide regulates luteinizing hormonereleasing hormone secretion[END_REF][START_REF] Bonavera | L-arginine/nitric oxide amplifies the magnitude and duration of the luteinizing hormone surge induced by estrogen: involvement of neuropeptide Y[END_REF]. Moreover, research conducted by the laboratory of Dr. Prevot demonstrated that NO exerts a direct inhibitory effect on the GnRH neuronal activity [START_REF] Clasadonte | Activation of neuronal nitric oxide release inhibits spontaneous firing in adult gonadotropin-releasing hormone neurons: a possible local synchronizing signal[END_REF] and that inhibiting NO activity results in increasing LH levels [START_REF] Moretto | Nitric oxide regulates luteinizing hormonereleasing hormone secretion[END_REF][START_REF] Bonavera | L-arginine/nitric oxide amplifies the magnitude and duration of the luteinizing hormone surge induced by estrogen: involvement of neuropeptide Y[END_REF], Hanchate et al., 2012). It should also be mentioned that nNOS neurons are directly regulated by various hormones, for instance leptin [START_REF] Bellefontaine | Leptin-dependent neuronal NO signaling in the preoptic hypothalamus facilitates reproduction[END_REF] and E2 (d'Anglemont de Tassigny et al., 2007), and that they may be important for the integration of signals required

for the maturation and functioning of the HPG-axis. This is supported by the fact that nNOS KO mice present a hypogonadic phenotype [START_REF] Gyurko | Deletion of exon 6 of the neuronal nitric oxide synthase gene in mice results in hypogonadism and infertility[END_REF], Hanchate et al., 2012).

Proopomelanocortin and neuropeptideY/agouti-related peptide

The anorexigenic proopomelanocortin (POMC)-expressing neurons are located within the hypothalamus and are known to modulate GnRH neuronal activity and the reproductive function. POMC neurons located in the ARH co-express the estrogen receptor α (ERα) and interact with the preoptic GnRH neurons, suggesting a role in mediating the negative feedback action of estrogens [START_REF] Xu | Cross-Talk between Metabolism and Reproduction: The Role of POMC and SF1 Neurons[END_REF]. Two products of the POMC neurons, the anorectic αmelanocyte-stimulating hormone (α-MSH) and the opioid β-endorphin, are known to interact with GnRH neurons. α-MSH has been shown to promote firing of preoptic GnRH neurons [START_REF] Roa | Direct regulation of GnRH neuron excitability by arcuate nucleus POMC and NPY neuron neuropeptides in female mice[END_REF] and suggested to be involved in the transmission of the permissive effect of leptin on puberty onset [START_REF] Manfredi-Lozano | Defining a novel leptin-melanocortinkisspeptin pathway involved in the metabolic control of puberty[END_REF], while it has been described that the receptors for the opioid β-endorphin are expressed on GnRH neurons [START_REF] Lagrange | Estradiol-17 beta and mu-opioid peptides rapidly hyperpolarize GnRH neurons: a cellular mechanism of negative feedback?[END_REF].

The interaction of GnRH neurons with the orexigenic neuropeptide Y/agouti-related peptide (NPY/AgRP)-expressing neurons is similar as the interaction with POMC neurons. Like POMC neurons, estrogen-responsive NPY/AgRP neurons (i) send projections to morphologically interact with GnRH neurons at the level of the POA [START_REF] Simonian | Identification and characterization of estrogen receptor alpha-containing neurons projecting to the vicinity of the gonadotropin-releasing hormone perikarya in the rostral preoptic area of the rat[END_REF] and (ii) modulate the neuronal activity of the GnRH neurons. The orexigenic peptide NPY can exert both inhibitory and excitatory effects on GnRH neurons, depending on the receptor [START_REF] Roa | Direct regulation of GnRH neuron excitability by arcuate nucleus POMC and NPY neuron neuropeptides in female mice[END_REF]. In addition, it has been demonstrated that NPY exerts a direct effect on the neuronal activity of GnRH neurons and thereby puberty onset and fertility [START_REF] Minami | Facilitatory role of neuropeptide Y on the onset of puberty: effect of immunoneutralization of neuropeptide Y on the release of luteinizing hormone and luteinizing-hormonereleasing hormone[END_REF].

Peripheral and environmental regulators 1.3.8.2.1 Metabolic signals

The metabolic state and energy balance of an individual are of tremendous importance in the control of puberty onset and fertility, as these processes require appropriate energy levels.

Different studies performed in the 1960s and 1970s showed that nutritional and metabolic factors are playing an important role in the functioning of the HPG-axis [START_REF] Frisch | Height and weight at menarche and a hypothesis of critical body weights and adolescent events[END_REF][START_REF] Frisch | Menstrual cycles: fatness as a determinant of minimum weight for height necessary for their maintenance or onset[END_REF]. In conditions of undernutrition or obesity, this disrupted equilibrium of nutritional and metabolic factors causes an accelerated or delayed puberty onset and impaired fertility. One of the first peripheral factors that linked metabolism with the HPG-axis was leptin [START_REF] Ahima | Leptin regulation of neuroendocrine systems[END_REF], an adipocyte-derived hormone that is proportionally secreted with the reserve of body energy or fat mass [START_REF] Considine | Serum immunoreactive-leptin concentrations in normal-weight and obese humans[END_REF]. Studies have shown that circulating leptin levels are essential for the maturation of the HPG-axis, puberty and fertility [START_REF] Farooqi | 20 years of leptin: human disorders of leptin action[END_REF]. Mutations of this hormone or its receptor are known to be implicated in altered puberty onset and infertility, as reviewed by [START_REF] Elias | Leptin signaling and circuits in puberty and fertility[END_REF]. Another peripheral metabolic hormone that affects puberty onset and fertility is ghrelin, an orexigenic hormone mainly secreted by the stomach. It does not only regulate food intake and the secretion of GH, but also exerts an inhibitory effect on GnRH secretion in the prepubertal period [START_REF] Lebrethon | Effects of in vivo and in vitro administration of ghrelin, leptin and neuropeptide mediators on pulsatile gonadotrophin-releasing hormone secretion from male rat hypothalamus before and after puberty[END_REF]. Other metabolic hormones, such as insulin and peptide YY, are involved in the control of puberty as well, but not will not be further discussed in this manuscript.

Environmental signals

Not only metabolic cues, but also environmental factors are implicated in the timing of sexual maturation and puberty onset [START_REF] Parent | The timing of normal puberty and the age limits of sexual precocity: variations around the world, secular trends, and changes after migration[END_REF]. Human studies have demonstrated a link between the hours of daylight and the timing of puberty onset in girls [START_REF] Albright | Seasonal characteristics of and age at menarche[END_REF].

Also, endocrine disrupting chemicals (EDCs) have been shown to influence the age of puberty onset [START_REF] Rasier | Female sexual maturation and reproduction after prepubertal exposure to estrogens and endocrine disrupting chemicals: a review of rodent and human data[END_REF][START_REF] Lopez Rodriguez | OR23-1 Transgenerational Effects of Endocrine Disrupting Chemicals on Pubertal Timing through Epigenetic Reprogramming of the Hypothalamus[END_REF] and reproductive health [START_REF] Rehman | Endocrine disrupting chemicals and impact on male reproductive health[END_REF].

Gonadal steroid hormones

Sexual steroids comprise estrogens, androgens and progestins that are mainly synthesized and released by the gonads. These hormones mediate their effect by binding on intranuclear receptors, respectively estrogen receptors α and β (ER-α, ER-β), androgen receptor (AR) and progesterone receptors A and B (PR-A, PR-B) and thereby activate intracellular signalling cascades. Gonadal steroids are known to be implicated in various processes in the CNS such as mood, affective and cognitive functions, but exert their main function on the HPG-axis and its key components through feedback loops. Sexual steroids are not only implicated in the sexual differentiation of the brain, but also modulate the secretion of GnRH/LH and activate neural circuits involved in reproductive behaviors [START_REF] Young | Hormones and Sexual Behavior[END_REF][START_REF] Herbison | New evidence for estrogen receptors in gonadotropinreleasing hormone neurons[END_REF].

Estrogens have a dual effect on the hypothalamus, exerting both inhibitory and stimulatory influences on the secretion of GnRH and gonadotropins, depending on the anatomical location within the hypothalamus [START_REF] Radovick | Estrogenic regulation of the GnRH neuron[END_REF]. Estradiol exerts negative feedback upon the pulsatile release of GnRH and LH, and negative feedback upon the preovulatory surges of GnRH and LH. These effects are thought to be mediated via the kisspeptin neurons in the ARH and AVPV, respectively [START_REF] Moenter | Central aspects of systemic oestradiol negative-and positive-feedback on the reproductive neuroendocrine system[END_REF]. The suggested biological substrate for the dual effect of estrogens is Kp, as it is demonstrated that estrogen decrease Kiss1 in the ARH and increase Kiss1 in the AVPV (reviewed by [START_REF] Radovick | Estrogenic regulation of the GnRH neuron[END_REF]). Moreover, E2 can exert both negative or positive feedback actions on the Nos1 neurons in the POA (Chachlaki et al., 2017).

Another regulatory mechanism: microRNAs 1.3.8.3.1 MicroRNAs

MicroRNAs (miRNAs) define a class of small non-coding RNA molecules, with a length of 18 to 28 nucleotides (nt), that regulate gene expression at posttranscriptional level by degrading the target mRNA or inhibiting the mRNA translation. Initially, it was believed that miRNAs only exert a negative regulating effect on gene expression by binding to the 3' UTR region of its target mRNA. Nowadays, it is known that miRNAs can not only decrease, but also increase gene expression by binding to its target mRNA. The binding sites can vary over the 3' UTR, as well as the promotor or coding regions of the mRNA (Hausser et al., 2009, Hendrickson et al., 2009[START_REF] Breving | The complexities of microRNA regulation: mirandering around the rules[END_REF]. It should be mentioned that a single miRNA can regulate multiple mRNAs, and that one mRNA can be regulated by multiple miRNAs (Friedman et al., 2009).

Synthesis of microRNAs

The first step in miRNA synthesis comprises the transcription of the miRNA encoding genes in the nucleus of the cell, and requires the cooperation of the RNA polymerase II (Pol II) and multiple transcriptional factors, for instance c-Myc or p53. This process results in 100 to 1000 nt long molecules, the primary miRNA (pri-miRNA). The pri-miRNA is then cleaved by a microprocessor complex that includes the ribonuclease (RNase) III endonuclease Drosha and partner DiGeorge syndrome chromosomal region 8 (DGCR8), to form a 70 nt precursor miRNA (pre-miRNA). After this conversion, the exportin-5/Ran-GTP complex transports the pre-miRNA into the cytoplasm, where it undergoes further processing by RNase III Dicer, cofactor

Tar RNA binding protein (TRBP) and argonaute protein (Ago). This step on conversion results in a 22 nt miRNA/miRNA duplex. Generally, one miRNA strand is preserved and integrated with the miRNA-induced silencing complex (miRISC) to become functional. Once functional, they bind the target mRNA and promote its cleavage, degradation or translational suppression (Figure 8). The control of the miRNA maturation and their biological activity are regulated on different levels. Figure taken from [START_REF] Breving | The complexities of microRNA regulation: mirandering around the rules[END_REF].

The role of microRNAs on GnRH expression

Independent studies already suggested the involvement of the Lin28/let-7 miRNA system in normal development, including (mechanisms leading to) puberty onset [START_REF] Lettre | Identification of ten loci associated with height highlights new biological pathways in human growth[END_REF][START_REF] He | Genome-wide association studies identify loci associated with age at menarche and age at natural menopause[END_REF][START_REF] Sangiao-Alvarellos | Changes in hypothalamic expression of the Lin28/let-7 system and related microRNAs during postnatal maturation and after experimental manipulations of puberty[END_REF]. Despite these fundamental works, it was only in 2016 that Messina and colleagues demonstrated the modulatory role of miRNAs on the balance between inductive and repressive signals in the GnRH gene network during the infantile period, and that it is essential for the maturation of the GnRH neurons that control puberty onset and fertility [START_REF] Messina | A microRNA switch regulates the rise in hypothalamic GnRH production before puberty[END_REF]. This critical infantile period coincides with the so-called minipuberty, the first centrally driven, gonad-independent activation of the HPGaxis. During this short time period, changes in the expression of certain miRNAs switches an array of GnRH repressors (e.g. Zeb1 and Cebpb) and activators (e.g. Otx2), and in this way permits the increase of the GnRH neurohormone that is required for sexual maturation of the HPG-axis. The two most important miRNAs that regulate Zeb1 and Cebpb expression are respectively (i) the miR-200 family, including miR-200a-c, miR-141 and miR-429, that is upregulated and selectively enhanced in GnRH neurons, and (ii) miR-155, upregulated in GnRH neurons and also acts on other hypothalamic cells. In vivo dysregulation of the miR-200/429transcription factor micro network resulted in an impaired puberty onset and fertility [START_REF] Messina | A microRNA switch regulates the rise in hypothalamic GnRH production before puberty[END_REF].

Reproductive syndromes

The embryonic and postnatal development of GnRH system is a tightly regulated process, that is controlled by a complex variety of factors, and eventually leads to the onset of puberty and maturation of the HPG-axis. Accordingly, aberrations at many levels in the development of the GnRH system lead to infertility syndromes. Two examples of genetic disorders rooting in a GnRH deficiency will be described in this manuscript, respectively idiopathic congenital HH (CHH) and Kallmann syndrome (KS).

Congenital hypogonadotropic hypogonadism

Idiopathic CHH is a rare reproductive disorder that originates from GnRH deficiency. Clinically, GnRH deficiency is associated with low levels of the gonadotropins LH and FSH, and therefore very low or even undetectable levels of sex steroids. As one could imagine, these altered hormone levels prevent puberty onset and normal reproductive function, leading to infertility.

Diagnosis with CHH might be challenging due to the heterogeneity and large spectrum of the phenotypic presentation [START_REF] Boehm | Expert consensus document: European Consensus Statement on congenital hypogonadotropic hypogonadism--pathogenesis, diagnosis and treatment[END_REF]. The prevalence is likely to be around 1 per 5,000 individuals. Most patients benefit from specialized treatments, for instance programmable minipumps administering gonadorelin acetate, recovering fertility.

Kallmann syndrome

The term 'Kallmann syndrome' comprises the presentation of CHH in association with a reduced or absent sense of smell, also called hyposmia or anosmia and is associated with impairments in the GnRH neural migration during embryonic development [START_REF] Seminara | Gonadotropin-releasing hormone deficiency in the human (idiopathic hypogonadotropic hypogonadism and Kallmann's syndrome): pathophysiological and genetic considerations[END_REF]. The first observations of KS were made in 1856, when Maestre de San Juan observed patients with a micropenis and altered olfactory structures (de San Juan, 1856). The hereditary nature of this disorder was discovered a few years later by Kallmann and colleagues and the (partial) absence of OBs and its axons in this disorder were further described by De Morsier and Gauthier in the 1950s [START_REF] De Morsier | OLFACTO-GENITAL DYSPLASIA[END_REF]. KS is often associated with multiple anomalies, for instance cleft lip and/or palate [START_REF] Waldstreicher | The genetic and clinical heterogeneity of gonadotropin-releasing hormone deficiency in the human[END_REF]. KS has a prevalence of 1/8,000 in male, and 1/40,000 in female.

CHAPTER 2

Down syndrome

Generalities of Down syndrome

Down syndrome (DS), also known as trisomy 21, is a genetic disorder that is caused by the presence of an extra copy or major portion of chromosome 21. It is the most common and complex human autosomal aneuploidy that is compatible with postnatal survival. It occurs in approximatively 10 to 14 per 10,000 live births [START_REF] Parker | Updated National Birth Prevalence estimates for selected birth defects in the United States, 2004-2006[END_REF][START_REF] Khoshnood | Paper 2: EUROCAT public health indicators for congenital anomalies in Europe[END_REF].

Like many other disorders characterized by chromosomal perturbations, the risk of DS is known to increase with maternal age [START_REF] Reeves | Too much of a good thing: mechanisms of gene action in Down syndrome[END_REF].

Although some aspects of DS were described before by Jean Etienne Dominique Esquirol, DS is named after the British doctor John Langdon Down that fully described the syndrome in 1866. Almost 100 years later, in 1959, Jérôme Lejeune discovered the underlying cause of DS [START_REF] Lejeune | Study of somatic chromosomes from 9 mongoloid children][END_REF] Most DS patients are characterized by distinctive physical characteristics (Table 1), and have a high risk of developing other potential health and medical problems. Some of the most noticeable characteristics are related to the morphology of the face and eyes, short stature and intellectual disability. In addition to some typical noticeable characteristics, some other important comorbidities are very frequently observed in DS patients. These include, for instance, congenital heart diseases and defects of the cardiovascular system [START_REF] Freeman | Population-based study of congenital heart defects in Down syndrome[END_REF]) and Alzheimer's disease (AD) [START_REF] Wisniewski | Alzheimer's disease in Down's syndrome: clinicopathologic studies[END_REF][START_REF] Mann | The pattern of acquisition of plaques and tangles in the brains of patients under 50 years of age with Down's syndrome[END_REF]. 

Etiology of Down syndrome

Trisomy 21 can present in three different types:

1) Free trisomy 21 (90-95% of the cases). Free trisomy 21 is the most common type of DS, characterized by three complete copies of hsa 21 in all cells [START_REF] Ahmed | Down syndrome: clinical and cytogenetic analysis[END_REF][START_REF] Azman | Cytogenetic and clinical profile of Down syndrome in Northeast Malaysia[END_REF]. Approximatively 90% of the cases result from a chromosomal nondisjunction of maternal origin, mainly happening in meiosis I, while the other cases result from an additional paternal chromosome or post-zygotic mitotic non-disjunction [START_REF] Vranekovic | Down syndrome: parental origin, recombination, and maternal age[END_REF].

2) Partial trisomy 21 (2-4% of the cases). Some DS patients do not possess a complete third copy of chromosome 21, but have a partial trisomy. In this case, an additional part of chromosome 21 is attached to any other chromosome by translocation, the phenomenon characterized by different chromosomes breaking and rejoining each other [START_REF] Kondo | Two cases of partial trisomy 21 (pter-q22.1) without the major features of Down syndrome[END_REF].

3) Mosaicism (2-4 % of the cases). Rarely, a third copy of chromosome 21 can only be detected in some cells of the body. An individual with trisomy 21 mosaicism has both trisomic and euploid cell lines. Mosaicism results either from euploid cells that duplicate one of the hsa 21 during cell division, either from trisomic cells that lose one copy because of a mitotic error [START_REF] Pangalos | Understanding the mechanism(s) of mosaic trisomy 21 by using DNA polymorphism analysis[END_REF].

Characteristics of Down syndrome

The presence of an additional copy of chromosome 21 result in either increased transcript and protein levels, either in the repression of transcripts [START_REF] Epstein | The consequences of chromosome imbalance[END_REF]. The mechanisms and assumptions made about this so-called gene dosage imbalance will be discussed in section 2.4. What should already be mentioned is that this gene dosage imbalance possibly affects different aspects of development and thereby causes a wide variability of characteristics observed in DS patients [START_REF] Reeves | Too much of a good thing: mechanisms of gene action in Down syndrome[END_REF].

Intellectual disability and Alzheimer's disease 2.3.1.1 Intellectual disability

Intellectual disability is one of the main characteristics observed in all DS patients, although the severity varies between different individuals. It includes developmental delays, language and memory impairments, as well as many other cognitive abnormalities [START_REF] Epstein | Developmental genetics[END_REF][START_REF] Haxby | Neuropsychological evaluation of adults with Down's syndrome: patterns of selective impairment in non-demented old adults[END_REF][START_REF] Schapiro | Serial quantitative CT analysis of brain morphometrics in adult Down's syndrome at different ages[END_REF]. Several findings reported the growth of cognitive abilities through childhood, adolescence and early adulthood [START_REF] Carr | Stability and change in cognitive ability over the life span: a comparison of populations with and without Down's syndrome[END_REF][START_REF] Couzens | Individual and environmental characteristics associated with cognitive development in Down syndrome: a longitudinal study[END_REF], however, the intellectual quotient (IQ) and cognitive abilities are known to decline during adolescence and further adulthood respectively [START_REF] Carr | Long-term-outcome for people with Down's syndrome[END_REF][START_REF] Carr | Stability and change in cognitive ability over the life span: a comparison of populations with and without Down's syndrome[END_REF]. These findings are supported by multiple longitudinal studies [START_REF] Hauser-Cram | Family influences on adaptive development in young children with Down syndrome[END_REF][START_REF] Carr | Stability and change in cognitive ability over the life span: a comparison of populations with and without Down's syndrome[END_REF][START_REF] Couzens | Cognitive development and Down syndrome: age-related change on the Stanford-Binet test (fourth edition)[END_REF]. Although neurodegenerative changes even occur in the absence of clinical signs of dementia, cognitive decline during adulthood is thought to be associated with dementia representative of AD [START_REF] Ballard | Dementia in Down's syndrome[END_REF][START_REF] Lott | Dementia in Down syndrome: unique insights for Alzheimer disease research[END_REF]. The exact causes underlying intellectual disability and cognitive impairment are still unknown, and more research is required to answer this question. One of the genes on which research is focused nowadays is the dual specificity tyrosine phosphorylation kinase 1A (DYRK1A) gene. This gene is very active during the development of the fetal brain and known to be implicated in cell proliferation [START_REF] Ionescu | DYRK1A kinase inhibitors with emphasis on cancer[END_REF] and neuronal development [START_REF] Tejedor | MNB/DYRK1A as a multiple regulator of neuronal development[END_REF], as well as many signalling pathways. DYRK1A disruption is associated with learning difficulties in trisomic mice [START_REF] Van Dyke | Down Syndrome: Visions for the 21st Century[END_REF].

Alzheimer's disease

AD is a neurodegenerative disorder that is very closely connected to DS. The first reports about AD in DS were made in 1948, when G.A. Jervis described three DS patients with a similar neuropathological profile as non-DS patients described by Alois Alzheimer in 1906 [START_REF] Jervis | Early senile dementia in mongoloid idiocy[END_REF]. Further analysis revealed that brains of DS patients present neurofibrillary tangles (NFT) and a large-scale neuronal loss [START_REF] Struwe | Histopathologische Untersuchungen uber Entstehung und Wesen der senilen Plaques[END_REF][START_REF] Bertrand | Cas d'idioti mongolienne adulte avec nombreuses plaques senile et concretions calcaires pallidales[END_REF]. Multiple publications confirmed the association between AD and DS. Extensive research over the years led to the knowledge that neuropathological changes of AD can be found in virtually all DS adults around the age of 40 years [START_REF] Wisniewski | Alzheimer's disease in Down's syndrome: clinicopathologic studies[END_REF][START_REF] Mann | The pattern of acquisition of plaques and tangles in the brains of patients under 50 years of age with Down's syndrome[END_REF]. Although amyloid β (Aβ) depositions and NFTs can be found in almost all individuals with DS, only 20-25% develop a dementia or cognitive decline that is characteristic for AD [START_REF] Mehta | Increased plasma amyloid beta protein 1-42 levels in Down syndrome[END_REF][START_REF] Mehta | Increased levels of tau-like protein in patients with Down syndrome[END_REF][START_REF] Ghezzo | Age-related changes of adaptive and neuropsychological features in persons with Down Syndrome[END_REF].

The observed association between DS and AD can be partially addressed to the overexpression of the of the amyloid precursor protein (APP). The APP gene that encodes the APP protein is located on hsa 21, and therefore triplicated in individuals with DS. This discovery played a key role in the development of the 'amyloid cascade' hypothesis, that states that an accumulation of Aβ plaques evokes a pathological cascade including neuritic injury and the formation of NFT via tau protein that results in neuronal dysfunction and cell death [START_REF] Hardy | Alzheimer's disease: the amyloid cascade hypothesis[END_REF][START_REF] Dickson | The pathogenesis of senile plaques[END_REF][START_REF] Selkoe | Translating cell biology into therapeutic advances in Alzheimer's disease[END_REF]. However, the pathophysiology of AD is not only explained by APP and requires more contributing factors including apolipoprotein E [START_REF] Huynh | Apolipoprotein E and Alzheimer's disease: the influence of apolipoprotein E on amyloid-beta and other amyloidogenic proteins[END_REF]), neuroinflammation (Di Bona et al., 2008[START_REF] Karch | Alzheimer's disease risk genes and mechanisms of disease pathogenesis[END_REF] and changes in reproductive hormones [START_REF] Zhao | Estrogen receptor beta in Alzheimer's disease: From mechanisms to therapeutics[END_REF].

Over the past decades, strong evidence for the role of reproductive hormones in the vulnerability to AD has been provided. This is reflected by the fact that nearly two-third of AD patients are women [START_REF] Brookmeyer | National estimates of the prevalence of Alzheimer's disease in the United States[END_REF], a disproportion that could be attributed to the associated loss of ovarian hormones during menopause [START_REF] Zhao | A select combination of clinically relevant phytoestrogens enhances estrogen receptor beta-binding selectivity and neuroprotective activities in vitro and in vivo[END_REF]. Recent studies have demonstrated that AD pathology is more likely expressed as dementia in women than men [START_REF] Barnes | Sex differences in the clinical manifestations of Alzheimer disease pathology[END_REF], and that the spectrum of dementia-related behavioral symptoms and the cognitive deterioration tend to be more severe in AD women [START_REF] Schmidt | Sex differences in Alzheimer's disease][END_REF][START_REF] Chapman | Women have farther to fall: gender differences between normal elderly and Alzheimer's disease in verbal memory engender better detection of Alzheimer's disease in women[END_REF][START_REF] Hall | Boston Naming Test: Gender Differences in Older Adults with and without Alzheimer's Dementia[END_REF][START_REF] Irvine | Greater cognitive deterioration in women than men with Alzheimer's disease: a meta analysis[END_REF]. Not only the pathophysiological presentation of AD, but also the response effect to treatment are different in women compared to men [START_REF] Mielke | Effects of Food and Drug Administrationapproved medications for Alzheimer's disease on clinical progression[END_REF][START_REF] Claxton | Sex and ApoE genotype differences in treatment response to two doses of intranasal insulin in adults with mild cognitive impairment or Alzheimer's disease[END_REF]. These observed differences may be partially addressed to the changes in estrogens and therefore other reproductive hormones that women undergo during menopause, as reproductive hormones regulate a wide range of brain processes. This hypothesis is supported by the finding that estrogen replacement therapy (ERT) decreases the risk of developing AD in women when started early after menopause onset.

Olfaction

Olfactory regions are among the earliest and most extensively damaged brain regions in AD physiopathology [START_REF] Esiri | The olfactory bulbs in Alzheimer's disease[END_REF][START_REF] Ohm | Olfactory bulb changes in Alzheimer's disease[END_REF], and impairments of olfactory functioning are one of the earliest clinical symptoms observed in AD (reviewed by [START_REF] Zou | Olfactory dysfunction in Alzheimer's disease[END_REF]).

Human studies demonstrated that also individuals with DS present impairments in olfactory function, more specifically odor threshold and identification [START_REF] Murphy | Olfactory dysfunction in Down's Syndrome[END_REF]. Despite previous reports of normal olfactory function in DS [START_REF] Mckeown | Olfactory function in young adolescents with Down's syndrome[END_REF], a recent study demonstrated that olfaction may already be impaired at relatively young age [START_REF] Cecchini | Olfaction in People with Down Syndrome: A Comprehensive Assessment across Four Decades of Age[END_REF]. These findings are supported by other studies that show the presence of olfactory impairments in children with DS, and that these impairments worsen with ageing [START_REF] Nijjar | Olfactory impairment increases as a function of age in persons with Down syndrome[END_REF].

Reproduction

Impaired reproductive function is observed in women and men with DS. Despite a normal evolution of puberty, men with DS are generally considered infertile [START_REF] Stefanidis | Causes of infertility in men with Down syndrome[END_REF].

In literature, only three confirmed cases of spontaneous conception by fathers with DS are reported [START_REF] Sheridan | Fertility in a male with trisomy 21[END_REF][START_REF] Zuhlke | Down syndrome and male fertility: PCR-derived fingerprinting, serological and andrological investigations[END_REF][START_REF] Pradhan | Fertility in men with Down syndrome: a case report[END_REF]. The first signs of reproductive impairments are observed after puberty onset, for instance a decrease in testicular volume, decreased production of anti-Müllerian hormone (AMH) and increased production of gonadotropins [START_REF] Campbell | Serum gonadotrophins in Down's syndrome[END_REF]. These changes in AMH and gonadotropin levels evidence a gonadal dysfunction [START_REF] Hsiang | Gonadal function in patients with Down syndrome[END_REF], that is known to worsen with age.

Moreover, oligospermia and azoospermia have been observed in men with DS and suggest an impaired spermatogenesis [START_REF] Stearns | Studies bearing on fertility of male and female mongoloids[END_REF]. The mechanisms underlying the abnormal low sperm count remain unclear, although it may be an effect of DYRK1A [START_REF] Liu | Overexpression of DYRK1A, a Down Syndrome Candidate gene, Impairs Primordial Germ Cells Maintenance and Migration in zebrafish[END_REF].

Similar to men with DS, women with DS go through a normal puberty. Many cases of pregnancy in DS women have been reported [START_REF] Bovicelli | Reproduction in Down syndrome[END_REF], however only fifteen to thirty percent of DS women are fertile. This lower fertility rate may be associated with the reduced ovarian reserve [START_REF] Hojager | Follicular development in ovaries of children with Down's syndrome[END_REF], leading to early menopause in DS women. It has been described that estrogen deficiency as a result of menopause is associated with the onset of AD in DS women [START_REF] Coppus | Early age at menopause is associated with increased risk of dementia and mortality in women with Down syndrome[END_REF].

Gene dosage hypothesis and beyond

Hsa 21 is the smallest human chromosome, comprising approximatively 48 M basepairs (bp).

Sequencing of the long arm (21q) determined that it contains 696 genes, including at least 235 protein-coding genes and 142 pseudogenes [START_REF] Sturgeon | Transcript catalogs of human chromosome 21 and orthologous chimpanzee and mouse regions[END_REF]. It did not take researchers too long to define the DS critical region (DSCR), a 5,4 Mbp region that contains approximatively 50 genes and was thought to be responsible for the DS phenotype [START_REF] Delabar | Molecular mapping of twenty-four features of Down syndrome on chromosome 21[END_REF].

Whether an additional copy of the DSCR can explain the majority of symptoms seen in DS, including intellectual ability, remains the subject of intense debate. Recently, more-detailed genetic mapping of partial trisomy 21 demonstrated multiple regions of the hsa 21 contribute to the DS phenotype [START_REF] Korbel | The genetic architecture of Down syndrome phenotypes revealed by highresolution analysis of human segmental trisomies[END_REF][START_REF] Lyle | Genotype-phenotype correlations in Down syndrome identified by array CGH in 30 cases of partial trisomy and partial monosomy chromosome 21[END_REF]. Moreover, the fact that major characteristics of DS are observed in patients with a partial trisomy 21 without a third DSCR copy suggest that the DSCR is a susceptibility region modified by other loci on, for instance, hsa 21 [START_REF] Lyle | Genotype-phenotype correlations in Down syndrome identified by array CGH in 30 cases of partial trisomy and partial monosomy chromosome 21[END_REF]. These findings led to two hypotheses trying to explain trisomy 21linked phenotypes, respectively the 'gene dosage hypothesis' and 'amplified developmental instability hypothesis' [START_REF] Pritchard | The "gene dosage effect" hypothesis versus the "amplified developmental instability" hypothesis in Down syndrome[END_REF][START_REF] Dierssen | Functional genomics of Down syndrome: a multidisciplinary approach[END_REF].

The 'gene dosage hypothesis' is based upon the idea that the DS phenotype directly results from the overexpression of individual causative genes located on chromosome 21. The triplication of the causative genes is hereby called a gene dosage imbalance. The criteria that have been set to identify plausible candidate genes are (i) their location within the DSCR, (ii) their expression pattern in the brain or (iii) the function of the encoded protein. Following these criteria, several genes have been identified to be possibly involved in the DS-associated phenotype. One of these genes is DYRK1A that encodes an enzyme that is associated with cell proliferation and brain development (reviewed in [START_REF] Dierssen | Aneuploidy: from a physiological mechanism of variance to Down syndrome[END_REF][START_REF] Wiseman | Down syndrome--recent progress and future prospects[END_REF]). It is essential to understand that the effect of overexpressing genes on DS phenotypes can not only derive from the direct regulation of neural functions, but also from the indirect regulation. The effect of genetic imbalance may be exerted through gene-specific transcriptional and/or post-translational regulations, or via feedback mechanisms in complex expression networks.

The 'amplified developmental instability hypothesis' states that the dosage imbalance of hsa 21 results in an impaired cellular homeostasis, and that the severity of the DS phenotype is correlated with the size of the triplicated genetic region [START_REF] Shapiro | Developmental instability of the cerebellum and its relevance to Down syndrome[END_REF]. This idea has been supported by certain animal studies [START_REF] Olson | Down syndrome mouse models Ts65Dn, Ts1Cje, and Ms1Cje/Ts65Dn exhibit variable severity of cerebellar phenotypes[END_REF], although it is controversial to certain human cases reported with full trisomy and mild intellectual disability [START_REF] Korbel | The genetic architecture of Down syndrome phenotypes revealed by highresolution analysis of human segmental trisomies[END_REF].

However, over the past decade, the understanding and view of the mechanisms underlying DS have dramatically changed. Dosage imbalance of individual genes located on hsa 21 has been proven to contribute to the variable DS-linked phenotype. More global mechanisms are required to fully understand and explain the full complexity of DS. A recent proposed mechanism suggests that the imbalance of copy number alterations of functional, nontraditional genomic elements, and their indirect and direct effects on gene expression of both hsa 21 and other chromosomes, contribute to DS. These elements include miRNAs, PIWIinteracting RNAs (piRNAs) and endogenous small interfering RNAs. Recently, it has been demonstrated that at least five miRNA genes, respectively miR-99a, miR-125b-2, miR-802, miR-155 and let-7c, are overexpressed in the DS brain [START_REF] Elton | Trisomy-21 gene dosage over-expression of miRNAs results in the haploinsufficiency of specific target proteins[END_REF]. The dosage imbalance of these miRNAs may influence the expression of specific target proteins, and in their way, contribute to the DS phenotype [START_REF] Kuhn | Chromosome 21-derived microRNAs provide an etiological basis for aberrant protein expression in human Down syndrome brains[END_REF]. For instance, it has been shown that miRNAs are essential for the conversion of short-term to long-term memory [START_REF] Ryan | Plasticity-related microRNA and their potential contribution to the maintenance of long-term potentiation[END_REF]. Not only miRNAs, but also other RNA species, and epigenetic mechanisms could contribute to the DS pathophysiology [START_REF] Senti | The piRNA pathway: a fly's perspective on the guardian of the genome[END_REF]. These findings led to a new 'genome instability hypothesis'. This hypothesis states that dosage imbalance affects multiple hsa 21 and other chromosomal genes, together with alterations in the functional regulation of mRNA, regulatory non-coding elements and epigenetic regulation lead to the pathophysiology of DS [START_REF] Dierssen | Down syndrome: the brain in trisomic mode[END_REF].

Mouse models

The use of mouse models has played a prominent role in the study of DS, as with many other human diseases. However, DS is one of the more complicated human conditions to adequately model in mice and still challenges researchers nowadays. This can be explained by the fact that several genes lying in close proximity to one another on hsa 21 are duplicated, but that their orthologs are located on segments of three murine chromosomes, respectively mmu 16, mmu 17 and mmu 10 ( [START_REF] Davisson | Evolutionary breakpoints on human chromosome 21[END_REF]. Ideally, from a genetic point of view, a mouse model for DS must be trisomic for the three involved segments. Nowadays, none of all constructed mouse models is trisomic for all hsa 21 orthologs (Figure 9) and breeding a complete trisomic mouse model remains very challenging.

The oldest, first viable and most frequently used segmental trisomy mouse model is the Ts65Dn model [START_REF] Davisson | Segmental trisomy of murine chromosome 16: a new model system for studying Down syndrome[END_REF][START_REF] Davisson | Segmental trisomy as a mouse model for Down syndrome[END_REF]. Other mouse models, such as the Ts1Cje and Ts1Rhr, are trisomic for only a subset of genes trisomic in the Ts65Dn model [START_REF] Sago | Ts1Cje, a partial trisomy 16 mouse model for Down syndrome, exhibits learning and behavioral abnormalities[END_REF] and present with other phenotypic characteristics (Table 2,3). Among many other developed mouse models, the Tc1 model is worth mentioning as it carries a hsa 21. 

The Ts65Dn mouse model

The Ts65Dn mouse model is a widely-used mouse model of DS that was formed from the translocation of the distal region of mmu 16 onto the centromere of mmu 17 [START_REF] Davisson | Segmental trisomy as a mouse model for Down syndrome[END_REF][START_REF] Reeves | A mouse model for Down syndrome exhibits learning and behaviour deficits[END_REF] and extends a region of approximatively 23.3 Mbp; from the Mrpl39 to the Znf295 genes [START_REF] Kahlem | Transcript level alterations reflect gene dosage effects across multiple tissues in a mouse model of down syndrome[END_REF]. This region contains approximatively 132 genes orthologous to hsa 21 genes [START_REF] Antonarakis | Differential gene expression studies to explore the molecular pathophysiology of Down syndrome[END_REF], of which 55% are protein coding genes [START_REF] Duchon | Identification of the translocation breakpoints in the Ts65Dn and Ts1Cje mouse lines: relevance for modeling Down syndrome[END_REF].

Ts65Dn mice present a broad variety of phenotypic abnormalities, including a developmental delay that already presents at birth by a reduced body weight, and muscular trembling [START_REF] Davisson | Segmental trisomy as a mouse model for Down syndrome[END_REF]. Male mice are known to be sterile, while females are fertile but have small litters and provide poor care to their offspring [START_REF] Moore | Increased male reproductive success in Ts65Dn "Down syndrome" mice[END_REF]. Many alterations affecting the brain can be detected in this mouse model, for instance a delayed brain development, significant decrease in the cerebellar and hippocampal volume and impaired neurogenesis [START_REF] Bianchi | Age-related impairment of olfactory bulb neurogenesis in the Ts65Dn mouse model of Down syndrome[END_REF]. Similar to the physiopathology of AD in humans, Ts65Dn

mice show an age-related atrophy of the brain and degeneration of the basal forebrain cholinergic regions, as well as extensive astrocyte hypertrophy and alterations in different neurotransmitters. These observed changes are associated with learning and behavioral deficits [START_REF] Reeves | A mouse model for Down syndrome exhibits learning and behaviour deficits[END_REF][START_REF] Antonarakis | 10 years of Genomics, chromosome 21, and Down syndrome[END_REF]. It has been reported that the Ts65Dn model is unable to discriminate between familiar and novel objects in the novel object recognition (NOR) paradigm at adult ages. [START_REF] Fernandez | Pharmacotherapy for cognitive impairment in a mouse model of Down syndrome[END_REF]. No reports have been made about the presence of skeletal or cardiac anomalies or leukaemia in this mouse model [START_REF] Reeves | A mouse model for Down syndrome exhibits learning and behaviour deficits[END_REF], which are frequent comorbidities of DS.

Despite the olfactory impairments observed in individuals with DS and the importance of sensory modality in rodents, only a few studies investigated the olfactory performance in trisomic Ts65Dn mice. One study reports that the ability to detect odors of Ts65Dn mice is indistinguishable from controls at young ages, and seems to be impaired at mid-age [START_REF] Bianchi | Age-related impairment of olfactory bulb neurogenesis in the Ts65Dn mouse model of Down syndrome[END_REF]. These findings are supported by a second, independent study that shows no differences in a peanut butter finding test. Nevertheless, this study demonstrates an olfactory associative learning deficit [START_REF] De Souza | Galantamine improves olfactory learning in the Ts65Dn mouse model of Down syndrome[END_REF], which is also observed in humans [START_REF] Sliger | Effects of the ApoE epsilon4 allele on olfactory function in Down syndrome[END_REF]. It needs to be mentioned that nor olfactory discrimination, neither olfactory processing has been investigated in this DS mouse model yet.

The Ts1Cje mouse model

Together with the Ts65Dn mouse model, the Ts1Cje model is one of the most-well studied mouse models of DS. It is characterized by a monosomy of the distal part of mmu 12 and a reciprocal translocation of 77 genes of mmu 16, thus containing a smaller trisomic region than the Ts65Dn model. The behavioral and cognitive phenotype of these mice is comparable with Ts65Dn mice, although cognitive and learning deficits present milder [START_REF] Sago | Ts1Cje, a partial trisomy 16 mouse model for Down syndrome, exhibits learning and behavioral abnormalities[END_REF][START_REF] Sago | Genetic dissection of region associated with behavioral abnormalities in mouse models for Down syndrome[END_REF][START_REF] Duchon | Identification of the translocation breakpoints in the Ts65Dn and Ts1Cje mouse lines: relevance for modeling Down syndrome[END_REF][START_REF] Guedj | The fetal brain transcriptome and neonatal behavioral phenotype in the Ts1Cje mouse model of Down syndrome[END_REF]. This is concomitant with the fact that an age-related degeneration of basal forebrain cholinergic neurons has not been observed in these mice. Regarding the reproductive phenotype, many studies report both male and female Ts1Cje mice to be fertile. However, one study has shown male Ts1Cje mice to be subfertile, and present a lower testis weight and sperm concentration [START_REF] Davisson | Impact of trisomy on fertility and meiosis in male mice[END_REF].

Therapies

Despite a lot of research, no single, standard treatment for DS have been forthcoming.

Eventual treatments are adapted to the physical and intellectual needs, as well as to the strengths and challenges of an individual. Certain comorbidities may require specific therapeutic interventions, for instance heart defects. Improved personalised medical care does not only improve life quality for DS patients, but also increases their life expectancy. A variety of therapeutically approaches are provided to individuals with DS to encourage their maximal development and optimize life quality. These approaches include (i) physical therapy to improve motor skills, muscle strength, posture and balance, (ii) speech-language therapy to improve communication skills, (iii) occupational therapy to adjust to daily tasks and (iiii) emotional and behavioral therapies. However, cognitive impairments still exert a big influence on the life of an individual with DS. The focus of current therapies can be divided in two main streams, focusing on respectively drugs used for the treatment of AD and miscellaneous drugs.

Considering the neurochemical and neuropathological similarities between DS and AD, it is not surprising that drugs used for the treatment of AD are examined as potential therapeutics for DS as well. One common characteristic is the loss of cholinergic inputs to limbic and cortical regions, which in AD is associated with cognitive impairments. Many studies have investigated the cholinergic neurotransmission in DS, but no clear improvement of cognitive performance and functioning was found using for example acetyl-L-carnitine [START_REF] De Falco | Effect of the chronic treatment with L-acetylcarnitine in Down's syndrome[END_REF][START_REF] Pueschel | The effect of acetyl-L-carnitine administration on persons with Down syndrome[END_REF], nicotine [START_REF] Seidl | Effects of transdermal nicotine on cognitive performance in Down's syndrome[END_REF][START_REF] Bernert | Effects of a single transdermal nicotine dose on cognitive performance in adults with Down syndrome[END_REF] or acetylcholinesterase inhibitors [START_REF] Kishnani | Donepezil for treatment of cognitive dysfunction in children with Down syndrome aged 10-17[END_REF]. The same applies to the use of N-methyl-D-aspartate (NMDA) antagonists like memantine. Even though the first indications looked very promising, memantine does not seem to be an effective treatment in DS [START_REF] Hanney | Memantine for dementia in adults older than 40 years with Down's syndrome (MEADOWS): a randomised, double-blind, placebo-controlled trial[END_REF].

As A potential therapeutic technology is RNA interference (RNAi), a process in which RNA molecules inhibit the expression or translation specific target genes. In the Ts65Dn mouse model, RNAi has been demonstrated successfully in knocking down the chloride importer Na-K-Cl cotransporter (NKCC1) and restoring behavioral performance [START_REF] Contestabile | 53. A Neuro-Specific Gene Therapy Approach to Treat Cognitive Impairment in Down Syndrome by RNA Interference[END_REF].

These findings in the Ts65Dn mouse model and multiple other studies [START_REF] Makimura | Reducing hypothalamic AGRP by RNA interference increases metabolic rate and decreases body weight without influencing food intake[END_REF][START_REF] Shishkina | Attenuation of alpha2A-adrenergic receptor expression in neonatal rat brain by RNA interference or antisense oligonucleotide reduced anxiety in adulthood[END_REF] support the idea of RNAi as a powerful therapeutic method to target specific genes that are associated with CNS pathology, such as DS [START_REF] Dierssen | Pitfalls and hopes in Down syndrome therapeutic approaches: in the search for evidence-based treatments[END_REF])

CHAPTER 3

Ageing and cognitive decline:

a possible role for the hypothalamic-pituitarygonadal axis

Ageing

Ageing is a biological process defined as "a persistent decline in the age-specific fitness components of an organism due to internal physiological deterioration" in the Evolutionary Biology of Aging [START_REF] Rose | Evolutionary Biology of Aging[END_REF]. Others define it as a progressive decline in the physiological function, resulting in decreased reproduction and survival rates with increasing age and finally leading to death [START_REF] Flatt | Integrating evolutionary and molecular genetics of aging[END_REF]. Many definitions of ageing exist, and all conclude that, in humans, it is an inevitable change in physiological function that happens over time and ultimately leads to death [START_REF] Park | Aging[END_REF].

Ageing-associated physiological changes

The progress of ageing has been generally thought to start from birth, together with growth, and to include social, psychological and many physiological changes, such as tissue atrophy, a reduction in metabolic rate and abnormalities in Ca2 metabolism. These changes eventually lead to impairments of vital systems, including neurological and neuroendocrine function (further discussed below), and a higher vulnerability to the development of pathological conditions. Protecting against the ageing process can be considered a method of protection against ageing-related diseases, as it acts as a major risk factor for certain pathological conditions.

Changes of the central nervous system

Along with ageing, the cell count of neurons and supporting glial cells in the CNS gradually

declines. An approximate loss of 0.1% neurons per year is observed between the age of 20 and 60, after which the process only accelerates [START_REF] Esiri | Ageing and the brain[END_REF]. Reaching the age of 90, the brain will have lost around 11% of its total weight compared to a 50-year old individual (Wyss-Coray, 2016). The cellular loss is accompanied by increased concentrations of potentially harmful components in the remaining tissues, including free radicals and pigmentation depositions [START_REF] Ottis | Human and rat brain lipofuscin proteome[END_REF].

Neuronal loss is the most abundant in the cerebral cortex, presenting deeper sulci with advancing age. It was originally believed that specific brain regions as the frontal lobes are more likely to be affected by age-dependent neuronal loss [START_REF] Robbins | A study of performance on tests from the CANTAB battery sensitive to frontal lobe dysfunction in a large sample of normal volunteers: implications for theories of executive functioning and cognitive aging. Cambridge Neuropsychological Test Automated Battery[END_REF][START_REF] Rabbitt | Frontal brain changes and cognitive performance in old age[END_REF]. Nevertheless, other cortical structures such as the parietal lobes show similar losses as the frontal lobes [START_REF] Fjell | What is normal in normal aging? Effects of aging, amyloid and Alzheimer's disease on the cerebral cortex and the hippocampus[END_REF]. Frontal and parietal brain lobes are known for their implication in memory functions, and structural changes in these regions contribute to memory impairment. Another critical brain region for memory function and the ability to learn new skills that loses neural tissue during ageing is the hippocampus. Indeed, learning, memory and executive functions that rely on the different brain regions affected by a loss of neural tissue during ageing, show an important age-related decline (as reviewed by [START_REF] Burke | Neural plasticity in the ageing brain[END_REF]). Not only memory-related brain regions are affected by age-related changes, also other brain regions including the somatic motor cortex show atrophic signs from middle age onwards [START_REF] Manini | Aging and muscle: a neuron's perspective[END_REF].

The ageing process of the brain does not only include a loss of neural tissue. Many other changes can be observed with advancing age, such as an increase in the size of the ventricles [START_REF] Raz | Differential aging of the brain: patterns, cognitive correlates and modifiers[END_REF] and a decline in the cerebral blood flow [START_REF] Chen | Age-associated reductions in cerebral blood flow are independent from regional atrophy[END_REF]. The integrity of the BBB has been demonstrated to diminish with age, and thereby allows the access of proinflammatory mediators and harmful substances into the brain. The weakening of the BBB is first observed in the hippocampus and may play a role in hippocampal shrinkage, and associated cognitive decline [START_REF] Montagne | Blood-brain barrier breakdown in the aging human hippocampus[END_REF]. Moreover, a decline in the production of neurotransmitters such as dopamine, serotonin, noradrenaline and glutamate could contribute to the age-related cognitive decline as well [START_REF] Chowdhury | Dopamine restores reward prediction errors in old age[END_REF].

Changes in the neuroendocrine system

The endocrine systems also undergo an ageing process. Starting from middle age, multiple hypophyseal-peripheral axes decrease their activity and function. Many of these endocrine disturbances find their origin in neuroendocrine changes, and may have many peripheral consequences.

One of the neuroendocrine systems that is most affected by ageing is the HPG-axis. Around the age of 50 years, the female reproductive period halts abruptly due to the arrest of estrogen and progesterone production. The production of these ovarian steroids is determined by the gonadotropin secretion by the pituitary gland, which in turn is regulated by the GnRH system. Accordingly, an age-related decline in the frequency of GnRH pulses and LH, FSH and FAS levels are observed after the onset of menopause [START_REF] Hall | Decrease in gonadotropinreleasing hormone (GnRH) pulse frequency with aging in postmenopausal women[END_REF]. Similar to observations in women, levels of the major steroid sex hormone in men, T, decrease with age and are associated with lower cognitive performance [START_REF] Moffat | Longitudinal assessment of serum free testosterone concentration predicts memory performance and cognitive status in elderly men[END_REF]. The primary mechanisms mediating this age-related decline in T are still unknown, but is thought to find its origin within a multisite impairment; a reduction in hypothalamic GnRH release and abating testicular function and therefore androgenic negative feedback [START_REF] Keenan | Divergent gonadotropin-gonadal dose-responsive coupling in healthy young and aging men[END_REF][START_REF] Keenan | An ensemble model of the male gonadal axis: illustrative application in aging men[END_REF]. Although available data point towards an important role of hypothalamic GnRH release, the primary mechanisms remain unknown.

Changes in the hypothalamic-pituitary-somatotropic axis (HPS-axis) and more specifically the age-related decline of GH secretion [START_REF] Corpas | Human growth hormone and human aging[END_REF][START_REF] Veldhuis | Aging and hormones of the hypothalamo-pituitary axis: gonadotropic axis in men and somatotropic axes in men and women[END_REF] are considered as a symptom of neuroendocrine ageing, or as a protection mechanism from cancer and other diseases. A dysfunction of the HPS-axis caused by the absence of GH signals slows down the natural ageing process and extends life span in mice [START_REF] Koopman | Measuring aging rates of mice subjected to caloric restriction and genetic disruption of growth hormone signaling[END_REF]. This impact on longevity is not observed in corresponding endocrine syndromes affecting the HPS-axis in humans, but these patients appear to be less sensitive to age-related diseases [START_REF] Laron | The GH-IGF1 axis and longevity. The paradigm of IGF1 deficiency[END_REF][START_REF] Guevara-Aguirre | Growth hormone receptor deficiency is associated with a major reduction in pro-aging signaling, cancer, and diabetes in humans[END_REF][START_REF] Aguiar-Oliveira | MECHANISMS IN ENDOCRINOLOGY: The multiple facets of GHRH/GH/IGF-I axis: lessons from lifetime, untreated, isolated GH deficiency due to a GHRH receptor gene mutation[END_REF].

Ageing is also associated by changes in the regulation and activity of the hypothalamicpituitary-adrenal axis (HPA-axis), the main axis regulating endocrine stress in humans. The HPA-system induces a hormonal cascade via CRH and ACTH, resulting in the secretion of glucocorticoids (GCs), including cortisol. Through a negative feedback system, GCs downregulate the secretion of CRH and ACTH. Limited but suggestive evidence points towards higher age-related levels of cortisol and ACTH, a decreased GC negative feedback at the level of the hypothalamic PVN, the hippocampus and prefrontal cortex (as reviewed in [START_REF] Gupta | Hypothalamic-pituitary-adrenal (HPA) axis and aging[END_REF]).

Mechanisms of ageing

The exact mechanisms underlying the biological ageing profile are, despite numerous studies, not unraveled yet. Although there are many theories about the causes of ageing, none of them can explain the whole process. This suggests that a combination of different mechanisms may contribute to the process of ageing. Therefore, several theories that have gained attention over the years will be shortly introduced in this manuscript.

DNA damage and repair

Since a very long time, the accumulation of damaged DNA has been proposed to be a major causal factor of the ageing process (as reviewed in [START_REF] Vijg | Genome instability and aging[END_REF]). DNA is vulnerable to damage as a result of extrinsic stress factors such as irradiation and ultraviolet (UV) light, intrinsic stress factors such as reactive oxygen species (ROS) and replication errors. The majority of DNA damage is detected and repaired, however, some lesions remain unrepaired and accumulate. The accumulation of such lesions is harmful for the individual, leading to changes in gene expression, as well as to cellular senescence, apoptosis or even cancer. The ability to repair damaged DNA has been shown to be directly proportional to a species' lifespan, and is impaired due to the ageing process [START_REF] Hart | Correlation between deoxyribonucleic acid excisionrepair and life-span in a number of mammalian species[END_REF][START_REF] Bohr | DNA damage, mutation and fine structure DNA repair in aging[END_REF].

Moreover, human studies have demonstrated that genetic defects in the repair enzymes can lead to syndromes of premature ageing [START_REF] Yu | Positional cloning of the Werner's syndrome gene[END_REF][START_REF] Sun | The Bloom's syndrome helicase unwinds G4 DNA[END_REF].

Free radicals

The free radical theory of ageing was originally described in 1956 by Denham Harman [START_REF] Harman | Aging: a theory based on free radical and radiation chemistry[END_REF]. It proposes ageing to be a cumulative result of oxidative damage, introduced by ROS that may be incidentally produced in normal aerobic metabolic processes. For many years, this theory has been the most popular theory within the field of ageing. Numerous studies demonstrated the increase in ROS and oxidative damage with advancing age (reviewed in [START_REF] Stadtman | Protein oxidation and aging[END_REF]). Thus, an increased production of ROS has been associated with a shortened life span, and reduced oxidative stress in various model organisms, such as fruit flies [START_REF] Fleming | Role of oxidative stress in Drosophila aging[END_REF] and mice [START_REF] Dai | Mitochondrial oxidative stress in aging and healthspan[END_REF], extended their life span [START_REF] Kirkwood | The free-radical theory of ageing--older, wiser and still alive: modelling positional effects of the primary targets of ROS reveals new support[END_REF].

However, an increasing number of studies contradicts the free radical theory [START_REF] Koc | Methionine sulfoxide reductase regulation of yeast lifespan reveals reactive oxygen speciesdependent and -independent components of aging[END_REF][START_REF] Blagosklonny | Aging: ROS or TOR[END_REF][START_REF] Mockett | Expression of multiple copies of mitochondrially targeted catalase or genomic Mn superoxide dismutase transgenes does not extend the life span of Drosophila melanogaster[END_REF][START_REF] Van Raamsdonk | Superoxide dismutase is dispensable for normal animal lifespan[END_REF]. Antioxidant proteins were believed to extend lifespan, but overexpressing antioxidants has been found to be ineffective in some experimental systems [START_REF] Mockett | Expression of multiple copies of mitochondrially targeted catalase or genomic Mn superoxide dismutase transgenes does not extend the life span of Drosophila melanogaster[END_REF]. Increased levels of antioxidants may lead decrease an organisms lifespan, whilst a decreased function of antioxidants may prolong it [START_REF] Van Raamsdonk | Deletion of the mitochondrial superoxide dismutase sod-2 extends lifespan in Caenorhabditis elegans[END_REF]. The crucial role of ROS in the ageing process is questioned as ageing even occurs under anaerobic conditions, in very low concentrations of ROS. For example, anaerobically grown yeast cells present a shorter lifespan compared to aerobically grown cells, which is not regulated by antioxidants and seems to be even shortening under conditions of caloric restriction [START_REF] Koc | Methionine sulfoxide reductase regulation of yeast lifespan reveals reactive oxygen speciesdependent and -independent components of aging[END_REF]. Nowadays, it is believed that ROS contributes in many signalling functions, and that it is important to consider positional effects of ROS generation and their primary targets [START_REF] Kirkwood | The free-radical theory of ageing--older, wiser and still alive: modelling positional effects of the primary targets of ROS reveals new support[END_REF].

Mitochondrial damage

From the moment Harman included mitochondria within his free radical theory [START_REF] Harman | The biologic clock: the mitochondria?[END_REF], many studies arose providing evidence for the association between increased ROS levels, mitochondrial dysfunction and age(-related diseases) [START_REF] Barja | Updating the mitochondrial free radical theory of aging: an integrated view, key aspects, and confounding concepts[END_REF][START_REF] Vina | The free radical theory of aging revisited: the cell signaling disruption theory of aging[END_REF][START_REF] Lane | The role of mitochondrial dysfunction in agerelated diseases[END_REF]. Mitochondrial DNA is very susceptible to damage from external factors, as it is not optimally protected and no DNA repair enzymes are present in the mitochondria.

Damaged mitochondrial DNA on its turn leads to a vicious circle of a lower energy production and increase in the production of free radicals, inducing more oxidative stress. Indeed, deletions of mitochondrial DNA polymerase lead to a shortened life span in mice [START_REF] Trifunovic | Premature ageing in mice expressing defective mitochondrial DNA polymerase[END_REF][START_REF] Balaban | Mitochondria, oxidants, and aging[END_REF].

Telomere shortening

Telomeres are repetitive nucleotide sequences located at the end of all linear chromosomes.

Due to end-replication problems during DNA replication, telomeres shorten with each cell division. Telomere shortening has been suggested the reason why human diploid fibroblasts only divide a certain number of times before undergoing replicative senescence, also known as the Hayflick limit [START_REF] Hayflick | Aging under glass[END_REF]. This limitation can be overcome by making these cells express telomerase, an enzyme that adds telomere repeat sequences to the 3' end of telomeres [START_REF] Bodnar | Extension of life-span by introduction of telomerase into normal human cells[END_REF][START_REF] Vaziri | Reconstitution of telomerase activity in normal human cells leads to elongation of telomeres and extended replicative life span[END_REF]. Until now, however, no correlation between telomere length and life span of an individual or species has been demonstrated yet [START_REF] Cristofalo | Relationship between donor age and the replicative lifespan of human cells in culture: a reevaluation[END_REF]. For example, no thorough ageing defects can be found in telomerasedeficient mice [START_REF] Rudolph | Longevity, stress response, and cancer in aging telomerase-deficient mice[END_REF]. In 2002, von Zglinicki suggested that oxidative stress might be an important regulator of telomere loss, as it accelerates the telomere shortening rate [START_REF] Von Zglinicki | Oxidative stress shortens telomeres[END_REF]. A recent study indeed showed that the telomere shortening rate is strongly correlated with the life span of a species [START_REF] Whittemore | Telomere shortening rate predicts species life span[END_REF], suggesting that not the length of telomeres but the shortening rate determines ageing.

The neuroendocrine theory

According to the neuroendocrine theory, the ageing process results of changes in the neural and endocrine functions crucial for the coordination and programming of the communication and responsiveness of the organism and its environments, as well as maintaining an optimal status for reproduction and survival. Changes in these functions have detrimental effects and do not only affect the neurons (and therefore hormones) regulating evolutionarily significant functions as development, growth and reproduction, but also neurons critical for survival by adapting to stress factors and situations. Life span, that is regulated by "biological clocks", would go through a continuum of stages that are driven by nervous and endocrine signals.

Even the smallest changes of the biological clock would disrupt its function and corresponding adjustments [START_REF] Finch | The regulation of physiological changes during mammalian aging[END_REF][START_REF] Timiras | Biological perspectives on aging[END_REF][START_REF] Weinert | Invited review: Theories of aging[END_REF].

The ageing process is characterized by many changes in the (neuro)endocrine system and hormonal levels, such as a decrease in the levels of GH, T, estrogen and dehydroepiandrosterone. Some hormone replacement strategies have been tested and found to modify some attributes of the ageing process, however, negative side effects often occur, as was the case for a replacement therapy of GH [START_REF] Bouillanne | Growth hormone therapy in elderly people: an age-delaying drug?[END_REF]. One of the hormone replacement strategies that was welcomed very positively is replacing estrogen. ERT has a long clinical history and has been demonstrated to increase the quality of life in postmenopausal women [START_REF] Wiklund | Quality of life of postmenopausal women on a regimen of transdermal estradiol therapy: A double-blind placebo-controlled study[END_REF]. Although it has been called the first true antiageing therapy because of its preventive effect on osteoporosis [START_REF] Richman | Low-dose estrogen therapy for prevention of osteoporosis: working our way back to monotherapy[END_REF] and reducing the risk of dementia [START_REF] Leblanc | Hormone replacement therapy and cognition: systematic review and meta-analysis[END_REF], controversy is existing about the efficacy of ERT for dementia [START_REF] Espeland | Conjugated equine estrogens and global cognitive function in postmenopausal women: Women's Health Initiative Memory Study[END_REF].

It should be noted that throughout the sequential stages of life, the interaction and integration of the neuroendocrine and immune systems play a crucial role. The interaction between these two systems happens in different ways [START_REF] Tosato | The aging process and potential interventions to extend life expectancy[END_REF]: (i) neuropeptides and cytokines of the immune system (ii) hormones from the pituitary gland, and (iii) a reciprocal action of cytokines on the neuroendocrine system. As an example of interaction of the immune system on the neuroendocrine system, Zhang and colleagues recently demonstrated that the GnRH mRNA levels depend on the IkB kinase (IKKβ)/nuclear factor kB (NF-kB) pathway, involved in immune and inflammatory responses [START_REF] Zhang | Hypothalamic programming of systemic ageing involving IKK-beta, NF-kappaB and GnRH[END_REF].

The hypothalamus and GnRH: a new ageing mechanism?

In addition to its involvement in a wide variety of life-supporting functions, a crucial role for the hypothalamus in ageing development and lifespan control has recently been reported [START_REF] Zhang | Hypothalamic programming of systemic ageing involving IKK-beta, NF-kappaB and GnRH[END_REF]. Zhang and colleagues showed that the NF-kB-directed innate immune pathway is chronically activated in the murine hypothalamus during ageing development.

Overactivation of the NF-kB pathway in the mediobasal hypothalamus (MBH) leads to muscle weakness, poor cognitive performance and a shortened lifespan, while inhibiting this pathway reverses the phenotype and improves the aforementioned characteristics compared to control mice. This effect could be mediated via hypothalamic glia, as the microglia-specific ablation of IKKβ, the upstream kinase of NF-kB, results in improvements in age-related muscular weakness and cognitive impairment. Furthermore, they revealed that ageing is associated with reduced levels of hypothalamic GnRH mRNA and that the inhibition of the IKKβ/NF-kB pathway increases GnRH levels in ageing mice. To investigate whether GnRH could affect the ageing process, old constitutively-active IKKβ mice were subjected to daily GnRH injections. Peripheral administered GnRH abrogated the pro-ageing phenotype and induced an amelioration of the ageing-related cognitive decline in these mice [START_REF] Zhang | Hypothalamic programming of systemic ageing involving IKK-beta, NF-kappaB and GnRH[END_REF].

Ageing-associated disorders are often correlated with a decline in adult neurogenesis [START_REF] Greenberg | Turning neurogenesis up a Notch[END_REF][START_REF] Molofsky | Increasing p16INK4a expression decreases forebrain progenitors and neurogenesis during ageing[END_REF][START_REF] Encinas | Division-coupled astrocytic differentiation and age-related depletion of neural stem cells in the adult hippocampus[END_REF][START_REF] Villeda | The ageing systemic milieu negatively regulates neurogenesis and cognitive function[END_REF].

Moreover, neural stem cells (NSCs) are present in the hypothalamus [START_REF] Lee | Tanycytes of the hypothalamic median eminence form a diet-responsive neurogenic niche[END_REF][START_REF] Li | IKKbeta/NF-kappaB disrupts adult hypothalamic neural stem cells to mediate a neurodegenerative mechanism of dietary obesity and pre-diabetes[END_REF][START_REF] Mcnay | Remodeling of the arcuate nucleus energy-balance circuit is inhibited in obese mice[END_REF], and more specifically in the MBH, a crucial region for the organism's neuroendocrine regulation. Whether NSCs are implicated in the ageing process, had not been reported until 2017. Zhang and colleagues demonstrated an age-dependent loss of hypothalamic NSCs, especially in the 3v wall, which was reflected by an age-related physiological decline. Restoring the number of cells, neuronal grafting with newborn micederived hypothalamic NSC in which the inflammatory response is inhibited resulted in an increased life span [START_REF] Zhang | Hypothalamic stem cells control ageing speed partly through exosomal miRNAs[END_REF]. However, this study suggests that the effect results from the endocrine character of the NSCs, secreting miRNAs, as the modulation of ageing was relatively short to originate from neurogenesis. A fraction of the implanted hypothalamic NSCs differentiated into GnRH-expressing cells, however, the neuropeptide secretion by the hypothalamic NSCs was not addressed in this study [START_REF] Zhang | Hypothalamic stem cells control ageing speed partly through exosomal miRNAs[END_REF]. This is very interesting, as their previous study showed that GnRH is implicated in the hypothalamic control of ageing [START_REF] Zhang | Hypothalamic programming of systemic ageing involving IKK-beta, NF-kappaB and GnRH[END_REF].

Ageing-related cognitive decline

Despite the encounter of certain limitations in the studies concerning cognition and ageing (as reviewed by [START_REF] Salthouse | Selective review of cognitive aging[END_REF][START_REF] Harada | Normal cognitive aging[END_REF]), there is evidence for cognitive changes during the healthy ageing process. The term cognition can be divided into specific cognitive subdomains such as language, attention, executive function, visuospatial abilities and memory, and all of them decline with age [START_REF] Lezak | Neuropsychological assessment. 5th edn[END_REF]. It should be noted that the speed of processing information is slower in older compared to younger adults [START_REF] Salthouse | Selective review of cognitive aging[END_REF]. This could possibly interfere with the cognitive performance in each of the domains, as they all require the perception of the stimulus and processing of the information before the individual is ready to respond accordingly.

Complex attentional tasks that require selective or divided attention, i.e. that require a focus on something while ignoring irrelevant information and a focus on multiple tasks simultaneously, decline progressively with age [START_REF] Carlson | Aging, distraction, and the benefits of predictable location[END_REF][START_REF] Salthouse | Aging of attention: does the ability to divide decline?[END_REF].

Other cognitive subdomains such as executive function, visuoperceptual judgment and visuospatial orientation, and memory are all characterized by an age-related decline. [START_REF] Howieson | Neurologic function in the optimally healthy oldest old. Neuropsychological evaluation[END_REF][START_REF] Lezak | Neuropsychological assessment. 5th edn[END_REF][START_REF] Salthouse | Consequences of age-related cognitive declines[END_REF][START_REF] Bendayan | Decline in Memory, Visuospatial Ability, and Crystalized Cognitive Abilities in Older Adults: Normative Aging or Terminal Decline?[END_REF]. Executive function implicates planning and coordination actions for which a standard response is not the most appropriate and to which an individual should adapt its behavior. This is critically controlled by the prefrontal cortex, and demonstrated to decline during the ageing process [START_REF] Lezak | Neuropsychological assessment. 5th edn[END_REF]. Although some aspects of memory are maintained stable, many of them are affected and declining with advancing age, including new learning abilities, and recalling detailed episodic memories (as reviewed in [START_REF] Murman | The Impact of Age on Cognition[END_REF]).

Role of reproductive hormones and regulating factors in cognitive decline

GnRH and its receptor

It has been known for a long time that GnRH does not only affect the pituitary gland, but also affects other parts of the CNS, such as hypothalamic [START_REF] Herbison | LH-RH in picomole concentrations evokes excitation and inhibition of rat arcuate neurones in vitro[END_REF], hippocampal [START_REF] Yang | Activation of gonadotropinreleasing hormone receptors induces a long-term enhancement of excitatory postsynaptic currents mediated by ionotropic glutamate receptors in the rat hippocampus[END_REF], cerebellar [START_REF] Renaud | Depressant action of TRH, LH-RH and somatostatin on activity of central neurones[END_REF] and cortical neurons [START_REF] Renaud | Depressant action of TRH, LH-RH and somatostatin on activity of central neurones[END_REF][START_REF] Renaud | Hypothalamic releasing factors: physiological evidence for a regulatory action on central neurons and pathways for their distribution in brain[END_REF]. Moreover, it has been demonstrated that GnRH cell bodies as well as fibers are widely distributed in non-reproductive brain areas such as the OBs, hippocampus, piriform cortex and amygdala [START_REF] Casoni | Development of the neurons controlling fertility in humans: new insights from 3D imaging and transparent fetal brains[END_REF]. Similarly, the GnRH-R is expressed in the the OBs, piriform cortex, hippocampus and amygdala [START_REF] Jennes | Distribution of gonadrotropin releasing hormone agonist binding sites in the rat central nervous system[END_REF][START_REF] Albertson | Immunoreactive GnRH type I receptors in the mouse and sheep brain[END_REF]. These findings suggest that GnRH may be involved in yet unexplored non-reproductive functions, such as its recently proposed role in the regulation of systemic ageing [START_REF] Zhang | Hypothalamic programming of systemic ageing involving IKK-beta, NF-kappaB and GnRH[END_REF]. The presence of GnRH in the cerebrospinal fluid (CSF) at concentrations proportional to concentrations detected in the portal blood vessels [START_REF] Van Vugt | Gonadotropin-releasing hormone pulses in third ventricular cerebrospinal fluid of ovariectomized rhesus monkeys: correlation with luteinizing hormone pulses[END_REF][START_REF] Skinner | Measurement and possible function of GnRH in cerebrospinal fluid in ewes[END_REF][START_REF] Caraty | Gonadotropin-Releasing Hormone in Third Ventricular Cerebrospinal Fluid: Endogenous Distribution and Exogenous Uptake[END_REF]) could represent another way in which GnRH can potentially target and signal to multiple brain regions.

Luteinizing hormone and its receptor

The abundant presence of the LH-R in the CNS, more specifically in regions associated with learning and memory, the choroid plexus and ependymal cells of the ventricles, is well described in literature [START_REF] Emanuele | Extrahypothalamic brain luteinizing hormone: characterization by radioimmunoassay, chromatography, radioligand assay and bioassay[END_REF][START_REF] Lei | Novel expression of human chorionic gonadotropin/luteinizing hormone receptor gene in brain[END_REF][START_REF] Hamalainen | Age-and sex-specific promoter function of a 2-kilobase 5'-flanking sequence of the murine luteinizing hormone receptor gene in transgenic mice[END_REF][START_REF] Apaja | Identification and structural characterization of the neuronal luteinizing hormone receptor associated with sensory systems[END_REF]. This also counts for the cerebral expression of LH itself, and the ability to exert an influence on many brain processes including synaptic function [START_REF] Gallo | Effects of luteinizing hormone on multiple-unit activity in the rat hippocampus[END_REF], AA et al., 1997, AA et al., 1997) and behavior [START_REF] Lukacs | Peripheral and intracerebroventricular administration of human chorionic gonadotropin alters several hippocampusassociated behaviors in cycling female rats[END_REF][START_REF] Palm | Down-regulation of serum gonadotropins but not estrogen replacement improves cognition in aged-ovariectomized 3xTg AD female mice[END_REF].

The LHR is a GPCR that is involved in the production of sex steroids by the gonads, and its activation results in the activation of downstream signalling pathways that are known to be associated with hallmarks of synaptic plasticity and memory formation [START_REF] English | A requirement for the mitogen-activated protein kinase cascade in hippocampal long term potentiation[END_REF][START_REF] Atkins | The MAPK cascade is required for mammalian associative learning[END_REF], and lead to the induction of long term potentiation (LTP) [START_REF] Roche | Characterization of multiple phosphorylation sites on the AMPA receptor GluR1 subunit[END_REF][START_REF] Barria | Regulatory phosphorylation of AMPA-type glutamate receptors by CaM-KII during long-term potentiation[END_REF][START_REF] Mammen | Phosphorylation of the alpha-amino-3-hydroxy-5-methylisoxazole4-propionic acid receptor GluR1 subunit by calcium/calmodulin-dependent kinase II[END_REF] and synaptic remodelling. These findings suggest that LHR activation may exert a positive action on memory formation and cognition, which is supported by a study showing an impairment in cognitive functioning in young male HH patients compared to healthy age-matched controls [START_REF] Lasaite | Impaired emotional state, quality of life and cognitive functions in young hypogonadal men[END_REF].

However, detrimental effects of LH on the working memory have been demonstrated in rodents, more specifically a mouse model overexpressing LH [START_REF] Casadesus | Increases in luteinizing hormone are associated with declines in cognitive performance[END_REF] and guinea pigs receiving an exogenous administration of human LH [START_REF] Wahjoepramono | Direct exposure of guinea pig CNS to human luteinizing hormone increases cerebrospinal fluid and cerebral beta amyloid levels[END_REF]. These findings are supported by studies that demonstrate weakening of the working memory after the chronical administration of hCG, an LH analog, in a mouse model of AD [START_REF] Berry | Human chorionic gonadotropin (a luteinizing hormone homologue) decreases spatial memory and increases brain amyloid-beta levels in female rats[END_REF][START_REF] Barron | Effect of chronic hCG administration on Alzheimer's-related cognition and A beta accumulation in PS1KI mice[END_REF]. Moreover, estrogen associated benefits in spatial memory can be reversed by elevating the hCG levels at the peripheral level [START_REF] Berry | Human chorionic gonadotropin (a luteinizing hormone homologue) decreases spatial memory and increases brain amyloid-beta levels in female rats[END_REF][START_REF] Barron | Effect of chronic hCG administration on Alzheimer's-related cognition and A beta accumulation in PS1KI mice[END_REF]. These findings suggesting a role for LH in cognitive functioning are supported by multiple studies pharmacologically downregulating peripheral LH levels after ovariectomy (OVX) using GnRH super-agonists or competitive antagonists of the GnRHR [START_REF] Casadesus | Increases in luteinizing hormone are associated with declines in cognitive performance[END_REF][START_REF] Telegdy | Effects of the LHRH antagonist Cetrorelix on the brain function in mice[END_REF][START_REF] Bryan | Down-regulation of serum gonadotropins is as effective as estrogen replacement at improving menopause-associated cognitive deficits[END_REF][START_REF] Telegdy | Effects of the LHRH antagonist Cetrorelix on affective and cognitive functions in rats[END_REF][START_REF] Ziegler | Low luteinizing hormone enhances spatial memory and has protective effects on memory loss in rats[END_REF][START_REF] Palm | Down-regulation of serum gonadotropins but not estrogen replacement improves cognition in aged-ovariectomized 3xTg AD female mice[END_REF][START_REF] Blair | Luteinizing hormone downregulation but not estrogen replacement improves ovariectomyassociated cognition and spine density loss independently of treatment onset timing[END_REF]. A crucial finding was that the cognitive benefits resulting from pharmacologically reducing peripheral LH levels were not dependent on the timing of treatment onset [START_REF] Blair | Luteinizing hormone downregulation but not estrogen replacement improves ovariectomyassociated cognition and spine density loss independently of treatment onset timing[END_REF].

Accumulating research provides evidence that the levels of LH in the brain are inversely correlated to the levels observed at the periphery. A study in cycling adult female rats showed a 10-fold increase in the pituitary gland and periphery, while hypothalamic levels were decreased [START_REF] Emanuele | Hypothalamic LH may play a role in control of pituitary LH release[END_REF]. Additionally, the administration of both LH and hCG into the ME significantly lowered the LH levels at the level of the pituitary gland and periphery in both intact and castrated male and female rats [START_REF] David | Control of LH secretion: role of a "short" feedback mechanism[END_REF][START_REF] Hirono | The direct effect of HCG upon pituitary gonadotrophin secretion[END_REF]. These findings substantiate the idea of an inverse relationship between the central and peripheral levels of LH, and suggest that hCG and LH possibly self-regulate their levels through a feedback system into the brain [START_REF] David | Control of LH secretion: role of a "short" feedback mechanism[END_REF][START_REF] Molitch | Short-loop feedback control of luteinizing hormone in the rabbit[END_REF][START_REF] Patritti-Laborde | Pituitary gland: site of short-loop feedback for luteinizing hormone in the rabbit[END_REF].

The sensitivity of this short-loop has been thought to change with the time after castration [START_REF] Molitch | Short-loop feedback control of luteinizing hormone in the rabbit[END_REF] and raises the question whether self-regulation of the hypothalamic LH production is more relevant than gonadal loss. The loss of the short-loop with time after gonadectomy possibly underlies the sensitivity to estrogens during a critical period after menopause onset, and could be due to the rapid internalization of the LHR in the presence of its ligands [START_REF] Segaloff | Structure of the lutropin/choriogonadotropin receptor[END_REF][START_REF] Peegel | In situ hybridization of luteinizing hormone/human chorionic gonadotropin receptor messenger ribonucleic acid during hormone-induced down-regulation and the subsequent recovery in rat corpus luteum[END_REF][START_REF] Min | Mutations that induce constitutive activation and mutations that impair signal transduction modulate the basal and/or agonist-stimulated internalization of the Lutropin/Choriogonadotropin receptor[END_REF][START_REF] Kishi | Identification of two distinct structural motifs that, when added to the C-terminal tail of the rat LH receptor, redirect the internalized hormone-receptor complex from a degradation to a recycling pathway[END_REF]. As many studies used supraphysiologic doses of exogenous hCG, the internalization of the LHR might explain the deleterious effects of LHR activation to cognition that were observed in these studies [START_REF] Lukacs | Peripheral and intracerebroventricular administration of human chorionic gonadotropin alters several hippocampusassociated behaviors in cycling female rats[END_REF][START_REF] Ziegler | Low luteinizing hormone enhances spatial memory and has protective effects on memory loss in rats[END_REF][START_REF] Burnham | Luteinizing hormone acts at the hippocampus to dampen spatial memory[END_REF]. The inverse relationship between the observed LH levels in the CNS and periphery provide a plausible explanation for the paradox concerning the LHR; notably that the LHR activates signal cascades associated with learning and memory, and the beneficial effects of LHR downregulation on these aspects.

Estrogen depletion and replacement therapy

As mentioned before, the increased risk of AD in menopausal women has been attributed to the loss of estrogen [START_REF] Andersen | Gender differences in the incidence of AD and vascular dementia: The EURODEM Studies. EURODEM Incidence Research Group[END_REF], Launer et al., 1999), making it a considerable and promising therapeutic avenue to tackle the increased risk of AD. Initially, the replacement therapy showed promising results in postmenopausal women with and without AD, reducing multiple types of memory decline [START_REF] Hogervorst | Hormone replacement therapy to maintain cognitive function in women with dementia[END_REF][START_REF] Rocca | Oophorectomy, estrogen, and dementia: a 2014 update[END_REF]. However, no overall cognitive improvements were found in a randomized, double-blind placebo-controlled trial. It was demonstrated that ERT was beneficial when started at the moment of menopause or shortly after, while it slightly increased the risk of dementia when started 15 years after the onset of menopause [START_REF] Shumaker | Estrogen plus progestin and the incidence of dementia and mild cognitive impairment in postmenopausal women: the Women's Health Initiative Memory Study: a randomized controlled trial[END_REF][START_REF] Espeland | Conjugated equine estrogens and global cognitive function in postmenopausal women: Women's Health Initiative Memory Study[END_REF]. These results led researchers to believe the existence of a "critical period" after the onset of menopause during which estrogen can confer benefits, and after which it becomes ineffective and possibly exert harmful effects [START_REF] Resnick | Hormone therapy and risk of Alzheimer disease: a critical time[END_REF][START_REF] Henderson | Hormone therapy and Alzheimer's disease: benefit or harm?[END_REF][START_REF] Shao | Hormone therapy and Alzheimer disease dementia: new findings from the Cache County Study[END_REF][START_REF] Singh | Window of opportunity for estrogen and progestin intervention in brain aging and Alzheimer's disease[END_REF]. This idea is supported by studies which demonstrate the beneficial effect of estrogen on cognitive improvement in rodents [START_REF] Gibbs | Long-term treatment with estrogen and progesterone enhances acquisition of a spatial memory task by ovariectomized aged rats[END_REF] and primates [START_REF] Lacreuse | Estradiol, but not raloxifene, improves aspects of spatial working memory in aged ovariectomized rhesus monkeys[END_REF]. Yielded knowledge about estrogen and ERT make researchers believe that estrogen plays an important role for the function and structure of the CNS during the reproductive period, but afterwards possibly contributes to age-related menopausal dysfunction.

Kisspeptin and its receptor

Both Kp and the Kiss1R are widely distributed in the CNS [START_REF] Fukusumi | Recent advances in mammalian RFamide peptides: the discovery and functional analyses of PrRP, RFRPs and QRFP[END_REF] including learning-and memory-associated brain regions such as the hippocampus [START_REF] Arai | The role of kisspeptin and GPR54 in the hippocampus[END_REF]. This suggests that Kp may play a role in the regulation of learning and memory processes. Little is known about the role of Kp and its receptor in recognition processes, and no firm conclusions can be drawn from the very limited amount of studies. Jiang and colleagues demonstrated that KP-13, one of the Kp isoforms, possibly facilitates memory formation and retention through Kiss1Rs and GnRH-Rs [START_REF] Jiang | Kisspeptin-13 enhances memory and mitigates memory impairment induced by Abeta1-42 in mice novel object and object location recognition tasks[END_REF]. However, Delmas and colleagues demonstrated that deleting Kiss1R, and therefore Kiss1R signalling, in mice does not hamper spatial learning and memory [START_REF] Delmas | Altered aspects of anxietyrelated behavior in kisspeptin receptor-deleted male mice[END_REF].

Nitric oxide and nitric oxide synthase

Within the hippocampus, interneurons expressing nNOS represent one of the most widespread interneuron subpopulations [START_REF] Fuentealba | Ivy cells: a population of nitric-oxide-producing, slow-spiking GABAergic neurons and their involvement in hippocampal network activity[END_REF]. Multiple studies examined the role of NO on synaptic plasticity, and demonstrated NO to be implicated in the induction of LTP and long-term depression (LTD) [START_REF] Zhuo | Long-term depression: a learning-related type of synaptic plasticity in the mammalian central nervous system[END_REF]. Hippocampal LTP is a frequently used model to investigate the synaptic basis of learning processes and memory formation in vertebrates [START_REF] Bliss | A synaptic model of memory: long-term potentiation in the hippocampus[END_REF], while hippocampal LTD-like synaptic plasticity has been associated with visual recognition memory [START_REF] Griffiths | Expression of long-term depression underlies visual recognition memory[END_REF]. Moreover, a spatial memory task has been found to be accompanied by the increase of hippocampal NOS activity in rats [START_REF] Bernabeu | Role of hippocampal NO in the acquisition and consolidation of inhibitory avoidance learning[END_REF], and a correlation between learning processes and nNOS activity has been suggested by studies in mice [START_REF] Okere | Increased expression of neuronal nitric oxide synthase mRNA in the accessory olfactory bulb during the formation of olfactory recognition memory in mice[END_REF] and sheep [START_REF] Kendrick | Formation of olfactory memories mediated by nitric oxide[END_REF]. These results are supported by the finding that multiple NO donors facilitated learning and memory tasks, while multiple inhibitors of NO synthesis impaired learning and memory formation [START_REF] Paul | Involvement of nitric oxide in learning & memory processes[END_REF].

% ! ! ! ! ! ! ! ! ! AIMS AND OBJECTIVES ! ! ! ! ! ! ! ! ! !
The role of GnRH neurons as the master regulators of a complex neural network, mainly in the hypothalamus, controlling the onset of puberty and regulation of fertility is well established.

Nonetheless, it is becoming apparent that GnRH may be involved in a variety of nonreproductive functions. Additionally, the ability to reach puberty and become fertile is also affected in these patients.

An intriguing candidate, whose absence could mediate most of these phenotypes, is GnRH.

This led us to hypothesize that hypothalamic GnRH plays a crucial role in odor perception and cognitive performance during postnatal development. Building on this hypothesis, we sought to examine the role of acquired GnRH deficiency in age-dependent olfactory and cognitive decline using a DS mouse model. Moreover, we aimed to study whether GnRH replacement therapies would hold therapeutic potential. 

Introduction

DS, also known as trisomy 21, is the most common genetic form of intellectual disability, with a prevalence of 10 to 14 per 10,000 live births worldwide, and is associated with accelerated ageing and multiple age-dependent comorbidities that often manifest by the age of 40 [START_REF] Dierssen | Down syndrome: the brain in trisomic mode[END_REF][START_REF] Antonarakis | Down syndrome and the complexity of genome dosage imbalance[END_REF][START_REF] Bayen | Prevalence of Aging, Dementia, and Multimorbidity in Older Adults With Down Syndrome[END_REF]. In particular, adults with DS are at a very high risk of developing AD, partly due to the overexpression of APP, encoded by the APP gene located on chromosome 21. Interestingly, progressive anosmia or the lack of olfactory capacity is a hallmark of both DS [START_REF] Nijjar | Olfactory impairment increases as a function of age in persons with Down syndrome[END_REF] and dementia [START_REF] Doty | Olfactory dysfunction in Parkinson disease[END_REF]. While postmortem studies have revealed that adults with DS exhibit AD histopathology by the age of 40 years [START_REF] Editorial | Strengthening connections between Down syndrome and AD[END_REF][START_REF] Lott | Dementia in Down syndrome: unique insights for Alzheimer disease research[END_REF], clinical studies suggest that the overall rate of dementia in younger individuals (< 40 years) is low despite lifelong intellectual impairment.

However, the clinical symptoms of dementia rapidly emerge from the age of 40 onwards [START_REF] Ballard | Dementia in Down's syndrome[END_REF].

One factor that has consistently been associated with poor cognitive performance and the increased risk of AD in the wider population with age is the decrease in sex steroid levels [START_REF] Yaffe | Sex hormones and cognitive function in older men[END_REF][START_REF] Moffat | Free testosterone and risk for Alzheimer disease in older men[END_REF]. The natural ageing process alters the HPG (HPG) axis, leading to a rapid decline in estrogen in women [START_REF] Studd | Plasma hormone profiles after the menopause and bilateral oophorectomy[END_REF], and a gradual reduction in T in men [START_REF] Deslypere | Influence of age on pulsatile luteinizing hormone release and responsiveness of the gonadotrophs to sex hormone feedback in men[END_REF]. In women, the dramatic decline in gonadal steroids is due to the loss of the ovarian reserve at menopause, and the consequent lack of the negative feedback of estrogens on the hypothalamic neurons releasing GnRH, the neurohormone controlling reproduction. This triggers a marked and permanent increase in the activity of GnRH neurons and a pronounced increase in circulating levels of the gonadotropins released by the pituitary, including LH [START_REF] Yen | The effect of ovariectomy on gonadotropin release[END_REF][START_REF] Studd | Plasma hormone profiles after the menopause and bilateral oophorectomy[END_REF]. With age, postmenopausal women also show a marked decrease in GnRH pulsatility [START_REF] Hall | Decrease in gonadotropinreleasing hormone (GnRH) pulse frequency with aging in postmenopausal women[END_REF]. In older men, the decrease in circulating T levels is associated with an alteration of hypothalamic-pituitary function, which may result in part from a gradual decrease in GnRH secretion with age [START_REF] Deslypere | Influence of age on pulsatile luteinizing hormone release and responsiveness of the gonadotrophs to sex hormone feedback in men[END_REF].

Consistent with this, recent studies in mice have also suggested a role for the GnRH system in systemic ageing [START_REF] Zhang | Hypothalamic programming of systemic ageing involving IKK-beta, NF-kappaB and GnRH[END_REF].

Here we analyzed the role of acquired GnRH deficiency in age-dependent cognitive decline using a murine DS model [START_REF] Schapiro | Decline in cerebral glucose utilisation and cognitive function with aging in Down's syndrome[END_REF]. We demonstrate that both the acquisition of cognitive defects as well as a decline in olfactory perception are accompanied by a gradual loss of GnRH expression in the brain during postnatal development, related to upstream miRNA-transcription factor network alterations, and are associated with altered LH secretion in adulthood. Overexpressing a key miRNA or restoring physiological GnRH levels attenuate these pathological changes. Our data raise the possibility that pulsatile GnRH treatment, typically administered to patients with GnRH deficiency to manage their infertility [START_REF] Boehm | Expert consensus document: European Consensus Statement on congenital hypogonadotropic hypogonadism--pathogenesis, diagnosis and treatment[END_REF][START_REF] Gordon | Functional Hypothalamic Amenorrhea: An Endocrine Society Clinical Practice Guideline[END_REF], may offer a hitherto unappreciated therapy to enhance intellectual abilities and therefore well-being in DS patients.

Progressive GnRH insufficiency underlies olfactory and cognitive dysfunction in Down syndrome
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Results

Delayed sexual maturation, hypogonadism and infertility in Ts65Dn mice

Abnormalities in sexual development and infertility have been described in DS patients [START_REF] Hsiang | Gonadal function in patients with Down syndrome[END_REF] as well as Ts65Dn mice; an established murine DS model carrying a partial trisomy of chromosome 16 (the orthologous region of hsa 21) [START_REF] Reeves | A mouse model for Down syndrome exhibits learning and behaviour deficits[END_REF]. Whereas

Ts65Dn males are infertile, Ts65Dn females are subfertile [START_REF] Moore | Increased male reproductive success in Ts65Dn "Down syndrome" mice[END_REF]. Characterizing reproductive maturation in Ts65Dn mice (Figure 1A), we found that males were smaller and weighed less when compared to wild-type (wt) littermates during development (Figure 1B).

We also observed delayed balanopreputial separation (Figure 1C), a smaller penis, undescended testes (Figure 1D), irregular expression of major urinary proteins (markers of murine sexual maturation) (Figure 1E) and severe hypogonadism (Figure 1F,G), indicating profound deficits in the sexual maturation of Ts65Dn males that are comparable with the deficits in sexual maturation seen in DS patients [START_REF] Hsiang | Gonadal function in patients with Down syndrome[END_REF].

Ts65Dn females (Supplemental Figure 1A) also showed reduced body weight gain during postnatal development (Supplemental Figure 1B), but exhibited normal vaginal opening (Supplemental Figure 1C) (an external marker of sexual maturation in female mice) and first estrus (Supplemental Figure 1D), which is strictly correlated with the acquisition of reproductive capacity, i.e., puberty (Prevot, 2015). While Ts65Dn females featured normal reproductive cycles at 3 months, these mice were subfertile; producing fewer litters over a 120-day period and fewer pups per litter (Supplemental Figure 1E,G,H). By 12 months, these mice were anovulatory (Supplemental Figure 1F). Both male (Figure 1H 

Age-dependent loss of GnRH expression in Ts65Dn mice

We next evaluated the distribution of GnRH neurons in the brain of Ts65Dn mice by iDISCO neonatal (P0) and adult (P90) brains immunolabeled for GnRH [START_REF] Casoni | Development of the neurons controlling fertility in humans: new insights from 3D imaging and transparent fetal brains[END_REF][START_REF] Belle | Tridimensional Visualization and Analysis of Early Human Development[END_REF] and conventional immunohistofluorescence. We found a profound loss of GnRHimmunoreactive somata and fibers (Figure 2A-C) starting after puberty onset in Ts65Dn mice (Figure 2B, Figure S2) compared to wt controls. Our recent studies in human fetuses have identified GnRH somata and fibers in several extrahypothalamic sites [START_REF] Casoni | Development of the neurons controlling fertility in humans: new insights from 3D imaging and transparent fetal brains[END_REF].

Consistent with this, 3D analyses of the GnRH fiber network in adult wt mice also revealed 

Age-dependent loss of olfactory and cognitive function in Ts65Dn mice

DS patients and Ts65Dn mice not only present with intellectual/cognitive disability [START_REF] Epstein | Protocols to establish genotype-phenotype correlations in Down syndrome[END_REF][START_REF] Reeves | A mouse model for Down syndrome exhibits learning and behaviour deficits[END_REF], but also with an age-related impairment of olfaction [START_REF] Nijjar | Olfactory impairment increases as a function of age in persons with Down syndrome[END_REF][START_REF] Bianchi | Age-related impairment of olfactory bulb neurogenesis in the Ts65Dn mouse model of Down syndrome[END_REF]. Intriguingly, the inability to perceive odors is also associated with GnRH deficiency in patients with KS [START_REF] Boehm | Expert consensus document: European Consensus Statement on congenital hypogonadotropic hypogonadism--pathogenesis, diagnosis and treatment[END_REF]. In order to test whether the loss of GnRH expression seen in Ts65Dn mice is associated with olfactory and cognitive deficits, we next performed habituation/dishabituation tests to assess the ability to discriminate between different odors [START_REF] Breton-Provencher | Interneurons produced in adulthood are required for the normal functioning of the olfactory bulb network and for the execution of selected olfactory behaviors[END_REF], and a NOR test (a test also used in patients with DS [START_REF] Nelson | Learning and memory as a function of age in Down syndrome: a study using animal-based tasks[END_REF]) to assess recognition memory (Figure 3A).

Wt control prepubertal animals showed reduced sniffing time when an odor was reintroduced (habituation), with the reinstatement of sniffing when a novel odor was presented (dishabituation). However, both male and female prepubertal Ts65Dn mice, once habituated, were unable to distinguish a novel odor from known ones (Figure 3B), revealing an olfactory deficit that occurs between birth and the juvenile period in these animals. Ts65Dn mice thus phenocopy patients with DS who exhibit odor identification deficits starting as early as in preadolescence [START_REF] Nijjar | Olfactory impairment increases as a function of age in persons with Down syndrome[END_REF]. In contrast, Ts65Dn mice at P35 were as capable as their wt littermates of recognizing new objects in their environment (Figure 3D). However, when we performed these tests in young adults, we found that both olfactory perception and recognition memory were impaired in Ts65Dn mice (Figure 3C,E). These results reveal agedependent cognitive decline in both male and female Ts65Dn mice, temporally orchestrated to coincide with the loss of GnRH expression in the brain (Figure 2B). The olfactory and cognitive impairment seen in Ts65Dn mice were likely not due to gonadal deficits or altered communication between the brain and the gonads, as orchidectomized (ORX) animals behaved similarly (Figure 3F,G) to intact controls (Figure 3C,E). Age-acquired cognitive decline has previously been linked to an increase in inflammatory processes in the hypothalamus [START_REF] Zhang | Hypothalamic programming of systemic ageing involving IKK-beta, NF-kappaB and GnRH[END_REF]. Our qPCR analyses showed an increase in the expression of Nf-kB1 transcripts in the POA of middle-aged mice when compared to young adults, but no difference in Nf-kB1 mRNA expression when comparing Ts65Dn mice with wt littermates (Supplemental Figure 4A). We also did not find Nf-kB activation in the hippocampus of 3-and 8-month old wt and Ts65Dn mice (Supplemental Figure 4B).

Exacerbated neuroinflammation is thus unlikely to explain the accelerated cognitive decline in Ts65Dn animals.

The App gene triplication present in both DS patients and mice [START_REF] Reeves | A mouse model for Down syndrome exhibits learning and behaviour deficits[END_REF] 

Ts65Dn mice show an imbalance in the miRNA-gene network controlling

Gnrh expression

Hsa 21 and mmu 16, which has been duplicated to generate the Ts65Dn mouse strain [START_REF] Reeves | A mouse model for Down syndrome exhibits learning and behaviour deficits[END_REF], code for several miRNAs (miR-99a, let-7c, miR-125b-2 and miR-155) that are expressed in GnRH neurons and influence the expression of the miRNA-200 family [START_REF] Messina | A microRNA switch regulates the rise in hypothalamic GnRH production before puberty[END_REF]. Members of this family regulate Zeb1, which is an important repressor of Gnrh promoter activity [START_REF] Messina | A microRNA switch regulates the rise in hypothalamic GnRH production before puberty[END_REF]. To investigate the molecular mechanism underlying 

GnRH replacement therapies reverse olfactory and cognitive impairments in Ts65Dn mice

We next tried to rescue the olfactory and cognitive deficits exhibited by adult Ts65Dn mice by GnRH replacement by first grafting neonatal POA transplants into the 3v of adult mice [START_REF] Charlton | The effects of the age of intracerebroventricular grafts of normal preoptic area tissue upon pituitary and gonadal function in hypogonadal (HPG) mice[END_REF]. Enzymatically dissociated neonatal cells [START_REF] Messina | A microRNA switch regulates the rise in hypothalamic GnRH production before puberty[END_REF] from the POA of wt pups (WT-POA) were stereotaxically injected into the 3V of adult male Ts65Dn mice (Figure 5A). Remarkably, this procedure reversed both olfactory and cognitive impairments (Figure 5B). We also evaluated short-term visuospatial memory in these animals and found that the grafted Ts65Dn animals performed similar to wt controls in a Y-maze test (Figure 5D-F). Similar results were obtained in adult Ts65Dn females, with cognition recovery after the implantation of neonatal WT-POA (Figure 5C). However, grafted Ts65Dn females did not show full rescue of their olfactory capacity (Figure 5C). Here, in contrast to hypogonadal adult mice [START_REF] Charlton | The effects of the age of intracerebroventricular grafts of normal preoptic area tissue upon pituitary and gonadal function in hypogonadal (HPG) mice[END_REF], WT-POA transplantation did not restore fertility in either Ts65Dn males or females (Supplemental Figure 1F), demonstrating that the rescue of olfactory capacity and cognition is not coupled to the restoration of gonadal function. APP and CTF expression levels were unchanged in the cortex and the hippocampus of Ts65Dn males after transplantation (Supplemental Figure 5A-D). However, Tau-Cter expression was decreased in the cortex of grafted Ts65Dn mice, when compared to controls (Supplemental Figure 5D).

To selectively silence GnRH neurons, we next generated Gnrh::Cre; BoNTB loxP-STOP-loxP double transgenic mice, in which the vesicular release in GnRH neurons is blunted by the cell-specific expression of the botulinum neurotoxin B (BoNTB Gnrh ). We then injected neonatal POA cells from these animals into the 3V of adult Ts65Dn males (BoNTB Gnrh POA) (Figure 5G). No Finally, we tested whether restoring GnRH pulsatility in Ts65Dn mice rescues cognitive performance in these animals. Adult Ts65Dn males were implanted either with a subcutaneous osmotic pump to receive a continuous infusion of Lutrelef (0.25 µg per 3h), a

GnRH peptide used clinically to restore fertility in patients with HH [START_REF] Boehm | Expert consensus document: European Consensus Statement on congenital hypogonadotropic hypogonadism--pathogenesis, diagnosis and treatment[END_REF]; or with a subcutaneous programmable mini-pump, to receive pulsatile Lutrelef infusions (0.25 µg delivered during 10 min every 3h) for 15 days (Figure 6A), mimicking GnRH/LH pulsatility reported in wt mice [START_REF] Czieselsky | Pulse and Surge Profiles of Luteinizing Hormone Secretion in the Mouse[END_REF]. The pulsatile infusion of Lutrelef increased LH pulse frequency and amplitude to wt levels in Ts65Dn males whereas continuous infusion blunted LH pulsatility (Figure 6B-G). Pulsatile Lutrelef infusion also rescued both the capacity to discriminate between different odors (Figure 6H) and cognitive deficits (Figure 6I) in these animals. However, while continuous Lutrelef infusion had no effect on olfactory and cognitive performance in Ts65Dn mice, it appeared to have markedly deleterious effects on these tasks in wt mice (Figure 6H Our study paves the way for the development of new treatment strategies to prevent agedependent cognitive decline, mobilize the cognitive reserve, and thus improve well-being in patients with neurodevelopmental (e.g., DS) and neurodegenerative disorders (e.g., DS and AD).

Material and methods

Animals

All mice were housed under specific pathogen-free conditions in a temperature-controlled room (21-22°C) with a 12h light/dark cycle. The day the litters were born was considered as day 0 of age (P0). Animals were weaned at P21 and were provided with ad libitum access to food and water.

Ts65Dn (B6EiC3Sn.BLiA-Ts(1716)65Dn/DnJ; Stock no. 005252) mice [START_REF] Reeves | A mouse model for Down syndrome exhibits learning and behaviour deficits[END_REF][START_REF] Reinholdt | Molecular characterization of the translocation breakpoints in the Down syndrome mouse model Ts65Dn[END_REF][START_REF] Ahmed | Loss of correlations among proteins in brains of the Ts65Dn mouse model of down syndrome[END_REF] carrying a partial trisomy of chromosome 16, the orthologous region of hsa 21, were purchased from Jackson Laboratories (New Harbor, ME, USA). As the Ts65Dn line has a genetic background wt for the Pde6b gene, the line was maintained by crossing Ts65Dn trisomic females to Pde6b+ (C57BL/6JEiJ x C3Sn.BLiA-Pde6b+/DnJ)F1/J; Stock no 003647) males. This mating system results in wt and Ts65Dn animals. Gnrh::Cre (Tg(Gnrh1::Cre)1Dlc) and Gnrh::Gfp were a generous gift from Dr.

Catherine Dulac (Howard Hughes Medical Institute, Cambridge MA) [START_REF] Yoon | Olfactory inputs to hypothalamic neurons controlling reproduction and fertility[END_REF] and Dr. Daniel J. Spergel (Section of Endocrinology, Department of Medicine, University of Chicago, IL) [START_REF] Spergel | GABA-and glutamate-activated channels in green fluorescent protein-tagged gonadotropinreleasing hormone neurons in transgenic mice[END_REF], respectively. Tg(CAG-BoNT/B,EGFP)U75-56wp/J (BoNTB loxP-

STOP-loxP

) mice and GnRHR::Cre;Tau-Gfp LoxP-STOP-LoxP have been generated as described before [START_REF] Wen | Embryonic gonadotropin-releasing hormone signaling is necessary for maturation of the male reproductive axis[END_REF][START_REF] Slezak | Relevance of exocytotic glutamate release from retinal glia[END_REF]. Mice were genotyped by PCR using the primers listed in Supplemental Table S1.

Animal except when the morphological or physiological differences were too obvious to be ignored.

Drugs

Clozapine N-oxide hydrochloride (SML2304, Sigma) was dissolved in sterile saline (0.9% NaCl)

and stored at 4°C. On the day injections were administered, CNO stock was brought to room temperature and diluted in sterile saline (0.9% NaCl). Lutrelef (Ferring Pharmaceuticals, Switzerland) was dissolved in sterile 0.1M PBS and stored at 4°C. The day before osmotic minipumps and programmable micro infusion pumps were implanted, Lutrelef stock was taken to room temperature and diluted in sterile 0.1M PBS. GnRH-1 peptide (Genecust) was dissolved in sterile H2O and stored in aliquots at -80°C. On the day injections were administered, GnRH-1 stock was thawed and diluted in a solution of sterile saline.

Physiological measurements

Pubertal studies. Males were checked daily for balanopreputial separation and urine samples were collected from weaning to P45. Weaned female mice were checked daily for vaginal opening. After vaginal opening, vaginal smears were performed daily and analyzed under an inverted microscope to identify the specific day of estrous cycle.

Fertility index. Female fertility indices were calculated from the number of litters per female during a 120-day long mating.

Urine collection and protein analysis

To assess major urinary protein (MUP) profile diversity, urine was collected from weaning to P45 in male mice following either spontaneous urination when handled, or provoked after exerting a gentle pressure on the mouse bladder. The urine was collected in microcentrifuge tubes kept on ice during the collection procedure. All samples were initially frozen at -20°C then kept at -80°C until further processing. For protein analysis, 1 μl of urine was mixed with 1X sample buffer (Invitrogen) and 1X reducing agent (Invitrogen). Samples were boiled for 5 min and electrophoresed for 75 min at 150 V in 4-12% MES SDS-polyacrylamide gels according to the protocol supplied with the NuPAGE system (Invitrogen). After the migration, the proteins were transferred onto 0.2 μm nitrocellulose membrane (Invitrogen) in the blot module of the NuPAGE system (Invitrogen) for 90 min at 30V in cold conditions. Membranes were then blocked for 1 h in blocking buffer [(TBS with 0.05% Tween 20 (TBST) and 5% nonfat dry milk] at room temperature, and incubated for 48 h at 4°C with the primary antibody (rabbit polyclonal anti-MUP1, 1:200 dilution, sc-66976, Santa Cruz Biotechnology, INC) diluted in blocking buffer. Following this, membranes were washed three times with 1X TBST before incubation with the secondary antibody (peroxidase anti-Rabbit IgG (H+L), 1:2000 dilution, PI-1000, Vector Laboratories) diluted in blocking buffer for 1 h at room temperature. After incubation with secondary antibody, the membranes were washed three times with 1X TBST.

Immunoreactions were developed using the ECL detection kit (NEL101; PerkinElmer, Boston, MA) and scanned using a desktop scanner (Epson Expression 1680 PRO).

Pulsatile LH measurements

Adult mice were habituated with daily handling. Blood samples (5 μL) were taken from the tail at 10 min intervals during a period of 2 h (between 10:00 and 12:00) and were diluted in 45 μL of 1X PBS-T (0,05%) and immediately frozen and stored at -80°C. LH levels were determined using a previously described sensitive LH sandwich ELISA [START_REF] Steyn | Development of a methodology for and assessment of pulsatile luteinizing hormone secretion in juvenile and adult male mice[END_REF] antiserum, AFP240580Rb; NIDDK-NHPP) at a final dilution of 1:10,000 for 1.5 h at room temperature. Each well containing bound substrate was incubated with 50 μL of horseradish peroxidase-conjugated antibody (goat anti-rabbit; Vector Laboratories, PI-1000) at a final dilution of 1:1,000. After a 1.5 h incubation, 100 μL of 1-Step Ultra TMB-Elisa Substrate Solution (ThermoFisher Scientific, cat. #34028) was added to each well and left at room temperature for 10 min. The reaction was stopped by the addition of 50 μL of 3M HCl to each well, and the absorbance was measured at 450 nm. Pulses were confirmed using DynPeak [START_REF] Vidal | DynPeak: an algorithm for pulse detection and frequency analysis in hormonal time series[END_REF].

Behavioral studies 4.3.6.1 Habituation/dishabituation test

The habituation/dishabituation test was used to assess the ability to differentiate between different odors [START_REF] Breton-Provencher | Interneurons produced in adulthood are required for the normal functioning of the olfactory bulb network and for the execution of selected olfactory behaviors[END_REF]. Mice were single-housed for 8 days prior to testing. This olfactory test included a presentation of acetophenone (00790, Sigma) for habituation and octantal (05608, Sigma) for dishabituation, or vice versa. Before the test, mice were allowed to explore the open-field area and an empty odor box for 30 min. After this habituation period, mice were sequentially presented with one odor for four consecutive trials for a duration of 1 min, and an inter-trial interval of 10 min was maintained to ensure the replacement of the odor. After four consecutive trials, a second odor was presented during a 1 min trial. Odors (20μl of 1:1000 dilution) were administered on a filter paper and placed in a perforated plastic box to avoid direct contact with the odor stimulus. The measurement consisted of recording the total amount of time the mouse spent sniffing the object during different trials.

Novel object recognition test

Recognition memory was assessed using the NOR test [START_REF] Leger | Object recognition test in mice[END_REF]. Mice were singlehoused for 5 days prior to testing. On day 1, two identical objects (A+A) were placed within the open-field arena on opposite sides of the cage, equidistant from the cage walls. Each mouse was placed within the two objects and allowed to explore them for 15 min. Day 2 consisted of two phases, a familiarization and a test phase. During the familiarization phase (trial 1) that lasted 15 min, mice explored two other identical objects (B+B). After this phase, mice were placed back in its home cage for 1 hour before starting the test phase. During the test phase, one object from trial 1 and a completely new object (B+C) were placed within the open-field area and mice were allowed to explore them for 5 min (trial 2). The object recognition score was calculated as the time spent exploring the new object (trial 2) over the total exploration time, and is used to represent recognition memory function.

Y-maze test

Natural spontaneous exploratory behavior and visuospatial short-term memory were tested using the Y-maze [START_REF] Dellu | Genetic differences in response to novelty and spatial memory using a two-trial recognition task in mice[END_REF][START_REF] Bridoux | The acute inhibition of rapid eye movement sleep by citalopram may impair spatial learning and passive avoidance in mice[END_REF]. The Y-maze consisted of three white wooden arms (24.0 cm x 6.5 cm x 15 cm), elevated to a height of 41.0 cm above the floor and was surrounded with visual cues on the wall. Mice were placed in the start arm, facing the end of this arm, and were allowed to explore the maze for 10 min while one arm was blocked (novel arm). Consequently, mice were placed in their home cage for 1 h before being allowed to explore all three arms for 5 min. Trajectories of the mice were recorded using EthoVision video tracking equipment and software (Noldus Bv, Wageningen, The Netherlands). The time spent in the novel arm and latency to enter the novel arm were compared between mice.

Brain tissue dissection

Mice were euthanized by decapitation. The hippocampus, cortex and POA of the hypothalamus were dissected using Wecker scissors (Moria, France) under a binocular magnifying glass, placed in dry ice immediately and stored at -80°C until further processing and assays.

Tissue protein extraction and western blot analyses

Both hippocampus and cortex from adult Ts65Dn and wt mice were sonicated in 400 µL (for hippocampus) or 800 µL (for cortex) of lysis buffer (10 mM Tris pH 7. diluted in blocking buffer (TNT with 5% Milk or BSA). Following this, membranes were incubated with corresponding secondary antibodies (Supplemental Table 2).

Immunoreactions were developed using using chemiluminescence kits (ECL TM , Amersham Bioscience) and visualized using a LAS3000 imaging system (Fujifilm). Results were normalized to GAPDH and quantification was performed using ImageJ software (Scion Software).

RNA isolation from POA and quantitative RT-PCR analyses

Total RNA, containing mRNA and miRNA, was extracted with the Ambion mirVana™ miRNA Isolation Kit (Ambion, Inc; CA, USA) by trituration of the fragments through 22 and 26 gauge needles in succession. Quality and concentration of RNAs were determined by spectrophotometer ND-1000 NANODROP 385 (Thermo-scientific). For gene expression analyses, mRNAs were reverse transcribed using SuperScript® III Reverse Transcriptase (Life Technologies). Real-time PCR was carried out on Applied Biosystems 7900HT Fast Real-Time PCR System using exon-boundary-specific TaqMan® Gene Expression Assays (Applied Biosystems) (Supplemental Table 3).

MicroRNA expression analyses were performed using TaqMan specific RT primers and the TaqMan miRNA Reverse Transcription Kit (Applied Biosystems). Thereafter, quantitative realtime PCRs were performed using predesigned assays for miRNAs (Applied Biosystems)

(Supplemental Table 3) on an Applied Biosystems 7900HT thermocycler using the manufacturer's recommended cycling conditions. Gene and miRNA expression data were analyzed using SDS 2.4.1 and Data Assist 3.0.1 software (Applied Biosystems).

Isolation of hypothalamic GnRH neurons using Fluorescence-Activated Cell Sorting and quantitative RT-PCR analyses

The preoptic regions of Gnrh::Gfp and Gnrh::Gfp;Ts65Dn mice were microdissected and enzymatically dissociated using a Papain Dissociation System (Worthington, Lakewood, NJ) to obtain single-cell suspensions. FACS was performed using a FACS ARIA SORP (BD Bioscience). In order to analyze gene expression, mRNAs obtained from FACS-sorted GnRH neurons were reverse transcribed using SuperScript® III Reverse Transcriptase (Life Technologies) and a linear pre-amplification step was performed using the TaqMan® PreAmp Master Mix Kit protocol (P/N 4366128, Applied Biosystems). Real-time PCR was carried out on Applied Biosystems 7900HT Fast Real-Time PCR System as described previously using specific TaqMan® Gene Expression Assays (Applied Biosystems) (Supplemental Table 3).

Orchidectomy

Adult males were subjected to bilateral gonadectomy under isoflurane anesthesia through a small ventral midline incision in the scrotum and subsequently sealed.

Acute GnRH injections

In order to study the effect of GnRH on cognitive and olfactory performance, both adult male Ts65Dn mice sham and grafted with a POA explant from Gnrh::Cre; BoNTB loxP-STOP-loxP double transgenic mice (BoNTB Gnrh ) were treated with GnRH-1 peptide (Genecust), in a dose of 50 µg/kg of body weight, or vehicle (saline 0.9%).

To test the olfactory discrimination capacity, the animals received the one single intraperitoneal injection of GnRH-1 or vehicle 2 h before the habituation phase. In the case of NOR test, on day 1, the animals received two ip injections of GnRH-1 peptide or vehicle. The first injection was given 2 h before the start of the trial, and a second one 12 hours after the first injection to promote memory consolidation. On day 2, the animals received the intraperitoneal injection 2 h before the start of the first trial.

Preparation of donor tissues and neuronal grafting

Tissue donors for the POA grafts were obtained from P2 WT mice, that contained GnRH neurons which release GnRH (WT-POA), and Gnrh::Cre; BoNTB loxP-STOP-loxP mice, that contain GnRH neurons which do not release GnRH (BoNTB Gnrh -POA). The tissues were microdissected and enzymatically dissociated using a Papain Dissociation System (Worthington, Lakewood, NJ) to obtain a cell suspension in 5 μl 1X HBSS solution. Two preoptic tissues were used by implant. Adult Ts65Dn mice were placed in a stereotaxic frame (Kopf® Instruments, California) under anesthesia (isoflurane), and a burr hole was drilled -1.7 mm from Bregma at the midline, according to a mouse brain atlas [START_REF] Paxinos | The mouse brain in stereotaxic coordinates[END_REF]. A 25 μl Hamilton syringe (22-gauge needle) was slowly inserted into the 3v (5.6 mm deep relative to the dura), and 5 μl of the different solutions which contain the WT-POA or BoNTB Gnrh -POA explants were injected using an infusion pump (KD Scientific, Holliston, MA) over 10 min. Under the same conditions, adult Ts65dn and wt mice were injected with 5μl of vehicle solution (HBSS 1X) (sham groups). For the selective overexpression of miR-200 family, particularly the member miR-200b, a unilateral injection, in two sequential steps, (150 nl or 300 nl total) of scAAV9-EF1a-mmu-miR-200b-eGFP (AAV-miR200b, 2.1×10 13 gc/ml) or scAAV9-EF1a-ctrl-miR-eGFP (AAV-GFP, 2.2×10 13 gc/ml) (Vector Biolabs) was administrated into the rPOA (AP:+0.8 mm, ML:0 mm, DV:

Viruses and stereotactic injections

-5.3/-5.1 mm) of adult Ts65Dn mice.

In brief, mice were anaesthetized (isoflurane/O2) and placed on stereotaxic frame (Kopf® Instruments, California). The injection was carried out using a 2 μl Hamilton syringe at a rate of ~40 nl/min, and the needle was kept in place for 5 min before and 7 min after the injection.

Injection coordinates were based on the Paxinos mouse brain atlas [START_REF] Paxinos | The mouse brain in stereotaxic coordinates[END_REF].

Chemogenetic activation of GnRH neurons

The effect of chemogenetic activation of GnRH neurons on cognitive and olfactory performance, and LH pulsatility profile was studied according to the following procedure.

Adult Gnrh::Cre and Ts65Dn; Gnrh::Cre mice were tested one month after the hM3Dq DREADD injection. For the habituation/dishabituation test, the animals received an intraperitoneal injection of 200µl of vehicle solution 30 min before the habituation phase. For the NOR test, the animals received the same vehicle injection 30 min before the start of the trial of the first day, and 30 min before the start of the first trial of the second day. Blood sampling for LH pulsatility analysis was performed every 10 min over 120 min, 60 min before and 60 min after the injection with the vehicle solution. After a 1-month recovery period, animals were tested following the same protocol and receiving an intraperitoneal injection of clozapine N-oxide (CNO) (SML2304, Sigma), which activates the hM3Dq DREADD. For the behavioral tests, CNO was administered in a dose of 2 mg/kg of body weight [START_REF] Tuscher | Chemogenetic inactivation of the dorsal hippocampus and medial prefrontal cortex, individually and concurrently, impairs object recognition and spatial memory consolidation in female mice[END_REF]. For the LH pulsatility analysis, CNO was administered in a dose of 1 mg/kg of body weight.

Continuous and pulsatile subcutaneous infusion

Adult mice were implanted with osmotic minipumps (1002, Alzet, USA) receiving continuous infusion of vehicle (sterile 0.1M PBS) or Lutrelef (0.25 µg/ 3 h) (Ferring Pharmaceuticals, Switzerland); or with a programmable micro infusion pump (SMP-300, iPRECIO, Japan) receiving pulsatile infusion of vehicle or Lutrelef (0.25 µg delivered over 10 min, every 3 h), mimicking GnRH/LH pulsatility reported in wt mice [START_REF] Czieselsky | Pulse and Surge Profiles of Luteinizing Hormone Secretion in the Mouse[END_REF], and a basal infusion with a low dose (0.0025 µg/10 min) for the rest of the time. The pumps were placed under the skin on the back of the mouse. Both olfactory and cognitive deficiencies were confirmed before in these animals. One week after the surgery, mice were retested to evaluate their olfactory and cognitive performance. Two weeks after the surgery, repetitive

Results

123

tail-tip blood sampling was undertaken (as described elsewhere) to assess the LH pulsatility profile.

Brain preparation for immunohistochemical analysis

Neonatal (P0) mice, anesthetized on ice, and infantile (P12), prepubertal (P35) and adult mice, anesthetized with 50-100 mg/kg of Ketamine-HCl and 5-10mg/kg Xylazine-HCl, were perfused transcardially with 10-100 ml of saline, followed by 10-100 ml of 4% paraformaldehyde (PFA, pH7.4). Brains were collected and fixed with the same fixative for 2h at 4°C, embedded in optical cutting temperature (OCT) embedding medium (Tissue-Tek), frozen on dry ice, and stored at -80°C until cryosectioning.

Immunohistochemistry and quantification

Tissues were cryosectioned (Leica cryostat) at 16 μm for P0 and at 35 μm (free-floating sections) for P12, P35 and adult brains, unless otherwise indicated.

Assessment of GnRH protein expression

Immunohistofluorescence experiments were carried out as previously reported [START_REF] Messina | Dysregulation of Semaphorin7A/beta1-integrin signaling leads to defective GnRH-1 cell migration, abnormal gonadal development and altered fertility[END_REF], Hanchate et al., 2012). Coronal sections were then washed in 0.1M PBS, and incubated in blocking solution (2% goat serum + 0.5% Triton X-100) in PBS 0.1M for 60 min.

Subsequently, sections were incubated in guinea pig anti-GnRH (1:10000) raised by Dr. Erik

Hrabovszky, (Laboratory of Endocrine Neurobiology, Institute of Experimental Medicine of the Hungarian Academy of Sciences, Budapest, Hungary) [START_REF] Hrabovszky | Sexual dimorphism of kisspeptin and neurokinin B immunoreactive neurons in the infundibular nucleus of aged men and women[END_REF] in the case of P0 brains; and in rabbit anti-GnRH (1:3000), a generous gift from Prof. G. Tramu (Centre Nationale de la Recherche Scientifique, URA 339, Université Bordeaux I, Talence, France) [START_REF] Beauvillain | Immunocytochemical demonstration of LH-RH, somatostatin, and ACTH-like peptide in osmium-postfixed, resin-embedded median eminence[END_REF], in the case of P12, P35 and adult brains, in blocking solution for 48 h at 4°C. After incubation in the primary antibody, sections were rinsed with 0.1M PBS three times for 10 min each and then incubated Alexa fluor 568 conjugated anti-guinea pig (Life Technologies, Molecular Probes, Invitrogen, A-11075) or anti-rabbit (Invitrogen, A11077)

secondary antibodies both at 1:500 for 90 min at room temperature. Sections were then washed, counterstained with Hoechst (1:10,000; ThermoFisher Sci #H3569, RRID:AB_2651133) for 3 min, rinsed with 0.1M PBS three times for 10 min and mounted with coverslips using Mowiol coverslip mounting solution. Because the GnRH neuronal population is very limited in the mouse brain, all neurons were counted by eye under the microscope in alternate series of brain (P12, P35 and adult) or head (P0) sections. Images were acquired using a Zeiss Axio Imager Z2 ApoTome microscope (Zeiss, Germany), with detailed information in Fluorescence Microscopy section below.

Conventional immunolabelling of GnRH-R::GFP neurons

Coronal sections were then washed in 0.1M PBS, and incubated in blocking solution (2% goat serum + 0.3% Triton X-100) in PBS 0.1M for 60 min. Subsequently, sections were incubated with chicken anti-GFP (1:1000; Aves Labs, Inc GFP-1020) in 2% normal donkey serum / 0.25% BSA / 0.3% Triton X-100 incubation solution for 48 h at 4°C. After incubation in the primary antibody, sections were rinsed with 0.1M PBS three times for 10 min each and incubated Alexa

Fluor 488-AffiniPure donkey anti-chicken IgY (IgG) (1:400;Jackson ImmunoResearch Ltd.;.

Assessment of adeno-associated viral vector

Coronal 

iDISCO

iDisco is a solvent-based clearing method that renders brain tissue transparent while preserving fluorescence [START_REF] Erturk | Three-dimensional imaging of solvent-cleared organs using 3DISCO[END_REF][START_REF] Erturk | High-resolution imaging of entire organs by 3-dimensional imaging of solvent cleared organs (3DISCO)[END_REF].

Sample pre-treatment with methanol

Samples were washed in PBS (twice for 1 hour), followed by incubation in 50% methanol in 0.1M PBS (once for 1 h), 80% methanol (once for 1 h) and 100% methanol (twice for 1 h). Next, samples were bleached in 5% H2O2 in 20% DMSO/methanol (2ml 30% H2O2/2ml DMSO/8ml methanol, ice cold) at 4°C overnight. Following this, samples were washed in methanol (twice for 1 h), in 20% DMSO/methanol (twice for 1 h), 80% methanol (once for 1 h), 50% methanol (once for 1 h), PBS (twice for 1 h), and finally, PBS/0.2% TritonX-100 (twice for 1 h) before proceeding to the staining procedures.

Whole-mount immunostaining

Samples were incubated at 37°C on an adjustable rotator in 10 ml of blocking solution (PBSGNaT) [1X PBS containing 0.2% gelatin (Sigma), 0.5% Triton X-100 (Sigma-Aldrich) and 0.01% NaAzide [START_REF] Casoni | Development of the neurons controlling fertility in humans: new insights from 3D imaging and transparent fetal brains[END_REF]] for 3 nights. Samples were then placed at 37°C in rotation for 7 days in 10 ml of PBSGNaT containing the following primary antibodies: rabbit anti-GFP (A6455, Thermofisher, 1:10,000), rabbit anti-GnRH (a generous gift from Prof. G. Tramu, University of Bordeaux, 1:3,000). This was followed by six washes of 30 min in PBSGNaT at room temperature and a final wash in PBSGNaT overnight at 4°C. Next, samples were incubated with secondary antibodies: donkey anti-rabbit Alexa Fluor 647 (1:500, Jackson IP,706-605-152) and donkey anti-rabbit Alexa Fluor 647 (1:400;Jackson IR, diluted in 10 ml PBSGNaT for 2 days at 37°C in a rotating tube. After six 30 min washes in PBSGNaT at RT, the samples were stored in PBS at 4°C in the dark until clearing.

Tissue clearing

All incubation steps were performed at RT in a fume hood, on a tube rotator at 14 rpm covered with aluminum foil to avoid contact with light. Samples were dehydrated in a graded series (20%, 40%, 60%, 80% and 100%) of Methanol (Sigma-Aldrich) diluted in H2O for 1 h. This was followed by a delipidation step in 66% dichloromethane / 33% methanol (DCM; Sigma-Aldrich). Methanol was then washed out in 100 % DCM for 15 to 30 min. Samples were cleared in dibenzylether (DBE; Sigma-Aldrich) for 2h at room temperature in rotation and in the dark.

Finally, samples were moved into fresh DBE and stored in glass tube in the dark at room temperature until imaging. We were able to image samples, as described below, without any significant fluorescence loss for up to 6 months.

Digital image acquisition

The different immunohistofluorescence experiments described before were analyzed using one of the microscopes mentioned below and Adobe Photoshop (Adobe Systems, San Jose, CA, RRID:SCR_014199) was used to process the images.

Fluorescence microscopy

Unless otherwise indicated, sections were analysed using a Zeiss Axio Imager Z2 ApoTome microscope (Zeiss, Germany, equipped with a motorized stage and an AxioCam MRm camera (Zeiss, Germany). Specific beam splitter (BS), excitation (Ex) and emission (Em) wavelengths were used for the visualization of green (Alexa 488-BS: 495 nm, Ex: 450/490 nm, Em: 500/550 nm), red (Alexa 688-BS: 570 nm, Ex: 538/562 nm, Em: 570/640 nm), far red (Alexa 647-BS: 660 nm, Ex: 625/655 nm, Em: 665/715 nm) and nuclear staining (Hoechst-BS: 395 nm, Ex: 335/383 nm, Em: 420/470 nm).To create photomontages, single-plane images were captured sequentially for each fluorophore using the MosaiX module of the AxioVision 4.6 system (Zeiss, Germany) and a Zeiss 20x objective (numerical aperture NA=0.80). High magnification photomicrographs represent maximal intensity projections derived from a series of triple-ApoTome adjacent images collected using the Z-stack module of the AxioVision 4.6 system.

All images were captured in a stepwise fashion over a defined z-focus range corresponding to all visible staining within the section and consistent with the optimum step size for the corresponding objective and the wavelength.

Light sheet imaging and 3D visualization

3D imaging was performed as previously described [START_REF] Belle | A simple method for 3D analysis of immunolabeled axonal tracts in a transparent nervous system[END_REF]. An Ultramicroscope I (LaVision BioTec) using ImspectorPro software (LaVision BioTec) was used to perform imaging.

The light sheet was generated by a laser (wavelength 488 or 561 nm, Coherent Sapphire Laser, LaVision BioTec) and two cylindrical lenses. A binocular stereomicroscope (MXV10, Olympus) with a 2x objective (MVPLAPO, Olympus) was used at different magnifications (1.6x, 4x, 5x, and 6.3x). Samples were placed in an imaging reservoir made of 100% quartz (LaVision BioTec) filled with DBE and illuminated from the side by the laser light with maximum sheet width. A PCO Edge SCMOS CCD camera (2,560 × 2,160 pixel size, LaVision BioTec) was used to acquire images. The step size between each image was fixed at 2 μm. The resulting tiff series was converted to Imaris file format (Imaris FileConverter, Bitplane) for 3D reconstruction, and imported in Imaris (Bitplane) for visualisation, snapshots and animation.

Sample size and randomization statement

Sample sizes for physiological and neuroanatomical studies and for miRNA and gene expression analyses were estimated based on past experience and those presented in the literature. Mice from at least three different litters from each group were used to study sexual maturation, fertility and used to perform quantitative RT-PCR analyses in cells isolated by FACS, anatomy and immunostaining. No randomization method was used to assign subjects in the experimental groups or to collect and process data.

Presentation of data and statistics

All statistical analyses were performed using Prism 8 (Graphpad software) and assessed for normality (Shapiro-Wilk test) and variance, when appropriate. Sample sizes were chosen according to standard practice in the field. Statistical differences were evaluated using 
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Supplemental Table 3. Primers used for real-time PCR

CHAPTER 5

Defects in NOS1 activity cause GnRH deficiency in human and mice: evidence for reversal after NO treatment in infantile mice

Introduction

Pulsatile secretion of GnRH is critical for the activation of the HPG-axis, which controls pubertal onset and fertility. The HPG-axis is transiently activated during late fetal development and early infancy, dormant during childhood, and reactivated during the onset of puberty.

CHH is a rare genetic form of GnRH deficiency characterized by a failure of puberty and infertility. Notably, the transient activation of the HPG-axis during minipuberty is thought to be altered in CHH, although it has rarely been studied [START_REF] Boehm | Expert consensus document: European Consensus Statement on congenital hypogonadotropic hypogonadism--pathogenesis, diagnosis and treatment[END_REF]. The consequences of altered minipuberty are largely unknown beyond defects in testicular descent and penis growth. The alteration of minipuberty could impact the timing of puberty and reproductive fitness [START_REF] Kuiri-Hanninen | Activation of the hypothalamicpituitary-gonadal axis in infancy: minipuberty[END_REF], in the context of the early programming theory [START_REF] Barker | Weight in infancy and death from ischaemic heart disease[END_REF].

CHH is often associated with anosmia in approximately 50% of cases and is termed KS [START_REF] Boehm | Expert consensus document: European Consensus Statement on congenital hypogonadotropic hypogonadism--pathogenesis, diagnosis and treatment[END_REF]. Other phenotypes such as sensorineural hearing loss [START_REF] Pingault | Loss-of-function mutations in SOX10 cause Kallmann syndrome with deafness[END_REF], skeletal defects (e.g. cleft palate or split-hand foot malformation [SHFM]) and cognitive or mental disorders [START_REF] Aydogan | Increased frequency of anxiety, depression, quality of life and sexual life in young hypogonadotropic hypogonadal males and impacts of testosterone replacement therapy on these conditions[END_REF][START_REF] Lasaite | Impaired emotional state, quality of life and cognitive functions in young hypogonadal men[END_REF] are also reported in CHH with variable frequencies.

The genetics of CHH is heterogeneous. Mutations in more than 30 genes, acting either alone or in combination, have been identified in 50% of cases [START_REF] Cassatella | Congenital hypogonadotropic hypogonadism and constitutional delay of growth and puberty have distinct genetic architectures[END_REF]. Inactivating mutations in GnRH (GNRH1) [START_REF] Bouligand | Isolated familial hypogonadotropic hypogonadism and a GNRH1 mutation[END_REF] or GnRH receptor (GNRHR) [START_REF] De Roux | A family with hypogonadotropic hypogonadism and mutations in the gonadotropinreleasing hormone receptor[END_REF] confirm the essential role of GnRH in reproduction. Further, mutations in other CHH genes [START_REF] Boehm | Expert consensus document: European Consensus Statement on congenital hypogonadotropic hypogonadism--pathogenesis, diagnosis and treatment[END_REF] have been critical to unraveling the complex biological processes affecting GnRH neuronal fate specification, migration during embryonic development and/or GnRH secretion/action in adulthood [START_REF] Boehm | Expert consensus document: European Consensus Statement on congenital hypogonadotropic hypogonadism--pathogenesis, diagnosis and treatment[END_REF].

The identification of inactivating mutations in genes encoding KP-1 (KISS1) [START_REF] Topaloglu | Inactivating KISS1 mutation and hypogonadotropic hypogonadism[END_REF] and its receptor (KISS1R) (de Roux et al., 2003, Seminara et al., 2003) in CHH led to the breakthrough discovery of the KP system as a potent upstream activator of GnRH neurons [START_REF] Herbison | Control of puberty onset and fertility by gonadotropin-releasing hormone neurons[END_REF]. Kisspeptin neurons are critical E2-sensitive hypothalamic neurons that convey feedback loop from the gonads to GnRH neurons. Kisspeptin also directly acts on NO synthase (Nos1) neurons, another estrogen-responsive neuron population regulating GnRH neurons through NO production (Hanchate et al., 2012, Chachlaki et al., 2017).

NO is involved in a wide range of biological processes in both humans and mice, including neuronal development and plasticity [START_REF] Charriaut-Marlangue | Nitric oxide signaling in the brain: a new target for inhaled nitric oxide?[END_REF][START_REF] Mandal | Soluble guanylate cyclase generation of cGMP regulates migration of MGE neurons[END_REF].

It exerts its effects by stimulating the production of cyclic guanosine monophosphate (cGMP) by binding to soluble guanylate cyclase. The duration and intensity of NO signaling are modulated by the activity of phosphodiesterases (PDE), which hydrolyze cGMP (Chachlaki et al., 2017). In the hypothalamus, neuronal NO acts on GnRH neurons as a strong inhibitory signal that integrates both metabolic and gonadal information (Chachlaki et al., 2017). In addition, Nos1-deficient mice exhibit infertility [START_REF] Gyurko | Deletion of exon 6 of the neuronal nitric oxide synthase gene in mice results in hypogonadism and infertility[END_REF]. We thus hypothesized that loss-of-function mutations in NOS1 underlie GnRH deficiency by affecting key hypothalamic neuronal circuits controlling fertility.

Results

NOS1 distribution in the adult human hypothalamus

NOS1-expressing neurons were distributed widely in the adult human hypothalamus (Supplemental Figure 1). They intermingled and interacted morphologically with GnRH neurons at various sites, including the infundibulum (Supplemental Figure 1a, Supplemental Figure 1e). However, GnRH neurons consistently did not co-express NOS1. Both NOS1 and GnRH neurons received input from Kp neurons (Supplemental Figure 1a-c). Unexpectedly, a subset (11.4±3.0%) of Kp neurons was positive for NOS1 (Supplemental Figure 1c), a phenomenon not reported in rodents (Supplemental Figure 1f).

CHH patients harbor heterozygous NOS1 mutations

Based on the known biology of NOS1, we hypothesized that NOS1 mutations are implicated in CHH pathogenesis. NOS1 is a 29-exon gene encoding NOS1α, a 150 kDa protein consisting of 1434 aaa (RefSeq ID: NM_000620.4). NOS1α is the most commonly occurring isoform in the nervous system (Chachlaki et al., 2017). Eight heterozygous missense rare sequence variants (RSV), mapping to highly conserved amino-acids of NOS1 and predicted to be "likely damaging", were identified in 11 (8%) unrelated probands through exome sequencing (Supplemental Table 1; Figure 1, Supplemental Figure 2). These variants span the oxygenase domain, as well as the C-terminal reductase domains including the flavodoxin-like and ferrodoxin reductase-type FAD-binding domains (Figure 1a) but spare the N-terminal PDZ domain critical for protein-protein interactions. p.Asp241Asn lies within the PIN (inhibiting protein NOS1)-binding region, which is involved the dimerization of NOS1. p.Arg260Gln, p.Phe262Val, p.Gly595Ser, p.Met619Leu are all located on the oxygenase domain, part of the catalytic domain of the enzyme. Substitution of Gly595, by a polar serine is predicted to affect the particular folding of NOS1. p.Gly864Asp, p.Glu1124Lys and p.Ile1223Met lie within the reductase domains; p.Gly864Asp is located on the binding site for the flavin mononucleotide (FMN) within the flavodoxin-like domain, while both p.Glu1124Lys and p.Ile1223Met are located on the FAD-binding domain of the protein (Figure 1a,b).

Two NOS1 mutations were identified in multiple unrelated probands: the heterozygous p.Gly595Ser in two KS and one normosmic CHH (nCHH) and p.Asp241Asn in two KS patients.

The other 6 mutations were found in 3 KS and 3 nCHH probands (Table 1). The clinical characteristics of affected patients are illustrated in Table 1. As expected, the majority of probands were male (8/11). While one patient exhibited partial puberty and subsequent CHH reversal (H:II-1), the remaining patients had absent puberty. In addition, 4 out of 8 males also reported a history of cryptorchidism and/or micropenis, suggesting severe GnRH deficiency with an altered minipuberty. All probands inherited their mutations from unaffected or partially affected parents (Supplemental Figure 2b). Interestingly, the proband harboring the p.Met619Leu NOS1 mutation (A:II-1) exhibits nCHH and inherited the mutation from his father with constitutional delay of growth and puberty (CDGP), a transient form of GnRH deficiency (I-1). The mutation was also found in his two brothers (II-2 and II-4) with CDGP. Notably, his mother (I-2) and his older brother (II-1) also have CDGP but are not carriers, suggesting oligogenic inheritance in this pedigree. In addition, family H includes monozygotic twin sisters with KS carrying the p.Gly864Asp mutation inherited from their father with CDGP. The two sisters also exhibited neuro-developmental defects (mental retardation and speech delay, and neuro-sensoral hearing loss). In total, 3 probands (Family A, B, and G) exhibited neuro-sensoral hearing loss and three probands (Family B, C, and K) had mental retardation. Detailed pedigrees and clinical summaries of all probands are described in the Supplemental Figure 2b. 

NOS1 mutations are loss-of-function

The maximal NO release by cells transiently expressing mutated NOS1 was significantly attenuated compared to cells transfected with the wt plasmid for all reported mutations (Figure 1d, Supplemental Figure 3), suggesting decreased NOS1 activity. Additionally, an alternative method using a fluorescent probe to measure the concentration of nitrates confirmed that all mutants exhibited decreased enzymatic activity (Figure 1e).

NOS1 facilitates GnRH neuronal migration

NOS1 mutations underlie nCHH and KS. Further, NO is implicated in regulating neuronal migration in the brain during mouse embryogenesis [START_REF] Mandal | Soluble guanylate cyclase generation of cGMP regulates migration of MGE neurons[END_REF]. We thus explored a possible involvement of NOS1 in GnRH neuronal migration. First, we examined NOS1 expression during prenatal development using IHC. We observed, unexpectedly, that NOS1

and GnRH were co-expressed in migrating GnRH neurons in the nose of human fetuses (Supplemental Figure 4a) and mouse embryos (Supplemental Figure 4b). However, GnRH neurons were devoid of NOS1 expression once they reached the forebrain region in both developing humans and mice (Supplemental 

Altered sensory and cognitive performance in NOS1-deficient mice

The presence of associated phenotypes like anosmia, hearing loss and mental retardation in CHH patients harboring heterozygous NOS1 mutations (Table 1) led us to evaluate these traits in a mouse model lacking exon 2 of Nos1 (Nos1 -/-mice) [START_REF] Huang | Targeted disruption of the neuronal nitric oxide synthase gene[END_REF], in which Nos1 activity is markedly impaired yet retains some residual activity.

Olfaction. We evaluated the ability of Nos1 -/-mice to detect and differentiate various social and non-social odors. During the social odor discrimination test, both Nos1 -/-and Nos1 +/-mice failed to be attracted by volatile urine odors of the opposite sex (Figure 2a). During the habituation/dishabituation test, Nos1 -/-, but not Nos1 +/-, mice were able to discriminate novel non-social odors (Figure 2b). However, Nos1 -/-mice exhibited a discrete hyper-reactivity to new stimulus (Figure 2b), suggesting a decreased effectiveness in encoding olfactory information, similar to what has been shown in premature infants during a visual habituationdishabituation task [START_REF] Kaplan | Habituation, response to novelty, and dishabituation in human infants: tests of a dual-process theory of visual attention[END_REF][START_REF] Kavsek | Visual habituation and dishabituation in preterm infants: a review and meta-analysis[END_REF]. In summary, the alteration of sense of smell in Nos1-deficient mice consists of impairment in olfactory processing without gross defects in odor detection.

Cognition. Both Nos1 -/-and Nos1 +/-mice demonstrated defective cognitive performance compared to wt littermates in the NOR test (Figure 2c).

Hearing. We studied hearing in Nos1-deficient mice by measuring distortion-product otoacoustic emissions. Male, but not female, Nos1 -/-mice exhibited defects in the auditory pathway at the level of the cochlear-nucleus as shown by an increased latency in the auditory brainstem-evoked response (ABR) wave II (Figure 2d), and the significant mean threshold elevations of 18.9 dB at 40 kHz (Figure 2e). olfactory preference test Nos1 +/+ , Nos1 +/-and Nos1 -/-male and female mice were exposed to urine samples from an adult C57BL6/J WT stud male and estrous female for 30 min. Nos1 -/-and Nos1 +/-male and female mice failed to discriminate between volatile urine odors of the same or the opposite sex in contrast to the (distortion-product otoacoustic emmissions were identical in all mice), as well as (e) the auditory brainstemevoked response (ABR) thresholds in Nos1 +/+ , Nos1 +/-and Nos1 -/-male and female mice. Note that Nos1 -/- male mice exhibited increased latency (d), in contrast to the Nos1 -/-females who seemed to be "protected" (e). At 40 kHz the ABR recordings from the Nos1-/male mice presented significant mean threshold shifts, in contrast to their female littermates who presented negative shifts that however did not reach significance. Nos1 +/+ values are compared to the ones of Nos1 +/-and Nos1 -/-mice for each group of measurements (two-way ANOVA with Dunnett's post-hoc test). * p < 0.05; *** p < 0.001; ns p > 0.05 Nos1 - /-versus Nos1 +/+ mice and between indicated groups. Values indicate means ± SEM.

during minipuberty is required for the onset of gonadal steroid negative feedback loop and the repression of the HPG-axis at the end of minipuberty. 

Inhaled NO rescues infertility

Because pharmacologically-induced NO deficiency in wt mice between P10 and P21 (Figure 4a-d, Supplemental Figure 7a), but not between P7 and P12 (Supplemental Figure 7b), mimics the reproductive phenotype of Nos1-deficient mice (Figure 6e,f,h), we next investigated whether inhaled NO during P10-P23 critical period could improve the reproductive phenotypes of the Nos1-deficient mice. Infantile inhaled NO not only rescued vaginal opening (Figure 4e) and pubertal onset (Figure 4f), but also normalized estrous cyclicity in adulthood in Nos1 -/-females (Figure 4h). Because the Nos1 -/-mouse model used in this study exhibits some residual Nos1 activity [START_REF] Huang | Targeted disruption of the neuronal nitric oxide synthase gene[END_REF], we next determined whether treating these mice with Sildenafil, a selective inhibitor of cGMP-specific PDE5 commonly used in neonates as an alternative to inhaled NO [START_REF] Lakshminrusimha | Pharmacologic strategies in neonatal pulmonary hypertension other than nitric oxide[END_REF], could also rescue at least part of the phenotype of these mice. Daily Sildenafil injections between P10 and P23 significantly improved sexual maturation in Nos1 -/-mice as shown by the assessment of balano-preputial separation in males (Figure 4g) and sexual maturation and estrous cyclicity in females (Figure 4e,f,h). 

Inhaled NO rescues olfaction and cognition

Administration of inhaled NO during infancy in Nos1-deficient mice also restored olfaction (Figure 2a,b) and cognition in adulthood (Figure 2c), demonstrating that these neurodevelopmental impairments are at least partially caused by Nos1 deficiency. Interestingly, PDE5 inhibitor treatment during the infantile period also enabled the rescue of the olfactory and cognitive phenotypes in Nos1 -/-and Nos1 +/-mice (Figure 2a-c).

Material and methods

Patients

The CHH cohort included 180 probands (105 KS and 75 nCHH). The diagnosis of CHH was made on the basis of: i) absent or incomplete puberty by 17 years of age; ii) low/normal gonadotropin levels in the setting of low serum T/E2 levels; and iii) otherwise normal anterior pituitary function and normal imaging of the hypothalamic-pituitary region [START_REF] Boehm | Expert consensus document: European Consensus Statement on congenital hypogonadotropic hypogonadism--pathogenesis, diagnosis and treatment[END_REF]. Olfaction was assessed by self-report and/or formal testing [START_REF] Lewkowitz-Shpuntoff | Olfactory phenotypic spectrum in idiopathic hypogonadotropic hypogonadism: pathophysiological and genetic implications[END_REF]. When available, family members were included for genetic studies. This study was approved by the Institutional Review Board of Partners Healthcare and the ethics committee of the University of Lausanne. All participants provided written informed consent prior to study participation.

Genetic analyses

Genomic DNA was extracted from peripheral-blood samples using the Puregene Blood Kit (Qiagen), following the manufacturer's protocol. Exome capture was performed using the SureSelect All Exon capture v2 and v5 (Agilent Technologies, Santa Clara, CA USA) and sequenced on the HiSeq2500 (Illumina, San Diego CA USA) at BGI (BGI, Shenzen, PRC). Raw sequences (fastq files) were analysed using an in-house pipeline that utilizes the Burrows-Wheeler Alignment algorithm (BWA) [START_REF] Li | Fast and accurate short read alignment with Burrows-Wheeler transform[END_REF] for mapping the reads to the human reference sequence (GRCh37), and the Genome Analysis Toolkit (GATK) [START_REF] Depristo | A framework for variation discovery and genotyping using next-generation DNA sequencing data[END_REF] for the detection of single nucleotide variants (SNVs) and insertion/deletions (Indels). The resulting variants were annotated using SnpEff version 4.0 [START_REF] Cingolani | A program for annotating and predicting the effects of single nucleotide polymorphisms, SnpEff: SNPs in the genome of Drosophila melanogaster strain w1118; iso-2; iso-3[END_REF] and dbNSFP version 2.9 [START_REF] Liu | dbNSFP v2.0: a database of human non-synonymous SNVs and their functional predictions and annotations[END_REF] to calculate minor allele frequency (MAF). Only variants with MAF<0.5% were used for subsequent analysis. Variants were confirmed by Sanger sequencing on both strands with duplicate PCR reactions, and are described according to HGVS nomenclature [START_REF] Den Dunnen | Mutation nomenclature extensions and suggestions to describe complex mutations: a discussion[END_REF].

Forty-four probands out of a cohort of 180 CHH harbored pathogenic or likely pathogenic variants in the known CHH genes (according to ACMG guidelines [START_REF] Richards | Standards and guidelines for the interpretation of sequence variants: a joint consensus recommendation of the American College of Medical Genetics and Genomics and the Association for Molecular Pathology[END_REF], see Supplemental Appendix), and were excluded from subsequent analyses. The remaining 136 probands were evaluated for RSVs in NOS1. Position-specific evolutionary preservation tool (PANTHER-PSEP) [START_REF] Tang | PANTHER-PSEP: predicting disease-causing genetic variants using position-specific evolutionary preservation[END_REF] was used to determine whether the identified missense variants were at sites conserved among species (see Supplemental Appendix) and to predict their putative damaging effect.

Studies of NOS1 expression and signaling

NOS1 expression was studied by IHC in fetal and adult human hypothalamic tissues as described in the Supplementary Appendix.

Kidney cells (HEK 293T) from human embryo were transiently co-transfected with each NOS1 mutant and the FlincG3 NO-detector plasmid (pTriEx4-H6-FGAm) [START_REF] Batchelor | Exquisite sensitivity to subsecond, picomolar nitric oxide transients conferred on cells by guanylyl cyclase-coupled receptors[END_REF][START_REF] Bhargava | Improved genetically-encoded, FlincG-type fluorescent biosensors for neural cGMP imaging[END_REF] and subjected to live imaging to assess concentrations of NO release upon application of the Ca2 ionophore A23187 as described in the Supplemental Appendix.

NOS1 activity was also assessed using an alternative method (see Supplemental Appendix).

Assays in mice

Neuroanatomical analyses, electrophysiological recordings and gene expression in GnRH neurons, examination of reproductive physiology and behavioral testing have been performed

in male and female Nos1 -/-mice and their Nos1 +/-and Nos1 +/+ littermates subjected or not to inhaled NO (20 ppm) and Sildenafil (15 mg/kg, intraperitoneally) treatment during the infantile period (see the Supplemental Appendix).

Supplemental Appendix

Supplemental Figures and Tables

Supplemental 

Supplemental Results

Pharmacologically-induced infantile NO deficiency causes infertility

To further explore the physiological role of infantile NO in the maturation of the reproductive axis, we specifically blunted the production of NO in wt mice between P10 and P21 by the daily intraperitoneal injection of NOS inhibitor L-NAME. Strikingly, this pharmacologicallyinduced infantile NO deficiency (Figure 4a-d) recapitulated the reproductive phenotype of the genetic Nos1-deficient mice (Figure 4e-f) with a significant delay in vaginal opening (Figure 4a)

and pubertal onset (Figure 4b). Further, infantile NO deficiency led to a defective adult reproductive capacity, as indicated by a prolongation in the percentage of days spent in diestrus and fewer successful ovulatory events (Figure 4c). In line with this observation, the typical LH preovulatory surge was blunted in most infantile-NO-deficient mice (Figure 4d)

when compared to vehicle-treated animals (P75-90). Surprisingly, when NO production was abolished at P7-P12, an early infantile period when FSH levels are rising (Prevot, 2015), there was no effect on sexual maturation (Figure S6). This clearly defines a critical time-window between P10 and P21 for the action of infantile NO on reproductive fitness.

Supplemental material and methods

Human tissues

Human hypothalamic tissues were obtained at autopsies from the Forensic Medicine Department of the University of Debrecen, Hungary, with the permission of the Regional homolog search algorithm. Maximal and minimal % ID between sequences were set at 95 and 35 respectively.

Analyses of NOS1 mutants

A cDNA containing the entire coding region of the human NOS1 transcript isoform 1 (RefSeq. NM_000620.4; GenBank assembly accession; GRCh37.p13 / GCF_000001405.25), was inserted into a modified pcDNA3.1+ expression vector containing a his-tag at the 5'end (GeneCust). Similarly, plasmid encoding NOS1 mutants (Asp241Ans, Arg260Gln, Gly595Ser, Met619Leu and Ile1223Met) were obtained using modified pcDNA3.1+ expression vector containing a myc-tag at the 5'end of the coding region (GeneCust). The plasmid encoding remaining NOS1 mutants (p.Phe262Val, p.Gly864Asp and p.Glu1124Lys) were generated by site directed mutagenesis using QuickChange XLII Kit (Stratagene) and confirmed by Sanger sequencing. FlincG3 NO-detector plasmid (pTriEx4-H6-FGAm) has been produced as described previously [START_REF] Bhargava | Improved genetically-encoded, FlincG-type fluorescent biosensors for neural cGMP imaging[END_REF].

Cell culture of NO detector cells

The HEK 293T cell line expressing NO-activated GC and PDE5, previously referred to as GChighPDE5low cells [START_REF] Batchelor | Exquisite sensitivity to subsecond, picomolar nitric oxide transients conferred on cells by guanylyl cyclase-coupled receptors[END_REF], were provided by Professor Doris Koesling (Ruhr-Universitat Bochum, Bochum). HEK 293T were cultured under standard conditions in a DMEMbased medium containing 5% fetal bovine serum and appropriate selection antibiotics; they were replated before reaching 80% confluency and were passaged<35 times.

Transfection was performed on cells growing on poly-D-lysine-coated coverslips using Fugene6 (Roche Applied Science) according to the manufacturer's protocol, in a transfection rate of 3:1 (Fugene6/DNA). Flincg3 plasmid was co-transfected, in an one step process, with the NOS1 plasmid used in each experiment.

Live imaging

FlincG3 fluorescence imaging: FlincG3 has a broad excitation spectrum with peaks at 491 and 410 nM and an emission maximum at 507 nm. Time series were recorded using an Axio Observer Z1, with a camera (Orca LT) and a 20X air objective (numerical aperture 0.8, Zeiss), under software control (Zen Imaging Software, Zeiss). Fluorescent HEK 293T cells were excited at a wavelength set at 495, with an emission set at 519. Exposure levels were set at 300 ms and the intensity level at 8%. The chamber was superfused at 1.5 ml/min and temperature set at 37°C with imaging solution containing: KCl 2 mM, KH2PO4 1.18 mM, glucose 5.5 mM, HEPES 10 mM, NaCl 140 mM, CaCl2 1.5 mM. The solution was adjusted to a pH of 7.4 and osmolality to 285-290 mOsmol/kg at a temperature of 37°C.

FlincG3 fluorescence data analyses: Epifluorescent signals were captured by camera, corrected for the background levels, and displayed as the change in intensity relative to baseline divided by the baseline intensity (ΔF/Fo). Peak amplitudes for each cell giving a fluorescent signal were measured by taking the maximum ΔF/Fo, subtracting the mean baseline and then subtracting the difference between the peak ΔF/Fo of the baseline and the mean baseline for that cell. These calculations were made with 14 OriginPro 8.5 software.

Compounds used for in vitro and in vivo experiments

All of the compounds used were delivered to the HEK 293T cells through superfusion. To 30 μM, Calbiochem) and the NO receptor blocker 1H- [START_REF]B%)(!@4.!,'!K*FL!<.%')(!)&0,)@41.!:'*<!4*.!&4,()(4[END_REF]2,4]oxadiazolo [4,3,-a] quinoxalin -1one (ODQ; 1 μM, Sigma, Dorset, UK). ODQ is shown to selectively and potently inhibit guanylyl cyclase and thus it can block the accumulation of cGMP in response to NO donors [START_REF] Garthwaite | Potent and selective inhibition of nitric oxide-sensitive guanylyl cyclase by 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one[END_REF].

The Abcam NOS activity assay kit (ab211084) was used in HEK cells transfected with the wt and/or the mutated plasmids according to the manufacturer's instructions.

For in vivo application NO synthesis was blocked using the NOS blocker L-NAME LNAME (Merck, Ref. 483125; 50 mg/kg i.p. and 5 mM intranasally), diluted as previously described [START_REF] Bellefontaine | Leptin-dependent neuronal NO signaling in the preoptic hypothalamus facilitates reproduction[END_REF]. The activity of PDE5 was inhibited by the use of sildenafil (SIGMA, Ref. PZ0003; 15 mg/kg, i.p.) diluted in DMSO. KINOX 450 ppm mole/mole inhaled NO gaz was generously supplied by Prof. Laurent Storme, Lille University Hospital.

Animals

All C57Bl/6J mice were housed under specific pathogen-free conditions in a temperaturecontrolled room (21-22°C) with a 12h light/dark cycle and ad libitum access to food and water.

Experiments were performed on male and female C57BL/6J mice (Charles River Laboratories),

Nos1-deficient (Nos1 -/-, B6.129S4-Nos1tm1Plh/J) mice [START_REF] Huang | Targeted disruption of the neuronal nitric oxide synthase gene[END_REF] and Gnrh::Gfp mice (a generous gift of Dr. Daniel J. Spergel, Section of Endocrinology, Department of Medicine, University of Chicago, IL) [START_REF] Spergel | GABA-and glutamate-activated channels in green fluorescent protein-tagged gonadotropinreleasing hormone neurons in transgenic mice[END_REF]. Nos1 -/-; Gnrh::Gfp mice were generated in our animal facility by crossing Nos1 

Examination of physiology

Weaned female mice were checked daily for vaginal opening. After vaginal opening, vaginal smears were performed daily and analyzed under the microscope to identify the puberty onset (i.e. first appearance of two consecutive days where vaginal smears contained cornified cells) and eventually the specific day of the estrous cycle. Male mice were checked daily for balano-preputial separation, as an external sign of puberty onset.

In utero intranasal injections of L-NAME

Pregnant wt females were anesthetized with isoflurane, placed ventral side up and covered with a sterile surgical cloth. Abdominal hair was removed from a small surface around the incision. Skin and connective tissue were carefully cut and a small incision in the abdominal wall allowed the exposure of the uterine horn. Each horn was carefully pulled out of the abdomen and placed on top of it, while it was kept moist with fresh DPBS throughout the surgical process. Saline and the NOS inhibitor L-NAME (5mM) were injected into contralateral horns of each pregnant female. The needle was positioned vertically over the nose of the E12.5 embryo, and introduced until it was estimated to reach the nasal septum. Following administration of the substance, the needle was held steady for a few seconds before being gently withdrawn. The uterus was then returned to the abdomen and rehydrated with a small amount of DPBS. The incisions were closed with surgical sutures and the female was singly housed until embryo harvesting (E14.5).

Intraperitoneal injections of L-NAME in infantile mice

P10 wt female mice received bi-daily injections of L-NAME (50 mg/kg, i.p.) or a control (saline), during infantile period, till the day of weaning (P21). L-NAME or the control where administered at 8H00 and 18H00, i.e. one hour after lights on and one hour before lights off according to a previously described protocol 23 . In the end of the treatment with the NOS inhibitor, mice were monitored for the assessment of pubertal onset and the study of estrous cyclicity (see "Examination of physiology" section above). When L-NAME treated mice and their control littermates reached adulthood, blood samples were collected from the facial vein on diestrus I (DiI) and proestrus (Pro) for the measurement of LH hormone (described below).

Mice were then perfused for brain tissue collection and immunohistochemical studies.

Hormonal level measurements

Plasma LH was measured using a highly sensitive Enzyme-linked Immunosorbent Assay (ELISA) as described elsewhere [START_REF] Steyn | Development of a methodology for and assessment of pulsatile luteinizing hormone secretion in juvenile and adult male mice[END_REF]. Serum FSH levels were measured using radioimmunoassay as previously described [START_REF] Messina | A microRNA switch regulates the rise in hypothalamic GnRH production before puberty[END_REF]. The accuracy of hormone measurements was confirmed by the assessment of rodent serum samples of known concentration (external controls).

Inhaled NO administration

Protocol was adapted from previous publications by others [START_REF] Pansiot | Neuroprotective effect of inhaled nitric oxide on excitotoxicinduced brain damage in neonatal rat[END_REF][START_REF] Hua-Huy | Inhaled nitric oxide decreases pulmonary endothelial nitric oxide synthase expression and activity in normal newborn rat lungs[END_REF]. Nos1 -/-mother with her pups (Nos1 +/+ , Nos1 +/-and Nos1 -/-) was placed inside a cage ("inhaled NO chamber") constantly perfused with 20 ppm NO, a dose commonly administered to premature infants at birth [START_REF] Ambalavanan | Management of hypoxemic respiratory failure and pulmonary hypertension in preterm infants[END_REF] that induces the expression of cGMP (Figure S7). Treatment started when pups reached P10 (lights on) and ended at P23, when mice were weaned and removed from the inhaled NO chamber.

Sildenafil administration

P10 Nos1 +/+ , Nos1 +/-and Nos1 -/-mice received daily injections of the PDE5 inhibitor sildenafil (15 mg/kg, i.p.) during infantile period, till the day of weaning (P23). Sildenafil was administered at 8H00, i.e. one hour after lights are on. In the end of the treatment with the NOS inhibitor, mice were monitored for the assessment of vaginal opening, pubertal onset and balano-preputial separation (see "Examination of physiology" section above).

Behavioral tests

For all behavioral tests, the animals were coded so the investigator was blind to the genotype/phenotype of each animal. 

Olfactory habituation/dishabituation test

The habituation/dishabituation test was used to assess the ability to differentiate between different odors. This olfactory test included a presentation of acetophenone (00790, Sigma)

for habituation and octantal (05608, Sigma) for dishabituation, or vice versa. Before the test, mice were allowed to explore the open-field area and an empty odor box for 30 minutes. After this habituation period, mice were sequentially presented with one odor for four consecutive trials for a duration of 1 minute, and an inter-trial interval of 10 minutes was maintained to ensure the replacement of the odor. After four consecutive trials, a second odor was presented during a 1-minute trial. Odors (20μl of 1:1000 dilution) were administered on a filter paper and placed in a perforated plastic box, to avoid direct contact with the odor stimulus. Measures consisted in recording the total amount of time the mouse spent sniffing the object during the different trials.

Social olfactory preference test

Social olfactory preference test consisted of two phases, a familiarization and a test phase.

During the familiarization phase, all mice were allowed to freely explore the open-field arena and were exposed to urine samples from an adult C57BL6/J WT stud male and estrous female for 30 min. After 30 min in clean bedding, mice were allowed to explore the same urine samples for 10 min, during which the behavior towards the urine samples was recorded. For each test, 50 µl of either male or female urine was administered on a filter paper and placed in a perforated plastic box, to avoid direct contact with the odor stimulus. The distribution of the time sniffing the urine samples was used as an indication of the interest to gain further information from the scent source.

Hearing tests

Mice were anesthetized by intraperitoneal injection of a mixture of ketamine and levomepromazin (100 mg/kg and 5 mg/kg respectively) and placed on a servo-controlled heating pad that maintained their core temperature at 37°C. Audiological tests were performed in a sound-proof booth. Distortion-product otoacoustic emissions (DPOAES)

probes cochlear mechanics and ABR thresholds and suprathreshold waveforms, both of which are sensitive to detect auditory-pathway disorders. The predominant DPOAE at frequency 2f1-f2 was recorded in response to two primary tones f1 and f2, with f2/f1 = 1.20, at equal sound levels (Cub e Dis system, Mimosa Acoustics; ER10B microphone, Etymotic Res.). Frequency f2 was swept at 1/10 th octave steps from 4 to 20 kHz, and DPOAE level was plotted against frequency f2 at increasing primary tone levels, from 20 to 70 dB SPL in 10 dB steps, then to 75 dB SPL. The ABRs elicited by calibrated tone bursts in the 5-40 kHz range (repetition rate 17/s) were derived by synchronously averaging electroencephalograms recorded between subcutaneous stainless-steel electrodes at the vertex and ipsilateral mastoid, with the help of a standard digital averaging system (CED1401+). One hundred 10-ms long epochs were averaged, except within 10 dB of the ABR threshold (defined as the smallest tone-burst level giving rise to at least one repeatable wave above background noise level, 100 nV in an anesthetized mouse), for which 300 epochs were collected. Next, ABRs in response to 10-kHz tone bursts at increasing levels, stepwise from 15 to 105 dB were collected and their waves were labelled from I to IV in chronological order, for the latency of wave II to be extracted at every stimulus level.

Tissue preparation

Embryos were washed thoroughly in cold 0.1 m PBS, fixed in fixative solution [4% paraformaldehyde (PFA), in 0.1 m PBS, pH 7.4] for 6-8 h at 4°C and cryoprotected in 20%

sucrose overnight at 4°C. The following day, embryos were embedded in OCT embedding medium (Tissue-Tek), frozen on dry ice, and stored at -80°C until sectioning.

Postnatal (P10 to P30) and adult mice (2-6 months old) were anesthetized with 50-100 mg/kg of Ketamine-HCl and perfused transcardially with 2-10 ml of saline, followed by 10-50 ml of 4% PFA, pH7.4. Brains were collected, postfixed in the same fixative for 2 h at 4°C, embedded in OCT embedding medium (Tissue-Tek), frozen on dry ice, and stored at -80°C until cryosectioning.

Immunohistochemistry/immunofluorescence

Tissues were cryosectioned (Leica cryostat) sagitally at 16μm for embryos and coronally at 35μm (free-floating sections) for postnatal mice (pre-weaning, post-weaning and adult) and 16μm for iNO box post-weaning mice.

General procedure. As described previously (Hanchate et al., 2012[START_REF] Bellefontaine | Leptin-dependent neuronal NO signaling in the preoptic hypothalamus facilitates reproduction[END_REF], sections were washed 3 times for 15 minutes each in PB 0.1M and then incubated in blocking solution (5% NDS, 0.3% Triton X-100 in PB 0.1M) for 1 hour at room temperature. Sections were then incubated for 12-72 hours at 4°C with primary antibodies followed after rinses by secondary antibodies (1h at room temperature), all diluted in PB 0.1M containing 0.3% Triton X-100. Sections were then rinsed and counterstained with Hoechst (0.0001% in PB 0.1M; 5 min), rinsed again and coverslipped under Mowiol.

Primary antibodies. For p-Nos1 and Nos1 detection, rabbit anti-Ser1412 phospho-Nos1 Secondary antibodies. Included where appropriate (all from Jackson Laboratories) biotinylated donkey anti-rabbit (followed by strepavidin-Alexa 568 diluted 1:500; Invitrogen), TRITC donkey anti-rabbit, Alexa 488 donkey anti-sheep, Alexa 647 donkey anti-sheep, Alexa 488 donkey anti-guinea pig, Alexa 568 donkey anti-rabbit or anti-goat.

Triple-immunofluorescent detection of kisspeptin, NOS1 and GnRH in adult human brains

Human hypothalamic tissues from four postmenopausal female individuals (aged 58, 70, 88 and 90ys; post mortem interval<24 h) were obtained at autopsies from the Forensic Medicine Department of the University of Debrecen, with the permission of the Regional Committee of Science and Research Ethics (DEOEC RKEB/IKEB: 3183-2010). The postmenopausal model was chosen for its very high level of Kp expression in the infundibular region [START_REF] Hrabovszky | Sexual dimorphism of kisspeptin and neurokinin B immunoreactive neurons in the infundibular nucleus of aged men and women[END_REF]. The included subjects were not known to suffer from neurological or endocrine disorders prior to death. Dissection and immersion-fixation of hypothalamic tissue blocks, section preparation and immunohistochemical pretreatments of serial coronal sections covering also the infundibular region were carried out as in previous immunofluorescent experiments [START_REF] Skrapits | Colocalization of cocaine-and amphetamine-regulated transcript with kisspeptin and neurokinin B in the human infundibular region[END_REF]. For simultaneous triple-immunofluorescent labeling of NOS1, GnRH and Kp, previously characterized primary antibodies were applied to the sections Emission filters were as follows: 493-556 nm for FITC, 570-624 nm for Cy3 and 638-759 nm for Cy5. To avoid the emission crosstalk between the fluorophores, the red channel (Cy3) was recorded separately from the green (FITC)/far-red (Cy5) channels ('smart setup' function). To illustrate the results, confocal Z-stacks (Z-steps: 0.941-1.000 μm, pixel dwell time: 1.27-1.58 μs, resolution: 1024×1024 pixels, pinhole size: set at 1 Airy unit) were used.

Digital image acquisition

Immunofluorescent preparations were analyzed on the LSM 710 Zeiss confocal microscope.

Excitation wavelengths of 493/562 nm, 568/643 and 640/740 were selected to image Alexa 488, Alexa 568 and Alexa 647 secondary antibodies. All images were taken with the objective EC Plan-Neofluar M27 (thread type). For investigating GnRH neuronal migration in embryonic tissue, sagittal sections of the head were acquired with the 20X objective, using a numerical aperture 0.50, and a zoom of 1.0. For the analysis of hypothalamic Nos1/p-Nos1 ratio during development, Z-stack images were acquired with the 40X oil objective, using a numerical aperture of 0.50, and a zoom of 1.0. For the analysis of hippocampal Nos1/p-Nos1 ratio after OVX, Z-stack images with tiles were acquired with the 20X objective, using a numerical aperture of 0.80, and a zoom of 1.0 All images were captured in a stepwise fashion over a defined z-focus range corresponding to all visible staining within the section and consistent with the optimum step size for the corresponding objective and the wavelength. Twodimensional images presented here are maximal intensity projections of three-dimensional volumes along the optical axis. Illustrations were prepared using Adobe Photoshop (Adobe Systems, San Jose, CA).

Cell counting

Analysis was undertaken by counting the numbers of single-labeled, dual-labeled (Nos1 staining colocalising with p-Nos1). The number of the above Nos1-expressing neuronal populations were counted in the region of the OVLT, represented by plate 16, of the L.W.

Swanson brain map [START_REF] Swanson | Structure of the rat brain[END_REF] as described previously (Chachlaki et al., 2017). All the above values for each mouse were used to determine mean counts for each age group which were then used to generate mean + SEM values for each group. For the embryonic tissue sagittal sections of the brain were examined in a Zeiss Axio Imager Z2 microscope. Alexa 488 was imaged by using a 495 beam splitter with an excitation wavelength set at 450/490 and an emission wavelength set a 500/550, allowing the identification of immunocytochemically labeled GnRH neurons. All GnRH neuronal nuclei throughout each tissue section were visualized and counted.

Isolation of hypothalamic GnRH neurons using fluorescent-activated cell sorting

To obtain single-cell suspensions the preoptic region of Nos1 Gnrh1 (Gnrh1-Mm01315605_m1). Control housekeeping genes: r18S (18S-Hs99999901_s1), ACTB (Actb-Mm00607939_s1).

Brain slice electrophysiology preparation and recordings

Infantile Nos1 +/+ ;Gnrh::Gfp and Nos1 -/-; Gnrh::Gfp littermates (P13-P20) were anaesthetized with isoflurane, and, after decapitation, the brain was rapidly removed and put in ice-cold oxygenated (O2 95% / CO2 5%) artificial cerebrospinal fluid (ACSF) containing the following (in mM): 120 NaCl, 3.2 KCl, 1 NaH2PO4, 26 NaHCO3, 1 MgCl2, 2 CaCl2, 10 glucose, pH 7.4 (with O2 95% / CO2 5%). After removal of the cerebellum, the brain was glued and coronal slices (150 µm thickness) were cut throughout the septum and POA using a vibratome (VT1200S; Leica).

Before recording, slices were incubated at 34ºC to recover for 1 h. was at good health with unremarkable genital status. At age 33 years, the patient was still eugonadal (T 13.9 nmol/l, LH 5.0 U/l, FSH 8.9 U/l). Family history was notable for delayed puberty in the patient's sister (menarche at 16 years). No variants were detected in known CHH genes. The patient harbors, though, a NOS1 variant. Genetic samples from the patient's parents and sister have been requested but their reception and analysis was not possible before the publication of this article. He is also carrier of a FGFR1 variant, p.Pro776Ser, which is considered as of uncertain significance according to the ACMG guidelines. In particular, this variant has never been functionally assessed. Sequencing of the parents confirmed that the FGFR1 variant is not de novo (it is inherited by his mother) and its pathogenicity based on this pedigree cannot be established.

Detailed description of clinical characteristics of all probands

Family J, Patient II-1 NOS1, p.Glu1158Lys (heterozygous)

This female patient presented with complete absence of puberty, manifested as primary amenorrhea and absent breast development at age 17. The diagnosis remained unclear at that moment and the patient was put on estrogen-progestin pills. She was later treated for infertility by ovarian stimulation (gonadotropins) in her country of origin (Kosovo) but suffered a miscarriage. At age 31 years, she consulted our clinic for a second opinion. After review of previous medical records and a new laboratory assessment which confirmed HH (E2 0.07 nmol/l, LH 0.1 U/l, FSH 0.5 U/l) with otherwise intact pituitary function, CHH was suspected.

Sense of smell was subjectively conserved but formal testing revealed anosmia (Sniffin' Sticks, 10/16, < 5th percentile). The patient also reported scoliosis. Cranial MRI showed reduced size of pituitary gland without midline defects. We concluded to KS diagnosis. The patient was subsequently put on fertility treatment by pulsatile GnRH, which restored ovulatory cycles and led to pregnancy after 4 cycles. Both parents and her four siblings (two brothers and two sisters) have normal pubertal timing. However, her mother was found to be anosmic (UPSIT 14/40). The patient does not carry any variants in known CHH genes but harbors a NOS1 mutation, inherited by her father. Cranial MRI showed normal pituitary gland with intact OBs and olfactory strips. The patient has a slight mental deficiency. She has an apparent narrowing of the bony internal acoustic pores bilaterally with moderate hearing impairment of the left side of conducting origin. An ultrasound revealed normal kidneys. Sense of smell was normal based on patient's subjective assessment. A formal olfactory assessment was not performed due to subsequent hospitalization of the patient for psychiatric reasons and loss of contact with the local endocrinologist. Family history was negative for pubertal delay and decreased sense of smell.

The patient does not harbor variants in known CHH genes. We detected, however, the presence of a heterozygous NOS1 variant, inherited by her mother. In this Ph.D. thesis, we provide evidence that GnRH -widely known for its key regulatory role on the regulation of puberty onset and fertility -plays an unexpected yet critical role in nonreproductive functions, more specifically cognitive function.

Recently, the GnRH neuroendocrine system has been proposed to regulate systemic ageing and age-related cognitive impairments [START_REF] Zhang | Hypothalamic programming of systemic ageing involving IKK-beta, NF-kappaB and GnRH[END_REF][START_REF] Zhang | Hypothalamic stem cells control ageing speed partly through exosomal miRNAs[END_REF]. The idea that prohibiting the hypothalamic release of modulators including GnRH may accelerate ageing is accordant with the finding that hypogonadal mice, which hold a spontaneous mutation that inactivates the GnRH gene [START_REF] Mason | A deletion truncating the gonadotropin-releasing hormone gene is responsible for hypogonadism in the hpg mouse[END_REF], display Alzheimer dementia-like changes during ageing [START_REF] Drummond | Altered expression of Alzheimer's disease-related proteins in male hypogonadal mice[END_REF]. As the concentrations of GnRH in the CSF are proportional to the levels found in portal blood vessels delivering the neurohormone to the anterior pituitary gland to control fertility [START_REF] Van Vugt | Gonadotropin-releasing hormone pulses in third ventricular cerebrospinal fluid of ovariectomized rhesus monkeys: correlation with luteinizing hormone pulses[END_REF][START_REF] Caraty | Biphasic response in the secretion of gonadotrophin-releasing hormone in ovariectomized ewes injected with oestradiol[END_REF][START_REF] Caraty | Gonadotropin-Releasing Hormone in Third Ventricular Cerebrospinal Fluid: Endogenous Distribution and Exogenous Uptake[END_REF], a deficiency in hypothalamic GnRH could additionally alter homeostasis in neuronal populations expressing GnHR-Rs in brain regions involved cognition, such as the hippocampus, in rodents [START_REF] Granger | The promoter of the rat gonadotropinreleasing hormone receptor gene directs the expression of the human placental alkaline phosphatase reporter gene in gonadotrope cells in the anterior pituitary gland as well as in multiple extrapituitary tissues[END_REF] and humans [START_REF] Wilson | Human neurons express type I GnRH receptor and respond to GnRH I by increasing luteinizing hormone expression[END_REF]. The CSF could thus represent a source of GnRH potentially signalling to brain areas involved in cognition.

Additionally, Casoni and colleagues demonstrated the presence of GnRH cell bodies and fibers in the hippocampus of human embryos [START_REF] Casoni | Development of the neurons controlling fertility in humans: new insights from 3D imaging and transparent fetal brains[END_REF], which could constitute a direct route of action. The results presented in this manuscript are in accordance with the idea that GnRH could target extrahypothalamic brain areas such as the hippocampus, and that therefore, dysregulations in the GnRH system could underlie cognitive impairments.

Dysregulations in the network regulating GnRH expression are associated with an impaired cognitive function in our murine models, while GnRH replacement therapies and/or targeting the underlying miR-network dysregulation can reverse the observed phenotype.

Our results revealed NOS1 as a frequently mutated gene underlying CHH, a genetic disorder rooted in a GnRH deficiency. Several of these patients exhibited non-reproductive comorbidities, such as olfactory impairments and intellectual disability. Indeed, independent studies showed that the NO system is implicated in the regulation of various behavioral manifestations, including hyperactivity, sexual and aggressive behaviors [START_REF] Vincent | Histochemical mapping of nitric oxide synthase in the rat brain[END_REF][START_REF] Demas | Inhibition of neuronal nitric oxide synthase increases aggressive behavior in mice[END_REF][START_REF] Prast | Nitric oxide as modulator of neuronal function[END_REF]. Indeed, Nelson and colleagues reported a disruption of the Nos1 gene in mice to be associated with inappropriate aggressiveness and altered sexual behavior [START_REF] Nelson | Behavioural abnormalities in male mice lacking neuronal nitric oxide synthase[END_REF]. Here, we demonstrate that Nos1 KO mice exhibit olfactory and cognitive impairments, as well as a disruption of the GnRH regulation and reproductive axis.

Nos1 KO mice showed an exacerbated and prolonged minipuberty, which is thought to be absent in CHH, followed by delayed puberty and altered fertility. Interestingly, both the reproductive and non-reproductive phenotypes could be reversed by NO replacement, administering exogenous NO or a PDE5 inhibitor during the critical time window of minipuberty.

CHAPTER 4. Progressive GnRH insufficiency underlies olfactory and cognitive dysfunction in Down syndrome

In this study, we show that GnRH plays an unexpected role in the pathophysiology of olfactory and cognitive deficits in a mouse model of DS. Our data raise the intriguing possibility that the onset of intellectual and olfactory impairment in DS patients [START_REF] Grieco | Down syndrome: Cognitive and behavioral functioning across the lifespan[END_REF] may be due to the progressive alteration of GnRH expression during postnatal development, which primarily alters the production of the GnRH peptide in extrahypothalamic regions, as well as affecting pituitary LH secretion reflecting the pulsatile release of GnRH in the median eminence of the hypothalamus.

In individuals with DS, a mild deviation from neurotypically developing trajectories in early childhood culminates in decreasing cognitive abilities during adolescence that continue into adulthood [START_REF] Grieco | Down syndrome: Cognitive and behavioral functioning across the lifespan[END_REF], a phenomenon paralleled by the progressive impairment of olfactory function [START_REF] Nijjar | Olfactory impairment increases as a function of age in persons with Down syndrome[END_REF]. Although neurodegenerative changes occur even in the absence of clinical signs of dementia, cognitive decline in middle to late adulthood is thought to be associated with dementia representative of AD [START_REF] Ballard | Dementia in Down's syndrome[END_REF][START_REF] Lott | Dementia in Down syndrome: unique insights for Alzheimer disease research[END_REF].

Our data suggest that the impairment of the sense of smell precedes the onset of cognitive alterations. While these defects occur before the development of any AD-like proteinopathy in the brain (i.e., APP overexpression), they are concomitant with gradual changes in GnRH expression starting with a mild alteration in transcriptional levels during the infantile period (at minipuberty) and culminating in a marked reduction in GnRH protein expression in adulthood. The trisomy in the mouse DS model appears to induce a disequilibrium in the miRNA-gene network that modulates the Gnrh promoter during the infantile-to-juvenile switch in GnRH neuronal function [START_REF] Messina | A microRNA switch regulates the rise in hypothalamic GnRH production before puberty[END_REF]. While altered GnRH expression in adult trisomic mice is associated with cognitive deficits, it does not perturb the pattern of GnRH-triggered release of LH pulses by pituitary gonadotropes, instead altering the level of LH secretion, with a decrease in pulse amplitude in addition to increased basal levels. While, to our knowledge, no study has been designed to determine the pattern of GnRH/LH secretion in individuals with DS, who also show elevated basal gonadotropin levels [START_REF] Hsiang | Gonadal function in patients with Down syndrome[END_REF], the alteration of this pattern in trisomic mice is reminiscent of the changes in the LH secretion profile documented in elderly women [START_REF] Hall | Decrease in gonadotropinreleasing hormone (GnRH) pulse frequency with aging in postmenopausal women[END_REF] and men [START_REF] Deslypere | Influence of age on pulsatile luteinizing hormone release and responsiveness of the gonadotrophs to sex hormone feedback in men[END_REF] prone to developing cognitive decline and dementia [START_REF] Kivipelto | Lifestyle interventions to prevent cognitive impairment, dementia and Alzheimer disease[END_REF]. Targeting either the disequilibrium in miR-200 hypothalamic expression or the alteration in the pattern of GnRH secretion, resulted in the successful restoration of both olfactory and cognitive performance.

In particular, using subcutaneous osmotic pumps to deliver pulsatile GnRH, a treatment also currently used to manage infertility in patients with HH [START_REF] Boehm | Expert consensus document: European Consensus Statement on congenital hypogonadotropic hypogonadism--pathogenesis, diagnosis and treatment[END_REF], to restore wtlike LH secretion patterns and behavior in Ts65Dn mice, raises the possibility of conducting similar interventional studies in individuals with DS to improve their intellectual performance, well-being and integration into the society they live in [START_REF] Engler | POSEIDON -Bringing Assistive Technology to People with Down Syndrome: Results of a Three Year European Project[END_REF].

From a broader perspective, the vital role of GnRH in the regulation of cognition in mice is in line with previous transcriptomic studies showing that genes involved in GnRH signaling are among the most downregulated in discrete cortical areas of post-mortem brains from AD patients [START_REF] Wang | Integrative network analysis of nineteen brain regions identifies molecular signatures and networks underlying selective regional vulnerability to Alzheimer's disease[END_REF], as well as in the hippocampus of a mouse AD mouse model [START_REF] Chatterjee | Reinstating plasticity and memory in a tauopathy mouse model with an acetyltransferase activator[END_REF]. Splicing alterations in GnRH-related genes during normal aging have also been demonstrated in the murine hippocampus [START_REF] Benito | HDAC inhibitor-dependent transcriptome and memory reinstatement in cognitive decline models[END_REF]. Pulsatile GnRH delivery may thus also hold therapeutic potential in aging-related cognitive decline, including AD.

CHAPTER 5. Defects in NOS1 activity cause GnRH deficiency in human and mice: evidence for reversal after NO treatment in infantile mice

Our study reveals that 8% of probands with CHH harbor heterozygous mutations in NOS1. This implicates NOS1 as one of the most frequently mutated genes in congenital GnRH deficiency, together with FGFR1 and CHD7 [START_REF] Cassatella | Congenital hypogonadotropic hypogonadism and constitutional delay of growth and puberty have distinct genetic architectures[END_REF]. All eight NOS1 mutations are in highly conserved aa and are confirmed loss-of-function in vitro. Mutations were inherited in an autosomal dominant fashion with reduced penetrance. It is known that NOS1 requires homodimerization to enzymatically convert L-arginine and oxygen into L-citrulline and NO [START_REF] Stuehr | Structure-function aspects in the nitric oxide synthases[END_REF] and that NOS1 mutants cause dominant negative effects by forming heterodimers with wt NOS1, thus reducing cellular levels of active NOS1 dimers and NO production in vitro [START_REF] Phung | Use of chimeric forms of neuronal nitric-oxide synthase as dominant negative mutants[END_REF]. Herein, we used Nos1 KO mice lacking exon 2 (with some residual Nos1 activity [START_REF] Huang | Targeted disruption of the neuronal nitric oxide synthase gene[END_REF], Eliasson et al., 1997)) and demonstrated that NOS1 deficiency impairs the onset of puberty and fertility in a dose-dependent fashion. Taken together, these data are consistent with the heterozygous loss-of-function NOS1 mutations found in CHH patients.

Notably, NOS1 is the first gene involved in CHH that encodes an enzyme synthesizing a neurotransmitter, suggesting a contribution of neuronal network homeostasis to the disease.

Importantly, several probands exhibited other neuronal defects, including anosmia (KS), intellectual disability, and sensorineural hearing loss -phenotypes also seen in Nos1deficient mice.

Although absent or partial puberty is the hallmark of CHH, it is currently thought that the transient activation of the HPG-axis during minipuberty is also absent in most cases [START_REF] Quinton | Society for Endocrinology UK guidance on the evaluation of suspected disorders of sexual development: emphasizing the opportunity to predict adolescent pubertal failure through a neonatal diagnosis of absent minipuberty[END_REF]. Minipuberty occurs during the first postnatal months in humans (Kuiri-Hanninen et al., 2011, Kuiri-Hanninen et al., 2011) and the second week of life in rodents (Prevot, 2015), and is characterized by a transient surge in GnRH production leading to gonadal activation.

Nos1 deficient mice unexpectedly exhibited exacerbated and prolonged minipuberty followed by delayed puberty and altered fertility. In particular, we observed increased GnRH neuronal activity, a higher expression of the Gnrh transcript in the hypothalamus, and abnormally elevated and sustained levels of FSH. Through pharmacological inhibition of NO production, we recapitulated the reproductive defects observed in Nos1-deficient mice, and defined a critical window of NO activity in shaping minipuberty and subsequent sexual maturation.

These data point toward a major role of infantile NO in postnatal maturation of the central neuroendocrine circuits driving pulsatile GnRH release. In addition, the effect of OVX in infantile mice indicates that NO signaling is dependent on feed-back secretion from maturing gonads that is essential for the completion of minipuberty, which appears to play a key role in the postnatal programing of puberty onset and adult fertility. This novel insight gives rise to the intriguing hypothesis that the dynamics of the GnRH release during minipuberty in humans might also shape puberty onset and adult fertility. Future studies evaluating intensity and length of minipuberty could confirm such findings in CHH or CDGP patients.

The existence of the non-reproductive phenotypes in CHH and Nos1-deficient mice suggest a NO-dependent impairment of other brain neuronal circuits [START_REF] Weitzdoerfer | Neuronal nitric oxide synthase knock-out mice show impaired cognitive performance[END_REF][START_REF] Steinert | Nitric oxide is an activity-dependent regulator of target neuron intrinsic excitability[END_REF][START_REF] Gao | Lack of neuronal nitric oxide synthase results in attention deficit hyperactivity disorder-like behaviors in mice[END_REF]. Anosmia in CHH is thought to result from a defect in axonal targeting of olfactory neurons, the migratory scaffold for GnRH neuron migration [START_REF] Teixeira | Defective migration of neuroendocrine GnRH cells in human arrhinencephalic conditions[END_REF], Hanchate et al., 2012[START_REF] Boehm | Expert consensus document: European Consensus Statement on congenital hypogonadotropic hypogonadism--pathogenesis, diagnosis and treatment[END_REF]. Through pharmacological inhibition of Nos1 activity during embryonic development, we identified a transient defect in GnRH neuron migration that normalized in adulthood. This is consistent with a temporally restricted action of NO on GnRH neuron migration rather than an effect on the migratory scaffold (i.e. olfactory axons) as shown for the migration of other neuronal populations [START_REF] Mandal | Soluble guanylate cyclase generation of cGMP regulates migration of MGE neurons[END_REF][START_REF] Marin | Cellular and molecular mechanisms controlling the migration of neocortical interneurons[END_REF]. Further, the olfactory deficits of Nos1 -/-mice (i.e. altered olfactory processing) are in line with the modulation of synaptic plasticity and neuronal circuit synchronization by NO in the OB and other brain regions [START_REF] Roskams | Nitric oxide mediates the formation of synaptic connections in developing and regenerating olfactory receptor neurons[END_REF][START_REF] Kendrick | Formation of olfactory memories mediated by nitric oxide[END_REF][START_REF] Kwan | Species-dependent posttranscriptional regulation of NOS1 by FMRP in the developing cerebral cortex[END_REF].

Taken together, these studies raise the possibility that anosmia could be due to a functional defect caused by an impairment of the maturational processes involved in the processing of olfactory information, at least in some KS patients.

Estrogen positively impacts the maturation of neuronal circuits in several brain areas [START_REF] Mcewen | Estrogen actions throughout the brain[END_REF][START_REF] Mccarthy | Estradiol and the developing brain[END_REF][START_REF] Denley | Estradiol and the Development of the Cerebral Cortex: An Unexpected Role?[END_REF] and contributes to the postnatal increase of Nos1-dependent NO production in infantile mice both in the hypothalamus and the hippocampus. Thus, it is tempting to speculate that the rise in FSH-induced estrogen production during minipuberty could act as a synchronous trigger on Nos1 neurons to promote maturation of neuronal circuits involved in both reproductive and non-reproductive functions. In this respect, it will be crucial to carefully study the minipuberty and its link to neurodevelopmental disorders. Notably, preterm infants have been shown to display abnormally higher serum FSH levels during the minipuberty and have an increased risk to develop decreased reproductive capacity [START_REF] Swamy | Association of preterm birth with long-term survival, reproduction, and next-generation preterm birth[END_REF], intellectual disability and hearing loss [START_REF] Moster | Long-term medical and social consequences of preterm birth[END_REF][START_REF] D'onofrio | Preterm birth and mortality and morbidity: a population-based quasi-experimental study[END_REF].

Our results clearly demonstrate that NO plays a key role in shaping minipuberty in mice.

Further, the exacerbated and prolonged HPG-axis activity during infancy resulting from NO deficiency is associated with both pubertal defects and infertility. Remarkably, we demonstrate a reversal of reproductive and non-reproductive phenotypes following the administration of exogenous NO or a PDE5 inhibitor (Sildenafil) during the critical postnatal time window of minipuberty. These results confirm a role for NO in the maturation of neuronal circuits. It is tempting to speculate that similar treatments may be used in patients with NOS1 deficiency to induce a reversal of the defects of the HPG-axis. It is known that 10-20% of CHH patients exhibit a reversal after normalization of sex steroid milieu following hormone therapy [START_REF] Raivio | Reversal of idiopathic hypogonadotropic hypogonadism[END_REF]. Estrogen, a powerful trigger of the expression of several genes including NOS1 [START_REF] Garcia-Duran | Estrogen stimulates neuronal nitric oxide synthase protein expression in human neutrophils[END_REF], induces NOS1 activity in hypothalamic neurons (d'Anglemont de Tassigny et al., 2007, d'Anglemont de Tassigny et al., 2009), and could thus contribute to the reversal observed in a CHH patient harboring NOS1 mutations (Family H).

Further, PDE5-inhibitor treatment is used in men with sexual dysfunction and leads to increased serum T [START_REF] Carosa | Type V phosphodiesterase inhibitor treatments for erectile dysfunction increase testosterone levels[END_REF]. However, a central action of PDE5 inhibitors has not been investigated. This raises an intriguing possibility to treat disorders of pubertal development or infertility using NO or PDE5 inhibitors.

The broad spectrum of actions for NO on the development and homeostasis of cardiovascular, immune, and central nervous systems is well-known. Our current study expands the reach of this critical molecule to include sexual maturation and reproduction. Finally, our data points to NO as a potential target for therapeutic intervention in a large spectrum of reproductive disorders and neurological disorders.

Perspective : the role of NO in the Ts65Dn mouse model

The Nos1 KO mouse model, as demonstrated in the second study of this Ph.D. manuscript, presents a strong reproductive phenotype. Similar to what is thought in CHH [START_REF] Quinton | Society for Endocrinology UK guidance on the evaluation of suspected disorders of sexual development: emphasizing the opportunity to predict adolescent pubertal failure through a neonatal diagnosis of absent minipuberty[END_REF], minipuberty has been found to be exacerbated and prolonged in Nos1 KO mice, followed by a delay in puberty onset and infertility. Corresponding to the alteration of the HPG-axis in the Nos1 KO model, Ts65Dn male mice present with a delayed puberty onset and infertility. It has been shown that several miRNAs, such as miR-155, are overexpressed in the DS brain [START_REF] Elton | Trisomy-21 gene dosage over-expression of miRNAs results in the haploinsufficiency of specific target proteins[END_REF]. miR-155 has been suggested to shape minipuberty, as its levels are significantly higher during this period [START_REF] Messina | A microRNA switch regulates the rise in hypothalamic GnRH production before puberty[END_REF] and is known to interact with Cebpb, which exerts a NO induced repression on GnRH expression.

It is well described that the NO system is implicated in the regulation of various behaviors, including hyperactivity, sexual and aggressive behaviors [START_REF] Vincent | Histochemical mapping of nitric oxide synthase in the rat brain[END_REF][START_REF] Demas | Inhibition of neuronal nitric oxide synthase increases aggressive behavior in mice[END_REF][START_REF] Prast | Nitric oxide as modulator of neuronal function[END_REF]. Alterations in the above mentioned behaviors [START_REF] Escorihuela | A behavioral assessment of Ts65Dn mice: a putative Down syndrome model[END_REF][START_REF] Coussons-Read | Behavioral assessment of the Ts65Dn mouse, a model for Down syndrome: altered behavior in the elevated plus maze and open field[END_REF][START_REF] Klein | Characterization of sensorimotor performance, reproductive and aggressive behaviors in segmental trisomic 16 (Ts65Dn) mice[END_REF], as well as deficits in learning and memory [START_REF] Reeves | A mouse model for Down syndrome exhibits learning and behaviour deficits[END_REF][START_REF] Demas | Spatial memory deficits in segmental trisomic Ts65Dn mice[END_REF] Given the observed deficiency of NO production in the hypothalamus of Ts65Dn mice, as well as the similarities between the reproductive phenotype and observed comorbidities between the Ts65Dn mouse model of DS and Nos1 KO mouse model, the question arises whether defects in NO signaling could be implicated in the etiology of the observed phenotype in the Ts65Dn mouse model. For this reason, first, the nNOS populations in key regions for sexual maturation, cognition and olfaction should be phenotyped at different stages of development to understand if the observed phenotype could result from an alteration in NOS activation during minipuberty. Second, it would be important to examine whether the observed phenotype can be described to some actors of the NO signalling and/or NO-cGMP pathway.

Furthermore, it would be very interesting to examine whether NO replacement therapies, more specifically the administration of sildenafil or inhaled NO, during the infantile period would be able to rescue the cognitive and olfactory deficits observed in Ts65Dn mice, as it has been demonstrated to be effective in Nos1 KO mice.

In this present Ph.D. thesis, we sought to examine (i) whether GnRH neurons and the regulation of GnRH expression -widely known to control fertility -are involved in nonreproductive functions, more specifically progressive cognitive and olfactory decline, and (ii) whether these deficits can be restored targeting the GnRH-system.

The main conclusions of our first study (chapter 4) are as follows:

• Male Ts65Dn mice, a mouse model of DS, present with an impaired reproductive phenotype; e.g. impaired sexual maturation, hypogonadism and infertility.

• A progressive loss of GnRH expression is observed in Ts65Dn mice, and can be explained by a dysregulated miRNA-transcription factor network including a downregulation of most miR-200 family members.

• The progressive loss of GnRH expression is concomitant with a decline in both cognitive and olfactory performance, independent of Alzheimer-like pathology, in this mouse model of DS.

• Different GnRH replacement therapies, as listed below, are able to reverse the olfactory and cognitive impairments observed in Ts65Dn mice. o Pulsatile administration of GnRH using subcutaneous programmable minipumps, a treatment currently used to manage infertility in patients with HH.

The main conclusions of our second study (chapter 5) are as follows:

• NOS1 mutations lead to CHH and KS, characterized by a congenital GnRH deficiency.

• There is a critical time window for Nos1 action in shaping minipuberty and sexual maturation.

• Nos1 deficient mice present with an impaired puberty onset and fertility, as well as other comorbidities such as cognitive and olfactory impairments.

• Restoration of NO activity by the administration of inhaled NO or PDE5 inhibitors is able to rescue the reproductive, as well as the non-reproductive phenotype in Nos1 deficient mice.

  and Dr. Ciofi, you have been implicated in this project since the start of my Ph.D.
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Figure 1 .

 1 Figure 1. The hypothalamic-pituitary-gonadal axis. Schematic representation of the HPG-axis regulating reproduction in mammals. At the level of the median eminence, hypothalamic GnRH neurons release their neurohormone in the portal circulation. From there, GnRH targets the gonadotropic cells of the anterior pituitary gland and regulates the synthesis of LH and FSH, and their release in the systemic circulation. LH and FSH will regulate the maturation and function of the gonads, that secrete sex steroid hormones. These steroid hormones act back on the central nervous system, and close the essential feedback loop to regulate the secretion of GnRH from the hypothalamus and secretion of gonadotropins from the pituitary gland.

Figure 3 .

 3 Figure 3. Calcium-triggered exocytosis. Schematic showing the different steps of Ca2-dependent vesicular exocytosis. The vesicular SNARE, represented here by VAMP-2, interacts with the SNAREs of the plasma membrane, respectively SNAP-25 and syntaxin. The Ca2 signal, and more specifically the fixation of the Ca2/calmodulin at the level of the VAMP-2, induces a conformation of the proteins and the recruitment of synaptotagmin. This conformation allows the fusion of the vesicular membrane and the plasma membrane,

Figure 4 .

 4 Figure 4. The GnRH migratory pathway. Illustration of the head of a mouse embryo at E14.5, representing the migration of GnRH neurons from the VNO into the forebrain, along the vomeronasal VNN and/or terminal nerve fibers. VNN, vomeronasal nerve; Vno, vomeronasal organ; oe, olfactory epithelium; nm,

Figure 5 .

 5 Figure 5. A complex network of inputs regulating puberty onset and fertility. GnRH neurons, integrating a variety of internal and external cues, in the central control of puberty onset by driving the HPG-axis.

Figure 6 .

 6 Figure 6. The activation of the female HPG-axis during development. (Hypothalamic development) The morphological development of the hypothalamic anteroventral periventricular nucleus (AVPV), important for the E2-mediated positive feedback on the GnRH neurons, is already completed at birth. However, the axons of the ARH neurons, important for the estrogen-mediated negative feedback, first appear in the POA during the infantile period and are mature by P16. (Hormonal profiles) Schematic representation of the centrally driven gonad-independent and gonad-dependent hormonal changes during postnatal development. (Ovarian maturation) Schematic representation how the aforementioned changes interfere in follicular maturation, and how follicular maturation affects the hypothalamus and/or pituitary gland by the secretion of E2. AVPV, anteroventral periventricular nucleus; ARH, arcuate nucleus; DMH, dorsomedial

Figure 8 .

 8 Figure 8. Schematic representation of the synthesis of miRNAs. The synthesis of miRNAs is an extremely complex process that requires the RNase-III enzymes Drosha and Dicer, together with multiple cofactors.
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  none of the investigated potential therapies resulted in a clear improvement of cognitive function in individuals with DS, it has been considered a hopeless disease from a therapeutic point of view since a long time. Nevertheless, recent research provided evidence that treatments focusing on normalizing the expression levels or the function of specific candidate molecules may hold a therapeutic window to some DS phenotypes (de la Torre et al., 2012).

Chapter 4 .

 4 Progressive GnRH insufficiency underlies olfactory and cognitive dysfunction in Down syndrome. DS patients who show an intellectual disability and age-related cognitive decline also present acquired anosmia, i.e. the loss of odor detection and/or discrimination.

Chapter 5 .

 5 Defects in NOS1 activity cause GnRH deficiency in human and mice: evidence for reversal after NO treatment in infantile mice. The NO signalling pathway plays a key role in the regulation of GnRH, that is crucial for sexual maturation and fertility. We hypothesized that a disruption of neuronal NO synthase (NOS1) activity underlies GnRH deficiency by affecting key hypothalamic neuronal circuits controlling fertility. Building on this hypothesis, we sought to examine whether NOS1 mutations can be identified in patients with CHH or KS, two genetic disorders rooted in a GnRH deficiency. Furthermore, we aimed to investigate whether Nos1 deficient mice exhibit a similar phenotype compared to human patients, including non-reproductive comorbidities such as olfactory and cognitive impairments, and whether restoration the NO activity could rescue the reproductive and non-reproductive phenotype.

  -J) and female (Supplemental Figure 1I-K) Ts65Dn mice showed normal LH pulse frequency but decreased LH pulse amplitudes.

Figure 1 .

 1 Figure 1. Ts65Dn male mice show delayed sexual maturation, hypogonadism and infertility. (A) Schematic representation illustrating the phenotypic characterization of reproductive maturation performed in Ts65Dn mice from birth to the adulthood. (B) Ts65Dn males presented significantly lower body weight gain during postnatal development. (C-E) A marked delay in sexual maturation was observed in male Ts65Dn mice compared with wt littermates. Ts65Dn males exhibited delayed balanopreputial separation day (****p < 0.0001) (C), a smaller penis and undescended testes (D); all external signs used to follow sexual maturation. (E) Ts65Dn mice showed an irregular expression profile of major urinary proteins. (F,G) Adult Ts65Dn males revealed severe hypogonadism, exhibiting smaller testes and lower testicular weight. (H) Representative graphs for LH pulsatility assessment by serial blood sampling. Ts65Dn mice had a normal LH pulse frequency (I), but a significantly decreased LH pulse amplitude (J) compared to wt littermates. Statistical differences were evaluated using two-way repeated measures ANOVA (B); Gehan-Breslow-Wilcoxon test (C); Mann-Whitney (G,I); Unpaired t-test (J). *p < 0.05; ** p < 0.01; *** p < 0.001.

  numerous extrahypothalamic GnRH projections (Figure2D), which were often seen in close apposition to the walls of the lateral ventricles. Stereotaxic injections of adeno-associated viral vectors (AAV) driving the expression of YFP (AAV9-eYFP) into the ME of adult wt Gnrh::Cre mice demonstrated that at least part of these extrahypothalamic GnRH projections actually came from neuroendocrine GnRH neurons (Supplemental Figure3A). We observed YFP expression not only in GnRH neuron cell bodies and processes located in the POA (Supplemental Figure3B,C), but also in processes located in extrahypothalamic sites such as the cortex (Supplemental Figure3D,E), the hippocampus (Supplemental Figure3D,F) and the paraventricular thalamus (Supplemental Figure3D,F) after unilateral AAV9-eYFP injection into the dorsolateral ME. These results demonstrate that hypophysiotropic GnRH neurons project to brain areas controlling cognitive and social behaviors. Furthermore, the potential role of GnRH in the regulation of non-reproductive processes is also consistent with our iDISCO analyses identifying GFP-labeled GnRH Receptor (GnRHR) neurons in the cortex and the hippocampus in the murine brain (Figure2E-L).Similar anatomical observations conducted in trisomic mice revealed that although GnRH fibers were visible in the ME (Figure2C), the expansive GnRH projections typically observed in wt controls were absent in adult Ts65Dn mice (Figure2D). Taken together, our data raise the possibility that the deficiency of extrahypothalamic GnRH fibers in Ts65Dn mice acquired during postnatal development may contribute to their cognitive phenotype.

Figure 2 .

 2 Figure 2. Ts65Dn male mice show an age-dependent loss of GnRH immunoreactivity. (A-C) GnRHimmunoreactivity in Ts65Dn mice decreases during postnatal development compared to wt littermates.Whole-mount of neonatal (P0)(A) and adult (P90) (C) brains immunolabelled for GnRH followed by iDISCO.(B) In parallel, conventional neuroanatomical analyses conducted at different stages of postnatal development revealed a loss of GnRH-immunoreactive cell bodies in the preoptic region of adult Ts65Dn mice. This phenotype is intriguingly reminiscent to the one seen in mice in which we had selectively knocked out Dicer in GnRH neurons[START_REF] Messina | A microRNA switch regulates the rise in hypothalamic GnRH production before puberty[END_REF]. (D) Neuronal fiber tracing shows numerous GnRHimmunoreactive projections to extrahypothalamic regions in adult wt mice that are absent in Ts65Dn male littermates. The different colors are projections of GnRH neurons that have been pseudocolored based on their pathway. Arrowheads show pathway of GnRH-immunoreactive neurons. We identified three different pathways: green, GnRH population that projects to ME; magenta, neurons that project to the MEAad; blue, neuron projections to the PVT. (E-H) iDISCO analyses showing Cre-dependent expression of Tau-GFP in neurons in the cortex (CX) and the hippocampus (HIP) of mice expressing Cre under the control of the GnRH Receptor (GnRHR) promoter. (I-L) Confocal microscopy of GFP-labelled GnRHR-expressing cells in the cortex (I) and in the dentate gyrus (DG) and CA1-3 layers of the hippocampus (J-L). CX, cortex. CA, cornu ammonis. DB, diagonal band of Broca. DG, dentate gyrus. HIP, hippocampus. ME, median eminence. MEAad, anteriordorsal amygdala. MS, medial septal nucleus. OB, olfactory bulb. OV, organum vasculosum of the lamina terminalis. PVT, paraventricular thalamus. Scale bars: A, 300 µm; C, 600 µm (1 and 2 panels, 300 µm) ; D, horizontal 350 µm and frontal 500 µm; E,F, 200 µm; J, 80 µm; G,H, 50 µm; K,L, 10 µm; I, 30 µm. Statistical differences were tested using unpaired t-test. *** p < 0.001.

Figure 3 .

 3 Figure 3. Ts65Dn mice show an age-dependent loss of the ability to recognize new odors and objects. (A) Schematic of experimental design to evaluate the ability of mice to discriminate olfactory and visual cues during postnatal development. Habituation/dishabituation test was used to assess the ability to differentiate between different odors and a novel object recognition test was used to evaluate recognition memory. (B,D) At P35, Ts65Dn mice were unable to differentiate between two distinct odors (B) while they were equally able to recognize the introduction of new objects in their environment (D) when compared to wt littermates. (C,E) In adulthood, Ts65Dn mice showed a loss of the capacity to differentiate both different odors (C) and objects (E) when compared to wt littermates. (F,G) Both wt and Ts65Dn littermates behaved similarly to intact animals (C,E) 3 months after orchidectomy. Statistical differences were tested using twoway repeated measures ANOVA (B,C,F) and unpaired t-test (D,E,G). * p < 0.05; ** p < 0.01; ** p < 0.001

  Figure 5A,B) of middle-aged, but not in young adult (3-month) Ts65Dn males. In contrast, we did not detect any change in the expression of CTF and Tau-Cter in the hippocampus of Ts65Dn males (Supplemental Figure 5A,B). In the cortex, the expression of AD-related proteins remained unaltered in Ts65Dn males (Supplemental Figure 5C,D). In 12-month old Ts65Dn females, we found a significant increase in APP and CTF expression in the hippocampus (Supplemental Figure 5E,F) and cortex (Supplemental Figure 5G,H), although there was no difference in Tau-Cter expression either in the hippocampus or in the cortex (Supplemental Figure 5E-H). In summary, we show that the expression of APP is unaffected in 3-month old Ts65Dn mice (Supplemental Figure 5A-D). Taken together, these data demonstrate that the

  the postnatal loss of GnRH-immunoreactivity in Ts65Dn mice, we first analyzed global miRNA and gene expression in the POA, which contains the main population of GnRH neuronal cell bodies. We found a downregulation of most miRNA-200 family members accompanied by an upregulation of Zeb1 mRNA in the adult Ts65Dn POA, accompanied by a marked decrease in Gnrh expression (Figure4A,B). Real-time PCR analyses of cell-sorted GFP-labeled GnRH neurons from Gnrh::gfp;Ts65Dn mice confirmed that, as soon as during the infantile period, Gnrh mRNA expression was decreased, accompanied by an increase in Zeb1 expression and by a downregulation of transcripts coding for the Gnrh promoter activators Otx2 and Kiss1r (Supplemental Figure6A; Figure4C,D). Taken together, these data suggest that the altered miR-200 expression in Ts65Dn mice causes an imbalance in the miRNA-gene network controlling Gnrh promoter activity, in turn causing the gradual loss of GnRH expression in these animals (Figure4E). Consistent with this mechanism, the selective overexpression of miR-200b in the POA of adult Ts65Dn males using stereotaxic injections of AAV (Figure4F) rescued both the capacity to differentiate odors (Figure4G) and recognize novel objects (Figure4H), while Ts65Dn mice injected with control AAV continued to show olfactory and memory deficits.

Figure 4 .

 4 Figure 4. The age-dependent loss of cognitive performances is associated with a switch in the miRNAgene network controlling age-dependent Gnrh expression in Ts65Dn mice. (A,B) RT-PCR analysis of the expression of different genes (A) and miRNAs (B) in the POA of adult wt and Ts65Dn littermates. (C) Schematic diagram illustrating the generation of Gnrh::Gfp;Ts65Dn reporter mice, which express GFP under an ectopic Gnrh promoter. GnRH-GFP neurons have been isolated by FACS from the preoptic region of Gnrh::Gfp and Gnrh::Gfp;Ts65Dn littermates at P12. (D) RT-PCR analysis of the expression of different genes in FACS-sorted GnRH-GFP cells. (E) Putative miRNA-gene network illustrating the convergent contributions of miR-200 and Zeb1 in the control of GnRH expression via the repression of the Kp receptor (Kiss1R)/Otx2signaling pathway. (F) Schematic of experimental design performed to evaluate the functional involvement of the miR-200 family members in odor and object recognition tasks in Ts65Dn mice. The red dot indicates the injection site of the viruses; OVLT, organum vasculosum of the lamina terminalis; MePO, median preoptic nucleus; LV, lateral ventricle. (G,H) The overexpression of miR-200b in the POA using adenoassociated viral vectors resulted in a rescue of both the capacity to differentiate odors (G) and recognize novel objects (H) in Ts65Dn mice. Statistical differences were tested using unpaired t-test or Mann-Whitney (A,B,D) and paired t-test or Wilcoxon matched-pairs test (G,H). * p < 0.05; ** p < 0.01; *** p < 0.001.

  olfactory or cognitive rescue was observed in Ts65Dn mice grafted with BoNTB Gnrh -POA cells (Figure5H,I). Importantly, an acute intraperitoneal GnRH injection (50 µg/kg of body weight 2h before behavioral tests) 6 months post-graft rescued olfactory and cognitive deficiencies both in sham (Figure5B) and BoNTB Gnrh POA-grafted (Figure5H,I) Ts65Dn mice.To determine whether genetic activation of endogenous GnRH neuronal activity in Ts65Dn mice is sufficient to rescue olfactory and cognitive function in these mice, adult Gnrh::Cre and Ts65Dn; Gnrh::Cre mice received bilateral injections of a Cre-dependent activating hM3Dq DREADD viral vector into the POA (Figure5J). Both Gnrh::Cre and Ts65Dn;Gnrh::Cre males responded to intraperitoneal clozapine N-oxide (CNO) injections by an increase in LH release (Figure5L,N), while vehicle injection had no effect (Figure5K,M). The CNO-mediated activation of GnRH neurons in trisomic mice acutely restored the capacity to discriminate between different odors (Figure5O) and corrected cognitive deficits (Figure5P) to wt levels.

Figure 5 .

 5 Figure 5. GnRH replacement reverses olfactory-and cognitive-associated impairments in Ts65Dn mice. (A) Schematic diagram illustrating the cell therapy strategy performed in adult Ts65Dn mice. Neonatal cells from the POA of wt mice (P0-P2) were enzymatically dissociated and stereotaxically injected into the third ventricle of adult Ts65Dn mice. (B) After a 3-month recovery period, implantation of neonatal cells from brain tissue containing wt GnRH neurons in Ts65Dn males (wt-POA) rescued both the capacity to differentiate between odors and recognition memory compared to non-grafted Ts65Dn mice (Sham: injected with vehicle solution). (C) Ts65Dn females recovered cognition after the implantation of neonatal POA from wt pups. (D-F) The Y-maze test was performed to evaluate the short-term visuospatial memory of the animals (D). Ts65Dn grafted males (wt-POA) spent the same time in the new arm than wt littermates compared to non-grafted Ts65Dn mice (Sham) (E) and needed less time to first enter the new arm (F). (G) Schematic of the experimental design used to determine whether GnRH neurons were playing a role in the rescue of the cognitive phenotypes in Ts65Dn mice by transplanting enzymatically-dissociated POA from mice with exocytotically-silenced GnRH neurons (Gnrh::Cre; BoNTB loxP-STOP-loxP ). (H-I) After a 3-month recovery period, Ts65Dn mice grafted with BoNTB Gnrh -POA cells recovered neither the ability to discriminate odors (H) nor improved their performances in the object recognition task (I). However, acute GnRH intraperitoneal injection restored both of these functions in Sham-(B) and BoNTB Gnrh -cells grafted (H-I) Ts65Dn mice. (J) Schematic diagram illustrating the protocol performed to study the effect of chemogenetic activation of GnRH neurons on LH pulsatility profile, cognitive and olfactory performance. Adult Gnrh::Cre and Ts65Dn; Gnrh::Cre mice were tested before and after injection with a hM3Dq DREADD viral vector. Red dots indicate the injection sites of the virus; OVLT, organum vasculosum of the lamina terminalis; MePO, median preoptic nucleus; LV, lateral ventricle. (K-N) Representative graphs for LH pulsatility assessment after viral transfection and intraperitoneal injection of vehicle (saline) or clozapine N-oxide (CNO) solution (1 mg/kg of body weight). The chemogenetic activation of GnRH neurons induced by CNO rescued the capacity to discriminate between different odors (O) and cognitive deficits (P) in Ts65Dn; Gnrh::Cre-DREADD injected mice, while saline injection had no effect. Statistical differences were tested using unpaired t-test and one-way ANOVA in animals not subjected and subjected to surgery, respectively (E,F), Wilcoxon matched-pairs test or paired t-test (B, C) and repeated-measures one-way ANOVA when comparing three conditions (B). Two-way repeated measures ANOVA was used in H,I,O,P. * p < 0.05; ** p < 0.01; *** p < 0.001.

  ,I). To determine whether the phenotypic rescue in Ts65Dn mice was due to the restoration of HPG-axis function, we repeated these experiments in 3-month ORX wt and Ts65Dn mice; bilateral ORX did not affect the rescue of olfaction (Figure 6J) or recognition memory (Figure 6K) by pulsatile Lutrelef infusion. Taken together, our data demonstrate the hitherto unsuspected importance of the pulsatile nature of GnRH secretion for olfactory perception and cognition.

Figure 6 .

 6 Figure 6. Pulsatile GnRH infusion reverses both olfactory-and cognitive-related impairments in Ts65Dn mice. (A) Schematic diagram illustrating the pharmacological therapy performed in adult Ts65Dn mice with Lutrelef, a GnRH peptide used clinically. Mice were implanted with osmotic pump, to receive continuous infusion of vehicle or Lutrelef (0.25 µg/ 3h during 2 weeks); or with a programmable mini-pump (iPRECIO), to receive pulsatile Lutrelef infusion (0.25 µg/10 min every 3 hours during 2 weeks). (B-F) Representative graphs for LH pulsatility assessment after 15 days of vehicle or Lutrelef subcutaneous administration. (G) Lutrelef pulsatile infusion in Ts65Dn males significantly increased LH pulse frequency and LH pulse amplitude compared to Lutrelef continuous infusion which blunted both LH pulse frequency and LH pulse amplitude both in wt and Ts65Dn mice. (H,I) Lutrelef pulsatile infusion rescued the capacity to discriminate between different odors (H) and cognitive deficits (I) in Ts65Dn mice. (J-K) Both orchidectomized (ORX) wt and Ts65Dn littermates behaved similarly to intact animals (controls), while Lutrelef pulsatile infusion rescued the capacity to discriminate between different odors (J) and cognitive deficits (K) in ORX Ts65Dn mice. Statistical differences were tested using Mann-Whitney and unpaired t-test (G), Wilcoxon matchedpairs test (H), paired t-test (H,I) and two-way repeated measures ANOVA (J,K). * p < 0.05; ** p < 0.01; *** p < 0.001.

  The sort decision was based on measurements of GFP fluorescence (excitation: 488nm, 50 mW; detection: GFP bandpass 530/30 nm, autofluorescence bandpass 695/40nm) (Supplemental Figure6). For each animal, GFP positive and negative cells were sorted directly into 10 μl extraction buffer [0.1% Triton® X-100 (Sigma-Aldrich) and 0.4 U/μl RNaseOUT™ (Life Technologies)].

For

  the viral tracing of hypophysiotropic GnRH neurons, adult Gnrh::Cre mice received .DIO.eYFP.WPRE.hGH, 1×10 13 vg/ml) (Addgene plasmid # 27056) into the ME (AP:-1.0 mm, ML:-0.2 mm, DV: -6.1 mm).To study the effect of GnRH neurons activation, Cre-dependent DREADDs (Designer Receptor Exclusively Activated by Designer Drugs) were used. pAAV-EF1a-DIO-hM3D(Gq)-mCherry was a gift from Bryan Roth (Addgene plasmid # 50460). Viral preparations were performed at the Molecular Biotechnology Center (MBC; Prof. Emilia Turco Lab), University of Turin, Italy. The viral construct AAV9.EF1a.DIO.hM3D(Gq)-mCherry was injected bilaterally (250 nl or 500 nl total; 2×10 13 gc/ml) in the rPOA (AP:+0.8 mm, ML:±0.1 mm, DV: -5.1 mm) of adult Gnrh::Cre and Ts65Dn; Gnrh::Cre mice.

  sections were then washed with 0.1M PBS, and incubated with blocking solution [(5% donkey serum + 0.5% Triton X-100) in 0.1M PBS] for 60 min. The sections were then incubated with chicken anti-GFP (1:500; Aves Labs, Inc GFP-1020) and rabbit anti-GnRH (1:3000), a generous gift from Prof. G. Tramu (Centre Nationale de la Recherche Scientifique, URA 339, Université Bordeaux I, Talence, France), in blocking solution for 48 h at 4°C. Following this, sections were rinsed with 0.1M PBS three times for 10 min each and then incubated with the secondary antibody Alexa fluor 488 conjugated donkey anti-chicken (1:500; Jackson Immuno Research 703-545-155) and Alexa 568 conjugated donkey anti-rabbit (1:500; Invitrogen A10042) for 90 min at room temperature. Sections were then washed, counterstained with Hoechst (1:10,000; Thermo Fisher Scientific Cat# H3569, RRID:AB_2651133) for 3 min, rinsed with 0.1M PBS three times for 10 min and mounted with coverslips using Mowiol coverslip mounting solution. Images were acquired using a LSM 710 Zeiss upright confocal laserscanning microscope equipped with LSM 710 software (Zeiss, Germany).

Supplemental Figure 3 .

 3 unpaired/paired two-sided Student's t-tests for comparison of two groups and one-or twoway analysis of variance (ANOVA) with Tukey's post hoc tests for comparison of more than two groups. When the criterion for normality or equal variances was not met, the Mann-Whitney or Wilcoxon matched-pair test were used for comparison of two groups and the Kruskal-Wallis was used to compare more than two groups. For balanopreputial separation, vaginal opening and first ovulation, comparisons between groups were carried out using Gehan-Breslow-Wilcoxon matched-pairs test. The significance level was set at p < 0.05. The data are presented as means ± S.E.M. The P values are indicated in the figure legends. Innervation in the extrahypothalamic regions by hypophysiotropic GnRH neurons in adult mice. (A) Cre-dependent viral tracing from the median eminence (ME) targeting the expression of eYFP (green) in hypophysiotropic GnRH neurons of GnRH::Cre mice. (B) Single injection of AAV9-eYFP induces the expression of eYFP in GnRH neurons located in the rostral preoptic area (rPOA) and in the organum vasculosum of the lamina terminalis (OVLT). (C) High-magnification of the frame in B showing colocalization between virally induced eYFP expression and immunodetection of GnRH (magenta) in the rPOA. (D) Visualization of AAV9-eYFP-expressing GnRH neuron fibers in the cortex (CX), hippocampus (HIP) and thalamus (TH). (E) High-magnification image shows the presence of AAV9-eYFP-transduced GnRH neuron fibers reaching the ventral layer of the retrosplenial (RSPv) region of the cortex. (F) Highmagnification image shows the AAV9-eYFP-transduced GnRH neuron fibers in the dentate gyrus (DG) and CA1 layers of the HIP, in the medial habenula (MHb) and paraventricular thalamus (PVT). 3V, third ventricle. CX, cortex. CA, cornu ammonis. CC, corpus callosum. DG, dentate gyrus. HIP, hippocampus. ME, median eminence. MHb, medial habenula. OVLT, organum vasculosum laminae terminalis. PVT, paraventricular thalamus. rPOA, rostral preoptic area. TH, thalamus Scale bars: D, 500 µm; A-B,E-F, 100 µm; C, 50 µm. hippocampus (B) and cortex (D) of males. (E,G) Representative WB showing hippocampal and cortical APP, CTF and Tau-Cter levels in 3-month old and middle age adult (12-months) female Ts65Dn mice. (F,H) Quantification of protein levels of APP, CTF and Tau-Cter in hippocampus (F) and cortex (H) of females. GAPDH was used as a loading control. Significance was tested using Kruskal Wallis or Mann-Whitney tests (B); Kruskal Wallis, Mann-Whitney or One-way ANOVA (D); Unpaired t-test (F,H). p < 0.05; ** p < 0.01; *** p < 0.001. Supplemental Figure 6. Isolation of hypothalamic GnRH neurons in postnatal mice. (A) GnRH-GFP positive neuron isolation by FACS from preoptic area (POA). Cortex was used as negative control. (B) Real-time PCR analysis of GnRH mRNA expression in GFP-positive (POS) and negative (NEG) cells. performed when appropriate. Significance was tested using Mann-Whitney test. ** p < 0.01.

  reversal. Amino acid changes are based on reference cDNA sequence NM_000620.4; Sex: M, male; F, female; Inheritance; S, sporadic; F, familial; Puberty: A, absent puberty; P, partial puberty. Associated phenotypes highlighted in bold correspond to the hearing and cognitive defect seen in Nos1 knock-out mice.

Figure 1 .

 1 Figure 1. Identification of NOS1 mutations in CHH and KS probands (a) Schematic figure showing the position of the identified mutations on the human neuronal nitric oxide synthase (NOS1). NOS1 mutations are mostly found localized on the oxygenase (p.Gly595Ser, p.Met619Leu) and the reductase domains (CysJ, flavodoxinJ, ferrodoxin; pGly864Asp, p.Glu1124Lys and p.Ile1223Met) of the protein. One of the mutations is located on the region permitting interaction with the PIN protein family (p.Asp241Asn). (b) Conservation of the NOS1 domains among human (H.sapiens, P29475), ferret (M.p.furo, M3XUN6), rabbit (O.cuniculus, O19132), pig (S.scrofa, F1RKF2), rat (R.novegicus, D3ZEW7) and mouse (M. musculus, Q9Z0J4) as well as the localization of the mutated aaa on the protein. (c) Pedigrees of CHH probands harboring NOS1 mutations. (d) Measurement of the [NO] upon endogenous stimulation of the NO signaling pathway in NO-detector

  Figure 4c). In contrast to the vehicle-treated group (Supplemental Figure 4d,e), blunting NO production at E12.5 resulted in a major defect in the migratory process (Supplemental Figure S4d,e); at E14.5, the vast majority of GnRH neurons, which formed part of Nos1immunolabeled aggregates, were backed up in the region of the nose where GnRH neurons

Figure 2 .

 2 Figure 2. Behavioral tests in Nos1-deficient mice: olfaction, cognition and hearing. (a) During the social

Nos1

  +/+ mice tested. Interestingly, inhaled NO treatment (grey shaded area), and Sildenafil treatment (blue shaded area) during the infantile period from P10 to P23 rescued the olfactory deficit in the Nos1 -/-and Nos1 +/-female mice. Black stars indicate the preference of each group for male versus female odor, (paired t-test). Red stars indicate a comparison between mice of the same sex and genotype using as a changing parameter the treatment that was performed (unpaired t-test for males and one-way ANOVA with Dunnett's post-hoc test for females). * p < 0.05; ** p < 0.01; *** p < 0.001; ns p > 0.05 . Values indicate means ± SEM. (b) During the habituation/dishabituation test using non-social odors (acetophenone and octanal) we assessed the ability of Nos1 +/+ , Nos1 +/-and Nos1 -/-male and female mice to differentiate between different odors. Nos1 -/-mice seemed capable of discriminating the novel odorant, yet they showed a discrete hyper-reactivity to the new stimulus. Inhaled NO treatment (grey shaded area), and Sildenafil treatment (blue shaded area) during the infantile period from P10 to P23 normalized the dishabituation levels in the Nos1 -/-male and female mice. Nos1 +/+ values during the stage of dishabituation are compared to the ones of Nos1 +/-and Nos1 -/-mice for each group of measurements (one-way ANOVA with Dunnett's post-hoc test) * p < 0.05; *** p < 0.001; ns p > 0.05. Values indicate means ± SEM. (c) Recognition memorywas assessed using the novel object recognition test. Nos1 -/-and Nos1 +/-male and female mice showed a defective cognitive performance when compared to the Nos1 +/+ mice tested. Inhaled NO (grey shaded area) or Sildenafil (blue shaded area) treatment during the infantile period rescued the cognitive performance in the female Nos1 -/-and Nos1 +/-mice. Nos1 +/+ values are compared to the ones of Nos1 +/-and Nos1 -/-mice for each group of measurements (Kruskal-Wallis test with Dunn's post-hoc test). Red stars indicate a comparison between mice of the same genotype using as a changing parameter the treatment that was performed (Mann-Whitney test for males and Kruskal-Wallis test with Dunn's post-hoc test for females)* p < 0.05; ** p < 0.01; *** p < 0.001 Nos1 -/-, or Nos1 +/-versus Nos1 +/+ mice and between indicated groups.(d, e) We examined the involvement of Nos1 in hearing by measuring(d) latencies at the cochlear-nucleus level

Figure 3 .

 3 Figure 3. Nos1 activity controls infantile GnRH neuronal function. (a) Progressive phosphorylation of Nos1 during postnatal development in the region of the organum vasculosum laminae terminalis (OVLT). Ovariectomy (OVX) at P12 (P12) leads to significantly decreased phosphorylation levels of Nos1 at P23. Bar graphs illustrate the mean ratio of the Nos1-immunoreactive positive pixels to that of p-Nos1immunoreactive positive pixels. The pNos1 levels are compared across all developmental stages (one way ANOVA with Tukey's post-hoc test). The values after ovariectomy at P12 are independently compared to the P23 values (unpaired t-test). * p < 0.05; ** p < 0.01; ns p > 0.05. Values indicate means ± SEM. (b) RT-PCR analysis of the expression of Gnrh in FACS-isolated GnRH-GFP neurons from Gnrh::Gfp; Nos1 +/+ , Gnrh::Gfp; Nos1 +/-and Gnrh::Gfp; Nos1 -/-bigenic mice at P12. In the absence of Nos1 there is a significant increase in the Gnrh mRNA content. Gnrh::Gfp; Nos1 +/+ values are compared to the ones of Gnrh::Gfp; Nos1 +/-and Gnrh::Gfp; Nos1 -/-mice (one-way ANOVA with Dunnett's post-hoc test) * p < 0.05; ** p < 0.01; ns p > 0.05. Values indicate means ± SEM. (c, d) Electrophysiological recordings of the spontaneous activity of preoptic area GnRH neurons in late infantile Gnrh::Gfp; Nos1 +/+ and Gnrh::Gfp; Nos1 -/-bigenic mice (P14-P21). (c) Representative trace of spontaneous firing in a GnRH neuron from a Nos1 +/+ (left panel) and Nos1 - /-(right panel) animal. The lower trace shows a small region of the top trace at an expanded time scale. (d) Quantitation of spontaneous firing frequency in GnRH neurons from Gnrh::Gfp; Nos1 +/+ and Gnrh::Gfp; Nos1 -/-mice. GnRH neurons demonstrate increased firing frequency in the absence of NOS1 activity. Gnrh::Gfp; Nos1 +/+ values are compared to the ones of Gnrh::Gfp; Nos1 -/-mice (unpaired t-test). * p < 0.05; ** p < 0.01; ns p > 0.05. Values indicate means ± SEM. (e) FSH levels at P12 and P23 in Nos1 +/+ , Nos1 +/-and Nos1 -/-female mice. Nos1 -/-female mice show increased FSH values comparing to the Nos1 +/+ , Nos1 +/-mice at P12 and P23. Inhaled NO (grey shaded area) or Sildenafil (blue shaded area) treatment during the infantile period lead to the normalization of the Nos1 -/-FSH levels at P23. FSH Nos1 +/+ values are compared to the ones of Nos1 +/-and Nos1 -/-mice for each group of measurements (one-way ANOVA with Dunnett's post-hoc test). Red stars indicate a comparison between mice of the genotype using as a changing parameter the treatment that was performed (one-way ANOVA with Dunnett's post-hoc test).* p < 0.05; ** p < 0.01; *** p < 0.001. Values indicate means ± SEM.

Figure 4 .

 4 Figure 4. The action of NO during the critical infantile period is required for establishing a sexually mature phenotype. (a-d) Inhibition of NO synthesis by the daily injection of the NOS inhibitor L-NAME during the infantile period (P10-P21) resulted in a delay of (a) vaginal opening, (b) age at puberty, as well as abnormal (c) adult estrous cyclicity and (d) LH levels. Vehicle-treated animals are compared to L-NAME injected mice (unpaired t-test).* p < 0.05; ** p < 0.01; *** p < 0.001; ns p > 0.05. Values indicate means ± SEM. (e-h) Inhaled NO (grey shaded area) and Sildenafil (blue shaded area) treatment during the infantile period (P10-P23) rescue the delay of the Nos1 +/-and Nos1 -/-mice in (e) vaginal opening and (f) age at puberty and (g) balano-preputial separation in males, while it normalizes the (h) adult estrous cyclicity in females. Nos1 +/+ values are compared to the ones of Nos1 +/-and Nos1 -/-mice for each group of measurements (one-way ANOVA with Dunnett's post-hoc test). Red stars indicate a comparison between mice of the same genotype using as a changing parameter the treatment that was performed (unpaired t-test for males and one-way ANOVA with Dunnett's post-hoc test for females) * p < 0.05; ** p < 0.01; *** p < 0.001; ns p > 0.05. Values indicate means ± SEM.

Figure 1 .

 1 Figure S3. Functional assays of the NOS1 mutants in vitro. (a) Graphic represents the flincg3 construct and its mode of action: the regulatory domain of PKG I is fused to a cpEGFP fragment containing cGMP binding sites. The presence of NO promotes the activation of guanylate cyclase (GC) and the subsequent production of cGMP, inducing cGMP-dependent increase in the intensity of fluorescence. The decay of the response to baseline levels occurs after NO washout and reflects the action of the PDE5, expressed by the population of HEK cells. (b) Response to increasing clamped NO concentrations (100 pM, 300 pM, 1nM, 3 nM) applied at the horizontal bars. The inset illustrates the peak flincG3 response according to the different NO applications. The EC50 value and the concentration-response curve to the clamped NO applications corresponds to the one previously published (EC50= 0.19 nM, s.e.m= ± 0.007). (c) Demonstration of the experimental protocol routinely used for testing the different NOS1 variants: Superfusion of the Ca2 ionophore A23187 (50 nM) elicited a seemingly rapid fluorescence response that reached a peak within the first minute of the application in cells expressing the wt plasmid before recovering to baseline values on washout. Superfusion of a high concentration of the NO donor PAPA/NO (5 uM) allowed us to estimate the

Figure S4 .

 S4 Figure S4. Migrating GnRH neurons co-express NOS1 in the nose. (a) 8-week old human fetus immunostaining showing GnRH neurons (in green) coexpressing the NOS1 protein (in red) in the region of the nose (upper panels), but no in the ventral forebrain (vbf; lower panels) during neuronal migration of the GnRH population. (b) Immunostaining of a mouse embryo during embryonic day (E) 14.5 showing migrating GnRH neurons (in green) coexpressing the NOS1 protein (in red) in the region of the nose (upper panels). Like in humans (a), mouse GnRH cells are seen to no longer co-express NOS1 once they have migrated into the vfb (lower panels). (c-e) Local inhibition of NO production in the nose in utero results in a failure of GnRH neurons to properly migrate in the forebrain region. (f, e) At E14.5, half of the migrating GnRH neurons are still in the nose (d, green, upper left panel), while the rest are found in the olfactory bulb and the forebrain region (d, bottom left panel) in embryos injected with saline in the nasal compartment at E12.5 (c). (d, e) LNAME injection causes a major perturbation in the migratory process of GnRH cells, resulting in incomplete migration into the forebrain region (d, bottom right panel) and arrestment of the majority of the cells in the region of the nose (d, top right panel). (e) Quantification of the distribution of the GnRH neurons at E14.5 in vehicle (black)-and L-NAME (red)-treated embryos. * p < 0.05; ** p < 0.01 L-NAME versus vehicle. Values indicate means ± SEM.

Figure S5 .

 S5 Figure S5. Immunofluorescent images of the Nos1 (green) / P-Nos1 (red) labeling in the preoptic region and hippocampus of female mice. Progressive phosphorylation of the Nos1 protein during postnatal development in the preoptic region at the level of the organosum of the lamina terminalis (OVLT) leads to activation of the NO pathway at P12. Nos1 (green) and P-Nos1 (red) immunoreactivity in forebrain coronal

Figure S6 .

 S6 Figure S6. The increased GnRH excitability in Nos -/-mice (Figure 4c,4d) is not due to cell autonomous changes since the response of GnRH neurons to evoked firing does not differ between Nos1 +/+ and Nos1 - /-animals. (a) Representative traces of firing evoked by a 10pA current injection in GnRH neurons from Nos1 +/+ (top trace in black) and Nos -/-(bottom trace in brown) mice. (b) Frequency-Current curve of evoked firing response in GnRH neurons from Nos1 +/+ (black) and Nos1 -/-(red) mice over a range of current injections. (c) Instantaneous firing frequency after 10pA current injection in GnRH neurons from Nos1 +/+ and Nos1 -/-animals. (d) Input resistance in GnRH neurons from Nos1 +/+ and Nos1 -/-animals.

  explore the ability of the transfected cell line respond to NO, cells were treated with the NOdonor (Z)-1-[N-(3-ammoniopropyl)-N-(n-propyl)amino] diazen-1-ium-1,2-diolate (PAPA/NO;1μM, Enzo Life Sciences, Exeter, UK) for a duration of 90 sec. Endogenous NO release was stimulated upon application of calcimycin (A23187; 50 nΜ diluted in DMSO, Abcam) for a duration of 1 min. The responses to NO could be inhibited by both the NOS inhibitor (L-NAME;

5. 4 . 3 .

 43 15.1 Novel object recognition testRecognition memory was assessed using the novel object recognition (NOR) test. During the habituation phase on day 1, each mouse was allowed to explore the open-field arena for 30 minutes. On day 2, two identical objects (A+A) were placed within the open-field arena on opposite sides of the cage, equidistant from the cage walls. Each mouse was placed within the two objects and allowed to explore them for 15 minutes. Day 3 consisted of two phases, a familiarization and a test phase. During the familiarization phase (trial 1) that lasted 15 minutes, mice explored two other identical objects (B+B). After this phase, the mouse was placed back in its home cage for 1 hour before starting the test phase. During the test phase, one object of trial 1 and a completely new object (B+C) were placed within the open-field area and mice were allowed to explore them for 5 minutes (trial 2). The object recognition score was calculated as the time spent exploring the new object (trial 2) over the total exploration time, and is used to represent recognition memory function.

( 1 :

 1 500; Thermoscientific, PA1-032) and sheep anti-Nos1 (1:3000; generous gift from Dr. P. C. Emson, Medical Research Council, Laboratory for Molecular Biology, Cambridge, UK). For Nos1 and NK3R detection, sheep anti-Nos1 (1:3000; P.C. Emson) and rabbit anti-NK3R (coded IS-7/7; 1:4000; allows the selective visualization in the ARH nucleus of kisspeptin neurons by labeling their somatodendritic domain (Mittelman-Smith et al., 2012)). For cGMP detection, sheep antiserum to formaldehyde-fixed cGMP (1:1000; H.W.M. Steinbusch, Maastricht University). For Nos1 and GnRH detection, sheep anti-Nos1 (1:1500; P.C. Emson) and guinea pig anti-GnRH (1:3000)[START_REF] Hrabovszky | Sexual dimorphism of kisspeptin and neurokinin B immunoreactive neurons in the infundibular nucleus of aged men and women[END_REF].

  in a cocktail consisting of rabbit KP (AAS26420C; Antibody Verify; 1:1000)[START_REF] Borsay | Hypophysiotropic gonadotropin-releasing hormone projections are exposed to dense plexuses of kisspeptin, neurokinin B and substance p immunoreactive fibers in the human: a study on tissues from postmenopausal women[END_REF], sheep NOS1 (1:1000, gift from Dr. P. C. Emson) and guinea pig GnRH (#1018; 1:1000)(Hrabovszky et al., 2011) (4C; 24h). Then, the sections were transferred into a cocktail of antirabbit-Cy3 (1:1000)+anti-sheep-FITC (1:250)+anti-guinea pig-Cy5 (1:500) secondary antibodies (Jackson ImmunoResearch) for 12 h at 4C. The triple-labeled specimens were mounted, coverslipped with Mowiol and analyzed with confocal microscopy (Zeiss LSM780 microscope). High resolution images were captured using a 20×/0.8 NA objective, a 1-3× optical zoom and the Zen software (CarlZeiss). Different fluorochromes were used and detected with the following laser lines: 488 nm for FITC, 561 nm for Cy3, 633 nm for Cy5.

Family

  The anosmic male proband presented at age 21 years with complete absence of puberty and initial testicular volume of 2 ml bilaterally. The patient reported concomitant lack of smell leading to diagnosis of KS (LH & FSH <0.5 IU/l & T <1.0 nmol/l). There were not any other associated phenotypes. Family history was negative for pubertal and olfactory abnormalities in both parents (verified by formal smell testing) and the two patient's brothers. After receiving T replacement since age of 21 years, he was subsequently switched to combined gonadotropins at age 27 years and achieved fertility via IVF of a son without micropenis/cryptorchidism at age 32 years and a normal daughter via frozen embryo transfer two years later. This proband harbors a heterozygous NOS1 variant, inherited from his father.

Family

  This female patient of Portuguese origin presented at age of 17 years with primary amenorrhea. Initial hormonal assessment showed low serum E2 associated with low gonadotropines (LH < 0.1 U/l, FSH 0.23 U/l). The testing of other pituitary axis was normal.

  , have been described in the Ts65Dn mouse model, suggesting the implication of Nos1-derived NO signaling in DS. Moreover, similarities in cognitive impairments have been observed between the Nos1 KO and Ts65Dn mouse model. Consistently with the aforementioned findings, Gotti and colleagues demonstrated that Ts65Dn mice exhibit a reduced number of Nos1 neurons and reduced Nos1 activity in the hypothalamic PVN compared to their wt littermates. Interestingly, NO replacement therapies, either the administration of exogenous NO or Sildenafil (a PDE-5-inhibitor), during the critical minipuberty window were able to restore the reproductive and non-reproductive phenotypes in the Nos1 KO mice. In Ts65Dn mice, showing similar aberrancies, the observed non-reproductive phenotype was rescued by different GnRH replacement therapies.

o

  Grafting neonatal POA transplants into the 3v. o Viral-vector mediated overexpression of miR-200b, a member of the miR-200 family that is significantly downregulated in this mouse model. o Chemogenetic activation of GnRH neuronal activity using DREADD technology.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 2 .

 2 Neuromorphological alterations in Down syndrome and Down syndrome mouse models.

Table 3 .

 3 Behavioral and cognitive alterations in Down syndrome and Down syndrome mouse models. Theoretical illustration of the cognitive function over time in AD patients with a high or low cognitive reserve.

	Figure 10.

  . AVPV, anteroventral periventricular nucleus; ARH, arcuate nucleus; DMH, dorsomedial nucleus of the hypothalamus; LHA, lateral hypothalamic area; MEPO, median preoptic nucleus; MPN, medial preoptic nucleus; PVH, paraventricular nucleus. Figure taken from

Table 1 . Chronology of the major components observed in the Down syndrome phenotype.

 1 

  Table summarizing the most frequently observed phenotypic characterizations of DS at different life stages, including intellectual disability at infancy and childhood, a decrease in cognitive function, AD and male sterility at adulthood. Dysmorphic features include many characteristics, for instance upslanting palpebral

fissures, loose skin on the neck, a short neck and a flat nasal bridge. Table taken from

[START_REF] Antonarakis | The challenge of Down syndrome[END_REF]

.
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  studies were approved by the Institutional Ethics Committees for the Care and Use of Experimental Animals of the University of Lille; all experiments were performed in accordance with the guidelines for animal use specified by the European Union Council Directive of September 22, 2010 (2010/63/EU). The sex of the animals used is specified in the text and/or figure legends. The genotype or/and treatment group of animals was blinded for the study

  National Institute of Diabetes and Digestive and Kidney Diseases National Hormone and Pituitary Program (NIDDK-NHPP)) in 1% (w/v) BSA (Sigma, A9418) in 1X PBS-T. The LH standards and blood samples were incubated with 50 μL of detection antibody (rabbit LH

	. A 96-well high-
	affinity binding microplate (Corning) was coated with 50 μL of capture antibody (monoclonal
	antibody, anti-bovine LHβ subunit, 518B7; L. Sibley; University of California, UC Davis) at a
	final dilution of 1:1,000 (in 0.1M Na2CO3/NaHCO3, pH 9.6) and incubated overnight at 4°C.

Wells were incubated with 200 μL blocking buffer (5% (w/v) skimmed milk powder in 1X PBS-T pH 7.4 (0.1 M PBS, 0.05% Tween 20 (Sigma #P9416)) for 2 h at room temperature. A standard curve was generated using a twofold serial dilution of mouse LH (reference preparation, AFP-5306A;

. Primers used for genotyping.

  

	Primary antibody	Animal	saturation	Secondary antibody
	APPCter-C17 (1/10000)	Rabbit, polyclonal	Milk 5%	Rabbit (Sergeant et al., 2002)
	TauCter 994 S4 (1/10 000)	Rabbit, polyclonal	Milk 5%	Rabbit (Buée-Scherrer et al., 1996)
	GAPDH (1/50000) (Sigma)	Rabbit, polyclonal	Milk 5%	Rabbit (Vector)
	ReIA, pRelA (1/500) (Cell			
	Signaling, #8214)	Rabbit, polyclonal	BSA 5%	Rabbit (Buée-Scherrer et al., 1996)
	Supplemental			

Table 2 . Antibodies used for western blot analysis

 2 

	Gene	TaqMan® Gene Expression Assays	miRNA	TaqMan® Gene Expression Assays
	Actb	Actb-Mm00607939_s1	miR-141	mmu-miR-141-00463
	Cebpb	Cebpb-Mm00843434_s1	miR-200a	mmu-miR-200a-000502
	Dicer1	Dicer1-Mm00521722_m1	miR-200b	mmu-miR-200b-002251
	Gnrh1	Gnrh1-Mm01315605_m1	miR-200c	mmu-miR-200c-002300
	Kiss1	Kiss1-Mm03058560_m1	miR-429	mmu-miR-429-001077

Table 1 . Clinical phenotype of CHH probands harbouring heterozygous NOS1 mutations

 1 

. CHH, Congenital hypogonadotropic hypogonadism; nCHH, normosmic CHH; KS, Kallmann syndrome; nCHH*, nCHH with

  -/+ mice with Gnrh::Gfp mice. Animal studies were approved by the Institutional Ethics Committees for the Care and Use of Experimental Animals of the Universities of Lille; all experiments were performed in accordance with the guidelines for animal use specified by the European Union Council Directive of September 22, 2010

	(2010/63/EU) and were approved by the French Department of Research (APAFIS#2617-
	2015110517317420v5).

  Wallis test (comparison between three or more experimental groups) followed by a Dunn's post hoc analysis. The number of biologically independent experiments, sample size, P values, age and sex of the animals are all indicated in the main text or figure legends. All experimental data are indicated as mean ± s.e.m. The significance level was set at

	microscope under a FITC filter and their cell body observed by using IR-differential
	interference contrast. Whole-cell patch-clamp recordings were performed in current-clamp
	with bridge mode by using a Multiclamp 700B amplifier (Molecular Devices). Data were
	filtered at 1 kHz and sampled at 5 kHz with Digidata 1440A interface and pClamp 10 software
	(Molecular Devices). Pipettes (from borosilicate capillaries; World Precision Instruments) had
	resistance of 6-8 MΩ when filled with an internal solution containing the following (in mM):
	140 K-gluconate, 10 KCl, 1 EGTA, 2 Mg-ATP and 10 HEPES, pH 7.3 with KOH. Bridge balance
	was adjusted to compensate for pipette resistance. All recordings were analyzed with Clampfit
	10 (Molecular Devices). Junction potentials were determined to allow correction of
	membrane potential values. Electrical membrane properties were measured in current-clamp
	mode by applying a series of current pulses from -60 to + 80 pA (1 s, 10 pA increments). Input
	resistance (Rin) was determined by measuring the slope of the linear portion of the current-
	voltage (I-V) curve. All data are presented as mean ± standard deviation.
	P < 0.05. Symbols in figures correspond to the following significance levels: ns. P > 0.05, * P <
	0.05, ** P < 0.001, ***P < 0.0001.	After recovery, slices were
	placed in a submerged recording chamber (32.8ºC; Warner Instruments) and continuously
	perfused (2 ml/min) with oxygenated ACSF. GFP-positive GnRH neurons in the hypothalamic
	POA were visually identified with a 40 X objective magnification in an upright Leica DM LFSA

5.4.3.24 Statistical analyses

All analyses were performed using Prism 7 (Graphpad Software, San Diego, CA) and assessed for normality

(Shapiro-Wilk test) 

and variance, when appropriate. Sample sizes were chosen according to standard practice in the field. The investigators were blinded to the group allocation during the experiments. For each experiment, replicates are described in the figure legends. For animal studies, data were compared using an unpaired two-tailed Student's ttest or a one-way ANOVA for multiple comparisons against the control condition followed by Dunnett multiple comparison post-hoc test. Data not following normal distribution were analyzed using either a Mann-Whitney U test (comparison between two experimental groups)

or Wilcoxon/Kruskal-

  The male proband originating from a rural area in Switzerland came to medical attention because of absent puberty (testicular volume < 1 ml) at age 17. He was previously known for a cleft lip treated by surgery at birth as well as for unilateral cryptorchidism with a left inguinal testis, which subsequently spontaneously descended to the scrotum. Laboratory assessment revealed frank T deficiency associated with undetectable LH and low FSH. The patient reported normal sense of smell, which was confirmed some years later by formal testing.Other important clinical features were a slight intellectual disability, Oligodontia, sensorineural hearing loss requiring use of cochlear implants as well as hypertelorism and short fourth metacarpal in physical examination. The patient was started on T replacement, which was discontinued after 1-2 years because of intolerance of injections. After a loss of contact for several years, we reassessed the patient at age 23 with a new laboratory work up which confirmed HH. Family history was complex with presence of delayed puberty and cleft lip in the patient's father and delayed puberty in the patient's mother (menarche 17 years).The proband was the third of 5 brothers. The eldest reports history of mild delayed puberty (growth spurt and first shaving at 17 years) with no cleft lip or other dysmorphic features.Normal T level was verified at age 29. The second brother, born in 1991, had history of surgically corrected cleft lip and delayed puberty, which spontaneously progressed to eugonadism at adult life. The fourth brother exhibited cleft lip, delayed puberty and renal dysplasia (renal duplication). The youngest brother was still 12 years old during the last assessment rendering impossible the definitive assessment of his pubertal status. He had also presented with cleft lip at birth and physical status was notable for brachydactyly. No variants in known CHH genes were detected in the proband. Nevertheless, he harbored a rare RSV in NOS1, which was inherited by his father and was present in the second and fourth brother. The anosmic Caucasian female, as well as her monozygotic twin sister, presented with primary amenorrhea and absent breast development. The combination of HH and anosmia led to diagnosis of KS. Both sisters had syndromic features with sensorineural deafness, intellectual disability and incomplete dentition. Congenital heart disease was also present. Family history was remarkable for delayed puberty in the patients' father based on reported late voice deepening (16-17 years). The patients' mother as well as their elder brother and younger sister presented with normal puberty. All family members had normal sense of smell, verified by formal testing. The proband does not harbor any variant in known CHH genes. A rare variant in NOS1 was detected in both affected sisters and their father who exhibits a partial phenotype (delayed puberty). FSH <0.5 U/l). Family history was negative for delayed puberty and defective sense of smell in the two parents. The latter was confirmed by formal testing. Anosmia and clinodactyly in the deceased maternal grandmother was reported by the patient's mother. The patient's younger brother was also known for Marfan's syndrome and craniosynostosis of the jaw, treated surgically. Interestingly, his puberty and sense of smell were normal, while physical examination was negative for synkinesia and clinodactyly. This CHH proband was first noted to have absent puberty when admitted aged 56 years with life-changing injuries following major self-harm episode, precipitated by a change in financial circumstances, but exacerbated by social isolation and poor self-esteem arising from lack of virilisation. He was referred to us when a surgical nurse performing urethral catheterisation noted his poor genital development. He received the standard psychological counselling for self-harm, but particularly appreciated a bedside visit by a local "expert patient"; he consistently declined any formal psychotherapy. There was a history of childhood surgery for grade 1 hypospadias. Although clearly distressed by his lack of physical development, he declined to explore the reasons why neither he (not, in his adolescence, his parents) has ever sought medical attention for this problem. Genital status revealed presence of micropenis without cryptorchidism but with testes of prepubertal size (3 ml). Initial hormonal status indicated HH (LH & FSH <0.5 IU/l) with low serum T (<1.0 nmol/l). T was subsequently begun at age 56 years as previously reported[START_REF] Pazderska | Safety and tolerability of one-year intramuscular testosterone regime to induce puberty in older men with CHH[END_REF]. Physical examination did not reveal any CHH-associated phenotypes, although the digits could not be objectively assessed for clinodactyly due to post-traumatic deformity, contractions and amputation. Olfactory function did appear to be absent, but was most likely from smoke-inhalation damage to the OE, as he clearly recalled being previously able to sense simple odorants such as the smell of flowers, coffee brewing and food being cooked. Additionally, cranial MRI showed normal OBs and sulci. Family history was unremarkable for pubertal timing and sense of smell. The patient, who harbors a NOS1 variant, has categorically refused to involve his parents in the genetic investigations. Apart from his endocrine management, he is undergoing a prolonged and intensive process of rehabilitation and reconstructive surgery. Given the concomitant presence of anosmia, verified by formal testing (UPSIT: 8/40), we concluded to the diagnosis of KS. T replacement was restarted at age 24 years.Interestingly, this proband also had congenital deafness of the left ear of sensorineural origin, as confirmed by an audiogram. Clavicles were significantly shortened bilaterally. Family history was negative for pubertal delay with, in particular, menarche of the patient's mother at 12.5 years old. A formal test (UPSIT) showed normal sense of smell in the patient's mother, however, it was impossible to obtain in the patient's father due to his death during the followup. The proband does not carry any variants in known CHH genes, but he harbors a NOS1 mutation, inherited by his mother. The male proband of European Ascent sought medical advice at age 16 years due to pubertal delay. There was no history of cryptorchidism nor micropenis. Personal history included

	Family B, Patient II-2 Family D, Patient II-1 Family F, Patient II-1
	NOS1 p.Met619Leu (heterozygous) The Caucasian male proband had presented with intrauterine growth retardation attributed Family A, Patient II-3 NOS1 p.Gly868Asp (heterozygous) NOS1 p.Asp241Asn (heterozygous) NOS1 p.Phe262Val (heterozygous)
	to placental dysfunction according to medical records. At birth, micropenis, bilateral
	cryptorchidism and grade 1 hypospadias were reported. Multiples clinical features (dilated
	aortic root, inferior lens dislocation, high-arched palate and history of fracture-dislocations of
	left hip and left knee) led to diagnosis of Marfan's syndrome, confirmed by the detection of a
	FBN1 mutation. The patient consulted our clinic at age 18 for absent puberty. Testicular
	volumes at diagnosis were 1 ml (right) and 2 ml (left). Several associated phenotypes
	(anosmia, synkinesia, clinodactyly) argued in favor of KS. T was < 1.0nmol/l) in the setting of
	Family C, Patient II-1 NOS1 p.Asp241Asn (heterozygous) This Caucasian male was first brought to medical attention in his country of origin (Serbia) at age 1 year for micropenis and bilateral cryptorchidism. Biochemical data on HPG-axis were unavailable. No hormonal treatment was offered for micropenis. A pituitary MRI was Family H, Patient II-1 undetectable gonadotropins (LH <0.5 U/l, The proband harbors a heterozygous NOS1 mutation, inherited by his mother. Both his father NOS1 p.Gly595Ser (heterozygous)
	performed at age 6 years showing normal aspect and size of pituitary gland but hypoplastic and younger brother were wt.
	olfactive nerves. Hyposmia was subsequently confirmed by formal smell testing. The patient Family E, Patient II-1
	received a first orchidopexy in Serbia at age 7 years, followed by a surgical revision after his NOS1 p.Arg260Gln (heterozygous)
	arrival in Switzerland at age 14 years. At this moment complete endocrine assessment The anosmic proband was first evaluated for absent puberty at age 15.5 years. Testicular
	revealed absent puberty with prepubertal testes and frank HH. Physical examination was volume was estimated at 1.5 ml bilaterally. Physical examination was unremarkable except
	notable for intellectual disability, obesity (BMI 33.7 kg/m 2 ), hypertelorism and bilateral for the presence of a surnumerary tooth. T was frankly reduced (0.2 nmol/l), accompanied by
	ureteral stenosis accompanied by mild hydronephrosis with otherwise normal kidneys. An low gonadotropins (LH 0.1 U/l, FSH 0.6 U/l). A cranial MRI was performed and confirmed
	audiogram was normal. Family history was negative for delayed puberty, infertility and pituitary hypoplasia and absent OBs. Based on the above data, KS was diagnosed and T was Family G, Patient II-1
	reduced sense of smell. Family DNA was not available. Given the above data, KS was suspected subsequently started. The patient's mother had normal menarche at age 12 years and was NOS1 p.Gly595Ser (heterozygous)
	Interestingly, the patient's mother harbored a heterozygous GNRHR variant (p.Q106R), which and the patient began systemic T since 14 years old. At 18 years old, the testicles remained subjectively normosmic, later confirmed by formal testing (UPSIT). The patient's father This male anosmic proband first consulted an urologist at age 17 years for absence of puberty
	was also present in the youngest brother. small (0.5-1 ml). Due to change of physician, no interruption of the androgen replacement was possibly had delayed puberty but this information could not be verified due to advanced AD. (testicular volume 2 ml) and was diagnosed with simple pubertal delay for which he received
	performed at adult life. During the last contact with his current physician at 22 years old, the The patient harbors a heterozygous NOS1 mutation, while her mother was wt. A genetic monthly injections of Sustanon® 50 mg on 4 to 5 occasions, but was not offered further follow-
	sample of the father was not available due to the impossibility to guarantee informed consent.

patient continued to be on T. He had developed an epilepsy and was not regularly working due to the associated mental retardation. up thereafter. At age 23.5 years, he asked to be referred to our clinic and we confirmed frank HH (T <0.5 ml, LH <1.0 U/l, FSH <1.05 U/l). Frequent sampling every 20 minutes confirmed an apulsatile LH profile, compatible with severe GnRH deficiency. Testes were just under 4 ml bilaterally.

closure of a brachial cyst of at age 5 years. T was frankly low (1.8 nmol/l) associated with lownormal gonadotropins. The initial testicular volume was estimated at 5 ml. Olfaction was subjectively normal. After receiving T replacement for 14 years, the patient presented a spontaneous increase of testicular volume at age 30 years, consistent with CHH reversal. The retrieved function of the HPG-axis was confirmed after withdrawal of T replacement. The patient fathered a son at age 32 years following spontaneous conception. The patient's son

ACKNOWLEDGEMENTS

Pr. Pasquier, Pr. Parent, Pr. Duittoz and Pr. Dunkel, I would like to thank you for having accepted to be a part of my thesis committee and for taking the time to evaluate this work. I am looking forward to your thoughts and feedback on this project, that will be of immense value for its continuation and improving our work.

for supporting this Ph.D. project.

---------------------------------------------

Defects in NOS1 activity cause GnRH deficiency in human and mice: evidence for reversal after NO treatment in infantile mice
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The postnatal development of the HPG-axis can be divided into four stages [START_REF] Ojeda | Recent advances in the endocrinology of puberty[END_REF]:

1) The neonatal period; from birth to postnatal day 7 (P7)

2) The infantile period; from P8 to P21 (minipuberty) (Kuiri-Hanninen et al., 2011[START_REF] Kuiri-Hanninen | Activation of the hypothalamicpituitary-gonadal axis in infancy: minipuberty[END_REF] 3) The juvenile period; from P21 to P30 (approximately)

4) The peripubertal period; from P31 (approximately) until the onset of puberty

CHAPTER 4

Progressive GnRH insufficiency underlies olfactory and cognitive dysfunction in Down syndrome 

Supplemental Figures and Tables

Infantile NOS1 activity shapes minipuberty

While it is known that Nos1 -/-mice exhibit central reproductive defects and infertility [START_REF] Gyurko | Deletion of exon 6 of the neuronal nitric oxide synthase gene in mice results in hypogonadism and infertility[END_REF], the underlying mechanisms are largely unknown. In a recent study, we demonstrated that NOS1 activity significantly increases in the preoptic region including the OVLT during the infantile period [START_REF] Messina | A microRNA switch regulates the rise in hypothalamic GnRH production before puberty[END_REF], a time known to be crucial for the establishment of the GnRH neural network (Prevot, 2015, Chachlaki et al., 2017). The majority of hypothalamic Nos1-expressing neurons in mice lie in the OVLT region (Chachlaki et al., 2017) where GnRH neuronal cell bodies and dendrites also reside (Chachlaki et al., 2017).

Herein, we measured the levels of immunoreactivity for phosphorylation-activated Nos1 (P-Nos1) in the OVLT during several different developmental stages: neonatal P7), infantile (P10 and P12) and post-weaning (P23) (Figure 3a, Supplemental Figure 5). The proportion of Nos1 neurons expressing P-Nos1 increased significantly at P12 (Figure 3a), the day of the infantile period on which circulating FSH levels culminate in minipuberty in mice [START_REF] Messina | A microRNA switch regulates the rise in hypothalamic GnRH production before puberty[END_REF].

Thereafter, P-Nos1 remained expressed in the OVLT (Figure 3a). To determine whether this infantile increase in P-Nos1 expression could be linked to the FSH-induced estrogen output from the ovaries [START_REF] Kumar | Follicle stimulating hormone is required for ovarian follicle maturation but not male fertility[END_REF], we analyzed P-Nos1 expression in P23 wt mice after OVX at P12 and found a striking loss of P-Nos1 immunoreactivity in the OVLT (Figure 3b, Supplemental Figure 5a) as well as in the hippocampus (36.2±5.9% vs. 10.4±2.4% P-Nos1immunoreactive Nos1 neurons, n=3 and 4 per group, respectively, P=0.006; Figure S5c). The fact that the increased activity of Nos1 coincides with the awakening of the GnRH axis points toward a putative role of NO in shaping minipuberty.

Recent data implicated infantile NO in the transcriptional regulation of GnRH expression at the level of the promoter during minipuberty [START_REF] Messina | A microRNA switch regulates the rise in hypothalamic GnRH production before puberty[END_REF]. We thus studied GnRH expression in Nos1-deficient mice at P12 using real-time PCR analyses on GnRH neurons after fluorescent-activated-cell-sorting and found a 4-fold increase in GnRH transcripts when compared to wt littermates (Figure 3b). This increase was associated with increased spontaneous firing by infantile GnRH neurons during the third week of life (Figure 3c,d, Supplemental Figure 6) consistent with an increased release of GnRH, as shown by the elevated FSH levels in Nos1-deficient female mice at P12 (Figure 3e). Strikingly, while postweaning levels of FSH reached their nadir in wts at P23, they remained abnormally high in Nos1-deficient mice (Figure 3e). Combined, these results suggest that increased Nos1 activity Committee of Science and Research Ethics (DEOEC RKEB/IKEB: 3183-2010). Permission to use 9 gestational-week-old human Fetuses was obtained from the French Agence de Biomédecine (PFS16-002). Processing of human tissues and immunochemistry protocols are detailed in the Supplementary Appendix.

Genetic analyses

We evaluated coding exons and intronic splice regions (≤6 bp from the exons) of the known CHH genes for pathogenic and likely pathogenic variants according to ACMG guidelines [START_REF] Richards | Standards and guidelines for the interpretation of sequence variants: a joint consensus recommendation of the American College of Medical Genetics and Genomics and the Association for Molecular Pathology[END_REF]. The included CHH genes are: ANOS1 (NM_000216.2), SEMA3A (NM_006080), FGF8 (NM_033163. Position-specific evolutionary preservation tool (PANTHER-PSEP) [START_REF] Tang | PANTHER-PSEP: predicting disease-causing genetic variants using position-specific evolutionary preservation[END_REF] was used to determine whether the identified NOS1 missense variants were at sites conserved among species, including pig, rabbit, rat, mouse and ferret (GenBank accession numbers F1RKF2, O19132, D3ZEW7, Q9Z0J4 and M3XUN6 respectively) and to predict their putative damaging effect.

In silico analysis

ConSurf web surver (http://consurf.tau.ac.il) was used for the identification of evolutionary conservation of amino acid positions in human NOS1 [START_REF] Ashkenazy | ConSurf 2016: an improved methodology to estimate and visualize evolutionary conservation in macromolecules[END_REF]. The degree of amino acid evolutionary conservation reflects its natural tendency to be mutated. Aim of the method was to investigate whether any of the identified mutations (p.Gly595Ser and